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Abstract. To determine how steelmaking slag dissolves and modulates soil acidity and exchangeable cations
under upland-like repeated wetting—drying conditions, we conducted a soil-column experiment. Specifically, we
aimed to identify the Ca-supplying phases responsible for pH correction, evaluate their persistence during ex-
tended leaching, and define the layer-scale reach of the effect to inform application planning (rate, placement, and
maintenance). Soil columns incorporating discrete slag-amended layers were prepared together with unamended
controls. A repeated wetting—drying leaching test was run up to 24 weeks; after termination, each column was
sampled by layer, and soil pH and exchangeable CaO were measured. Additionally, surfaces and cross-sections
of slag particles embedded in the columns were observed to identify dissolving phases and secondary precip-
itates. In the control columns, soil pH remained in the acidic range (4.8-5.5), whereas slag-amended layers
maintained pH 6.0-6.5 for 24 weeks in the test columns. Adjacent unamended layers in the test columns showed
no detectable change, indicating that the effect was confined to the amended layers. Exchangeable CaO increased
in soils mixed with slag. Microstructural observations revealed alteration and dissolution of free lime (f-CaO)
and dicalcium silicate (2 CaO - SiO;), with calcium carbonate (CaCQO3) precipitates on particle surfaces. These
Ca-supplying phases persisted after 24 weeks of leaching. Sustained Ca release from f-CaO and 2 CaO - SiO»,
together with CaCOj3 precipitation, produced localized, durable pH correction in slag-amended layers while
leaving adjacent layers unchanged. The defined reach and persistence provide a mechanistic basis for applica-
tion planning in acidic upland soils — informing rate, placement within the profile, and maintenance intervals.

supplies silica to rice plants, which strengthens their resis-

Steelmaking slag is a by-product generated during steel pro-
duction. It is produced in the process of converting pig iron,
which is obtained by reducing iron ore in a blast furnace, into
tough steel by removing impurities such as carbon, phospho-
rus, and sulfur. The properties of steelmaking slag vary de-
pending on the steelworks and the type of steel being pro-
duced; however, its main components typically include Ca,
Si, Fe, Mg, Mn, and P, all of which are beneficial to plant
growth (Nippon Slag Association, 2015). Steelmaking slag
is primarily used as a fertilizer material in paddy fields. It

tance to lodging, high temperatures, and pests (Ahire et al.,
2021; Verma et al., 2024). It also helps suppress reductive
conditions in paddy soils by replenishing iron and manganese
that leach out, thereby preventing “aki-ochi” — a decline in
rice yield caused by hydrogen sulfide generation (Shiratori,
2024). In addition, controlling methane emissions, which are
released as a result of reduction processes occurring in paddy
soils (Appelo and Postma, 2004), has become an important
goal for sustainable rice farming, and slag use is expected to
contribute to the reduction of greenhouse gas emissions (Ito,
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2015; Inubushi et al., 2018; Inubushi, 2021; Yamamoto and
Morii, 2020).

Steelmaking slag fertilizers are also beneficial in upland
fields. When applied for soil pH correction, it can raise soil
pH to weakly alkaline levels without leading to growth in-
hibition associated with micronutrient deficiencies. Soil pH
has been raised to around 7.5 as a means of suppressing soil-
borne diseases such as clubroot in Brassica crops and bac-
terial wilt in tomatoes (NARO, 2015). Moreover, the effect
of steelmaking slag fertilizer in improving soil pH has been
reported to last longer than that of conventional liming mate-
rials such as calcium carbonate (Goto, 2016), making it pos-
sible to maintain the effect over an extended period with a
single application.

Steelmaking slag also contains phosphate, one of the three
essential nutrients for stable food production. Although the
P>Os content in slag ranges from 2mass % to 10mass %
(Matsubae-Yokoyama et al., 2009) and is lower than that in
conventional phosphate fertilizers such as fused phosphate or
superphosphate (Food and Agriculture Materials Inspection
Center, 2024), Japan, which is one of the world’s largest steel
producers, generates approximately 12 million t of steelmak-
ing slag annually (Nippon Slag Association, 2024). Assum-
ing a P,Os5 concentration of 3.5 mass %, the total phosphorus
contained in slag corresponds to Japan’s annual phosphorus
imports (JOGMEC, 2021). In recent years, the importance of
exploring underutilized domestic resources that contain N, P,
and K has increasingly been recognized for the sustainabil-
ity and stability of agriculture, further enhancing the value of
steelmaking slag as a fertilizer material.

To meet this growing demand, it is necessary to clar-
ify the amount and rate of nutrient release from steelmak-
ing slag fertilizers into soil, which is essential for integrat-
ing slag into broader fertilization strategies. Various leaching
tests have been conducted in paddy environments, mainly fo-
cusing on the supply of silica (Gao et al., 2015; Ito, 2022;
Maruoka et al., 2015; Okubo et al., 2015). For example, it
has been reported that the amount of silica actually absorbed
by rice plants is better predicted not by total silicon content or
the amount extractable with 0.5 mol L~! HCI, but rather by
the plant-available silica extractable in near-neutral solutions
such as tris buffer (Furuzono et al., 2022). Moreover, studies
involving slag embedded in actual paddy soils and analyzed
via cross-sectional observation (Ito et al., 2015; Ito, 2022)
have shown that larnite (2 CaO - SiO5) is the main source of
plant-available silica in weakly acidic to neutral conditions,
and that there are significant differences in silica supply abil-
ity among various silicate minerals in slag.

Studies on the use of steelmaking slag fertilizer in upland
fields have mainly focused on how changes in soil pH caused
by slag application affect crop yield, nutrient uptake, or the
incidence of soil-borne diseases (Deus et al., 2020; Iwadate,
2017; Murakami and Goto, 2006; Sinegovskaya et al., 2020).
However, there is limited research on the specific dissolu-
tion behavior of slag in upland soils. Soil acidification can
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markedly reduce crop yields. One material widely used to
correct soil pH is limestone. Limestone improves soil acid-
ity by consuming H™ during dissolution and the formation of
HCOj; and CO; + HyO (Oliveira and Pavan, 1996; Caires et
al., 2003; Holland et al., 2018). Calcium silicate has a higher
solubility than limestone (approximately 67 times) and has
been studied as an alternative liming material (Amoakwah
et al., 2023). The acidity-correction mechanism of silicate is
similar to that of limestone: SiOg_ released during dissolu-
tion is supplied to the soil and mitigates acidity by binding
with Ht (Alcarde and Rodella, 2003). Other materials have
also been studied, including highly reactive dolomitic lime-
stone containing Mg (Castro et al., 2011), calcium magne-
sium silicate (Castro et al., 2011), and materials with high
neutralizing value such as quicklime/burnt lime and slaked
lime (Goulding, 2016; Holland et al., 2018).

Steelmaking slag consists of multiple mineral phases in-
cluding reactive phases such as 2 CaO - SiO», tricalcium sili-
cate (3 CaO - Si0y), and lime phase (CaO) (Das et al., 2007).
Similar to other alkaline amendments, its capacity to miti-
gate soil acidity is based on dissolution of these phases and
consumption of HT by the released anions. Compared with
limestone and silicate, steelmaking slag has been reported
to provide comparable pH-correction capacity and improve-
ments in soybean yield (Deus et al., 2020). Thus, steelmaking
slag can be a valuable material for agricultural use in terms
of yield improvement.

On the other hand, concerns remain regarding the leach-
ing and potential contamination by heavy metals. This is-
sue has been continuously investigated, and many studies re-
port limited impacts under certain conditions. For example,
Deus et al. (2020) showed that soil Cd, Pb, and Ni contents
23 months after steelmaking slag application were almost un-
changed from the control, and that Cr, Hg, Cd, and Pb were
not detected in crop tissues. In steelmaking slags produced
in the blast furnace—-basic oxygen furnace route, the primary
potentially problematic elements originating from the ore
are Cr and V. The European Commission — led SLAGFER-
TILISER project reported that increases in soil Cr and V
3 years after slag application were small (EU, 2017). Pis-
tocchi et al. (2017) reported that, although V and Cr did not
accumulate in tomato fruits after slag application, an increas-
ing trend in soil accumulation was observed, indicating the
need to manage application rates.

In Japan, field studies have also evaluated the effects of
steelmaking slag fertilizer, reporting reduced disease inci-
dence and improved yields, while no accumulation of heavy
metals in plant tissues was observed (NARO, 2015). Pro-
posed mechanisms for limited heavy-metal impacts include
the formation of sparingly soluble heavy-metal hydroxides
as soil pH increases and adsorption of heavy-metal ions onto
the surfaces of secondary reaction products. Therefore, steel-
making slag fertilizer, which can maintain elevated soil pH
over long periods, may also be beneficial for immobilizing
not only heavy metals potentially associated with the amend-
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ment itself but also heavy metals originally present in the
soil.

Unlike paddy soils, which are saturated with water and
exist under reducing conditions due to limited oxygen sup-
ply (Maruoka et al., 2015), upland soils experience alter-
nating wet and dry cycles and are exposed to atmospheric
oxygen, resulting in oxidative conditions. These environmen-
tal differences suggest that the dissolution behavior of slag
fertilizer would differ significantly between paddy and up-
land conditions. In upland farming, the primary expected
benefit of steelmaking slag fertilizer is its ability to in-
crease soil pH, attributed to its alkaline components, such
as Ca’t and Mg?t. However, the alkaline components in
slag exist in various mineral forms, including not only CaO,
portlandite (Ca(OH),), and calcite (CaCO3) as found in
typical liming agents, but also 2 CaO - SiO,, srebrodolskite
(2Ca0 - Fe;03), dkermanite (CapMgSiO7), and gehlenite
(CapAl»Si07) (Gao et al., 2015; Ito et al., 2015). Understand-
ing how each of these mineral phases dissolves is crucial for
designing effective fertilizer application strategies aimed at
improving soil pH. In addition, understanding how phospho-
rus, iron, manganese, and other micronutrients dissolve is
important for realizing the full potential of steelmaking slag
as a fertilizer.

In conventional research approaches, the persistence of
fertilizer and alkaline amendment effects is often assessed
through periodic soil sampling and measurement after appli-
cation. Because the effects of fertilizers and various amend-
ments arise from complex rhizosphere interactions involving
soil, rainfall conditions, and crops, validation under actual
field conditions is essential. However, approaches that de-
pend on post-application monitoring are insufficient for the
predictive quantification of fertilizer depletion rates and their
use in fertilizer management planning. Therefore, this study
investigates how steelmaking slag fertilizer dissolves under
conditions simulating upland field environments, and evalu-
ates its effects on soil pH, exchangeable cations, and plant-
available phosphorus. The same observational scheme can
provide a common basis when comparing fertilizer behavior
across products under identical hydrologic forcing.

2 Experimental

2.1 Samples

The soil used in this study was Andosol, which accounts
for approximately 45.1 % of Japan’s land area and is widely
used in agricultural fields (Saigusa and Matsuyama, 1998).
The test soil had a gravimetric water content of 41 % on
a dry weight basis. A commercially available fertilizer was
used, which is produced by pulverizing steelmaking slag.
This slag fertilizer does not exhibit heavy-metal leaching,
in accordance with the guidelines established by the Nip-
pon Slag Association (2026). The chemical composition of
the slag fertilizer is shown in Table 1. The elemental com-
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Figure 1. XRD pattern of slag fertilizer.

position was determined by digesting the slag sample in a
mixture of hydrochloric acid, nitric acid, and hydrofluoric
acid, followed by analysis of the solution using inductively
coupled plasma—atomic emission spectroscopy (ICP—AES).
The concentrations of each element were converted to their
corresponding oxide forms (Fe was expressed as FeO). The
category labeled “Others” is presumed to represent HoO and
CO;, that reacted with the slag fertilizer.

The X-ray diffraction (XRD) pattern of the slag fertil-
izer is shown in Fig. 1. Diffraction peaks corresponding to
calcium hydroxide (Ca(OH);), calcium carbonate (CaCO3),
dicalcium silicate (2 CaO - SiO;; C5S), tricalcium silicate
(3Ca0 - SiOy; C3S), magnesiowiistite (MgO—FeO solid so-
lution; MF), and dicalcium ferrite (2 CaO - Fe;O3; C,F) were
identified, indicating that the slag fertilizer consists of mul-
tiple mineral phases. These mineral phases are commonly
found in typical steelmaking slag (Gao et al., 2015; Gu et
al., 2025; Li et al., 2024; Matsui, 2020), and the slag fertilizer
used in this study is not a specialized product, but one derived
from general blast furnace—basic oxygen furnace (BF-BOF)
process slag.

2.2 Experimental apparatus

A schematic of the experimental apparatus is shown in Fig. 2.
To simulate upland soil conditions, including evaporation
from the soil surface and downward water infiltration, a soil
column apparatus was constructed using the following pro-
cedure: A rigid polyvinyl chloride (PVC) cylinder (inner di-
ameter: 52 mm; length: 500 mm) was used. One end of the
cylinder was sealed with a silicone rubber stopper contain-
ing a 10 mm diameter hole at its center. A vinyl hose (outer
diameter: 10 mm; inner diameter: 8 mm; length: 50 mm) was
inserted into the hole to allow water drainage. A piece of
gauze (diameter: 40 mm, aperture size: 1.07 mm x 0.47 mm)
was placed over the rubber stopper from the open end of the
column to prevent soil loss. To build the base soil layers, 85 g
of the test soil was packed into the column while tapping to
ensure uniform compaction, forming a layer approximately
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Table 1. Chemical composition of steelmaking slag fertilizer.
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Mass %

mgkg~!

CaO Others

FeO MgO MnO ALO;s

P,0O5  Others Cr v

40.9 135 214 6.6 2.1

3.0 1.8 13.2 2020 990

Scm thick. A plastic mesh (diameter: 52 mm, maximum
inscribed-circle diameter: 0.28 mm) was then placed on top
of the soil. This process was repeated two more times to build
a total of three soil layers, with plastic mesh inserted between
each layer to separate them for post-experiment sampling.
Next, three layers of a soil-slag mixture were prepared, each
consisting of 85 g of soil and 1g of slag fertilizer powder
that passed through a 212 pm sieve (hereafter referred to as
the soil-slag mixture). Each mixture layer was packed into
the column using the same tapping method, with a plastic
mesh placed between each. In the middle of the three mix-
ture layers, a resin-embedded slag fertilizer sample (diame-
ter: 25 mm; thickness: 10 mm) containing a mirror-polished
slag particle (maximum size: 1.7 mm (Food and Agriculture
Materials Inspection Center, 2024) was installed. The pol-
ished surface was oriented perpendicular to the bottom of
the column, allowing surface observations before and after
the test. Finally, with all three soil-slag mixture layers built,
the construction of the soil column leaching test apparatus
and test samples (test group) was completed. As a control,
columns containing six layers of soil only — without slag
fertilizer and without embedded resin samples — were also
prepared. For each test duration, six columns were prepared
for both test and control groups. The weights of the empty
column, rubber stopper, vinyl hose, plastic mesh, and gauze
were measured using an electronic balance prior to packing
the soil and mixtures.

2.3 Procedure

The experimental procedure is illustrated in Fig. 3. Experi-
mental columns packed with the samples were prepared in-
dependently for each holding period (1, 2, 4, 8, 12, and
24 weeks), with one column per period (six columns in to-
tal). In addition, for each holding period, one column was
prepared for the treatment (slag fertilizer application) and
one for the control, resulting in a total of 12 columns. Thus,
the same columns were not monitored over time; instead,
columns were collected at the endpoint of each holding pe-
riod and evaluated. Each soil column containing a test sample
was fixed inside an incubator maintained at 25 °C. A plastic
container was placed below the vinyl hose at the bottom of
the column to collect leachate. Then, 70 mL of distilled wa-
ter was gently poured into the top of the column. The volume
of distilled water was determined by dividing the average an-
nual precipitation in Japan (Ministry of Land, Infrastructure,
Transport and Tourism, 2006) by the number of weeks in a
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Figure 2. Schematic of experimental apparatus.
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year. After water infiltration was complete and leachate flow
from the bottom ceased, a syringe equipped with a cartridge
filter (pore size: 0.2 um) was used to collect the leachate
sample. The column was then kept inside the incubator for
seven days. This cycle of water addition, leachate sampling,
and incubation was repeated weekly for designated durations
of 1, 2, 4, 8, 12, or 24 weeks. No water was added during
the final week of each experiment. To determine the water
content of the soil and soil-slag mixture samples within the
columns, the total weight of each column and the amount
of leachate collected were measured using an electronic bal-
ance before and after water addition. After completion of the
leaching tests, the columns were disassembled. The soil and
soil-slag mixture layers, separated by plastic mesh, were col-
lected layer by layer and air-dried in an incubator maintained
at 40 °C for at least three days. The resin-embedded slag fer-
tilizer samples were cleaned using an ultrasonic cleaner to
remove any adhering soil and prepared for surface and cross-
sectional observations.
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Figure 3. Experimental procedure.

2.4 Analysis

After the experiments, the soil and soil-slag mixture sam-
ples were separated layer by layer and air-dried. The dried
samples were then analyzed for soil pH, exchangeable
cations, and plant-available phosphorus, based on standard
methods for soil and crop nutrient diagnosis (Hokkaido
Research Organization, Agricultural Research Department,
2012). Soil pH was measured as follows: 20 g of the dried
sample, sieved through a 2 mm mesh, was placed in a plastic
bottle with 40 mL of distilled water. After stirring for approx-
imately 30s and allowing the mixture to settle, a pH meter
was inserted into the solution and the pH value was recorded
after 30 s. For the analysis of exchangeable cations, 6 g of the
dried sample, also sieved through a 2 mm mesh, was placed
in a plastic bottle with 120mL of 1N ammonium acetate
solution (prepared by mixing 771 g of ammonium acetate
with 9.4 L of distilled water). The mixture was shaken for
30 min using a horizontal shaker set to 160 rpm with a shak-
ing amplitude of 40 mm. After extraction, the solution was
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Wi o - Weight of outflow water after pouring at nt week
Wy ¢ - Weight of evaporated water between (n-1)" and n'" week

filtered using a syringe equipped with a cartridge filter (pore
size: 0.2 um), and the concentrations of each element were
measured by ICP-AES. To determine plant-available phos-
phorus, 3 g of the dried sample, sieved through a 0.5 mm
mesh, was mixed with 600 mL of Truog’s extractant (a so-
lution prepared by mixing 30 g of ammonium sulfate, 20 mL
of 1 N sulfuric acid, and 9.98 L of distilled water) in a plastic
bottle. The mixture was shaken under the same conditions
for 30 min and the phosphorus concentration in the extract
was measured using an atomic absorption spectrophotome-
ter. Because the measured concentrations of plant-available
phosphorus were low, sampling and analysis were performed
three times for each of the layer-separated samples.

The resin-embedded slag fertilizer samples were mirror-
polished prior to the leaching experiments and analyzed us-
ing an electron probe microanalyzer (EPMA) equipped with
a wavelength-dispersive X-ray spectrometer to obtain ele-
mental maps and conduct quantitative analysis. To improve
the accuracy of the carbon analysis, a calcium carbonate
crystal was used as a standard, and calibration was performed
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using a two-point calibration based on the relationship be-
tween cps and concentration, together with baseline correc-
tion. After the leaching tests, the resin-embedded samples
were cleaned using an ultrasonic cleaner and air-dried, fol-
lowed by additional EPMA analysis for elemental mapping
and quantification. Finally, after surface analysis, each cylin-
drical resin-embedded sample was vertically cut, the cross-
section was mirror-polished, and the same EPMA analyses
were conducted on the polished cross-section.

3 Results

3.1 Temporal changes in soil pH and exchangeable
CaO and MgO

Figure 4 shows the soil pH, exchangeable cations, and plant-
available phosphorus measurements for each soil layer at dif-
ferent leaching periods. In the control columns containing
only soil, soil pH remains approximately 4.8 to 5.5 across
all layers. In contrast, in the test columns, the pH of the first
to third layers is higher (6.0 to 6.5) compared to the con-
trol, whereas the fourth to sixth layers, which contained only
soil, show pH values similar to those in the control columns.
Moreover, the elevated soil pH in the first to third layers of
the test columns is maintained throughout the 24-week ex-
perimental period, indicating that the pH-increasing effect of
the steelmaking slag fertilizer persists over time. No increase
in soil pH is observed in the fourth to sixth layers of the test
columns, where the slag fertilizer was not mixed.

Focusing on the changes in exchangeable CaO and MgO
resulting from the application of steelmaking slag fertilizer,
the test columns show an increase of approximately 400-
500 mg per 100 g of dry soil in exchangeable CaO compared
to the control, while the increase in exchangeable MgO is
more modest, at approximately 10-30 mg per 100 g of dry
soil. A similar trend as the soil pH is observed for exchange-
able CaO and MgO, with elevated levels found only in the
layers containing the soil-slag mixture. In contrast to cal-
cium and magnesium, no increase in exchangeable Na;O and
K>O is observed over time. For exchangeable Na,O, both the
test and control columns show a trend wherein the concentra-
tions decrease in the upper layers and increase in the lower
layers over time. Plant-available phosphorus showed no sub-
stantial difference.

To compare the extent of leaching in the soil, a separate
analysis was conducted using a sample in which soil and slag
fertilizer were mixed but not subjected to the column leach-
ing test; instead, the mixed sample was air-dried directly. The
vertical dashed line in Fig. 4 represents the results from this
control. In all cases (soil pH, exchangeable CaO, and MgO),
the values are higher in the samples that underwent the col-
umn leaching test.
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3.2 Surface of slag fertilizer before and after leaching

In the column leaching experiment, the same location on the
surface of the resin-embedded slag fertilizer sample was ob-
served before and after the test. Figure 5 shows secondary
electron images, backscattered electron images, and elemen-
tal mapping of the resin-embedded sample before and after
one week of the column leaching experiment. As the pre-
experiment sample was polished, the phases constituting the
slag can be clearly identified in the backscattered electron
image and elemental mapping, as shown in Fig. 5a. Table 2
presents EPMA values directly measured at points 1 to 4
in Fig. 5a. In Table 2, the measured values are reported in
mass % and are presented as obtained, without normalization
to 100 %. Based on the elemental mapping, quantitative anal-
ysis, and the XRD pattern in Fig. 1, the mineral phases in this
field of view include the C,S phase with phosphorus solid
solution; the MF phase composed of solid solutions of MgO,
MnO, and FeO; the C,F phase containing aluminum and ti-
tanium; and the f-CaO phase. In contrast to the flat surface
of the pre-experiment sample, the surface after one week of
leaching, as shown in Fig. 5b, can be categorized into three
major morphological types. The first type consists of precip-
itates formed in the central and upper-right areas of Fig. 5b,
which partially cover the surface of the original sample. The
second type includes areas where the original surface is ex-
posed but shows signs of cracking or surface roughening. The
third type retains the original surface condition. Quantitative
analysis at points 5 to 9 in Fig. 5b are shown in Table 2.
Elemental mapping and the quantitative results indicate that
the precipitates contain 5.3 mass % carbon, although only ap-
proximately 1mass % was detected in the pre-experiment
sample. Although surface roughening was observed on the
slag fertilizer after the experiment, the resin portion remained
relatively intact. The experiment was conducted largely un-
der static conditions; therefore, the likelihood that the resin
was damaged and that resin components were incorporated
into the precipitates is considered low. Moreover, because the
resin is highly water-resistant, incorporation into the precipi-
tates due to dissolution and reprecipitation of the resin is also
unlikely.

The phases exhibiting cracking and surface roughening are
primarily composed of calcium and silicon, or are rich in cal-
cium, corresponding to the C»S and f-CaO phases. After one
week of leaching, these phases also showed the presence of
carbon. The phases that maintain their original surface condi-
tions are the MF phase, rich in magnesium and iron; and the
C,F phase, rich in calcium, iron, and aluminum. A small por-
tion of the C;S phase was also observed to retain its original
surface state. It should be noted that no altered phases at-
tributable to water contact during sectioning were observed.
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Figure 4. Results of soil elution test.

Table 2. Composition of phases before and after one week of leaching.

No. Ca Si Fe Mg Al P Mn Ti C o Phase

1 404 118 07 00 04 3.0 00 02 12 302 GC;S

2 4.1 00 486 83 00 00 88 00 1.1 200 MF

3 29.1 06 231 03 54 01 05 40 11 250 GCyF

4 46.3 01 149 10 00 00 62 00 1.1 228 fCaO

5 42.1 127 1.0 00 04 22 01 02 14 320 OGS

6 421 11.8 08 00 04 20 0.1 0.1 48 358 C;S (altered phase)
7 48 01 517 75 00 00 79 00 09 215 MF

8 296 0.8 234 04 49 01 05 40 11 253 CyF

9 36.3 0.1 02 00 00 00 01 00 53 221 CaCOj

3.3 Time-lapse of surface and cross-section

To examine time-dependent changes in leaching behavior,
representative results of surface observations after 1, 4, 8§,
and 24 weeks of leaching are shown in Fig. 6. As described
earlier, after one week of leaching, the precipitates partially
cover the sample surface, and the dissolution of the C,S and
f-CaO phases results in cracking. After four weeks, fur-
ther dissolution of these phases produces visible pits, and a
broader area of the surface is covered by precipitates. The
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MF and C,F phases remain unchanged, as per the observa-
tion after one week. In the sample leached for eight weeks,
cracking and pitting of the C,S and f-CaO phases are still
evident. In the sample leached for 24 weeks, precipitation
occurred on the slag surface has progressed further, cover-
ing the entire surface of the precipitates. In cement science,
it is well known that reaction between slag components and
water forms CaO-SiO,-H;0O (C-S—H) gel, and that the pres-
ence of this phase contributes to the development of mechan-
ical strength in cementitious materials (Zhao et al., 2024). A
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(a) Before experiment
SEI '

High

Figure 5. Surface of slag (a) before and (b) after one week of embedment.

similar reaction system may also develop in soils. However,
point analyses of the surface coatings and altered layers in
this study consistently detected carbon, indicating that the
surface was not clearly covered by a continuous C—S—H gel
layer.

Cross-sections of the samples buried for 1, 12, and
24 weeks were cut and subjected to elemental mapping of
calcium and carbon, as shown in Fig. 7. The precipitation
on the original polished surface of the slag is also evident in
Fig. 7. In the sample leached for one week, a layer with re-
duced calcium concentration extending inward from the slag
surface was observed, with a maximum thickness of 31 um
and an average thickness of approximately 20 um within the
observed field. Moreover, the figure shows that leaching does
not progress uniformly from the surface of the slag; rather,
the extent of surface erosion varies by location, indicating
non-uniform leaching. This is considered to be due to the
preferential dissolution of the more soluble phases such as
C,S and f-CaO, as described previously. Even after extend-
ing the leaching period to 24 weeks, the depth of erosion
remains nearly unchanged, with a maximum depth of 33 um,
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and a similarly non-uniform leaching front is observed as in
the 1-week sample.

4 Discussion

4.1 Sources and pathways of Ca sustaining pH

Phases exhibiting cracking and surface roughening are pri-
marily composed of calcium and silicon, or are rich in cal-
cium, corresponding to the C,S and f-CaO phases. In addi-
tion to cracking and roughening, surface alteration and pit-
ting are observed on C;S and f-CaO surfaces. After one
week of leaching, precipitates containing measurable car-
bon are observed. Because the concentrations of elements
other than Ca and O are extremely low, these precipitates
are identified as CaCQj3. Carbon is also detected in the al-
tered phases formed on the surfaces of C;,S and f-CaO, which
is consistent with dissolution in water followed by carbona-
tion. Taken together, these observations indicate that the f-
CaO and C;S phases in the slag are the primary sources of
calcium supplied to the soil, and that dissolution of these
phases progresses over time and is accompanied by increas-
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Figure 6. Surface of slags before and after 1, 4, 8, and 24 weeks of embedment.

ing precipitation of CaCO3 on their surfaces. XRD anal-
ysis of the soil-slag mixture before and after the column
experiment was considered to evaluate mineralogical phase
changes. However, because the soil/slag mixing ratio was
large, slag-derived mineral phase peaks were obscured by
soil-derived peaks and did not appear clearly. Consequently,
both qualitative and quantitative analyses were difficult.

The calculated solubility order shown below explains why
calcium is released first from f-CaO and C,;S and subse-
quently retained as surface CaCOs that dissolves upon rewet-
ting, sustaining elevated exchangeable CaO and pH.

According to previous reports (Gao et al., 2015; Futat-
suka et al., 2004), the f-CaO phase and its reaction products
Ca(OH); and CaCOs3, as well as the C,S phase are consid-
ered to leach into water according to Egs. (1) to (4):

CaO(s) + 2H" = Ca’* + H,0 1)
Ca(OH),(s) + 2H" = Ca’* +2H,0 )
CaCO3(s) + H' = Ca>* + HCO; 3)

2Ca0 - SiOy(s) + 4H1 = 2Ca*t + H,8i05° + H,0. )

https://doi.org/10.5194/s0il-12-279-2026

Figure 8 presents pH-solubility curves for the CaO,
Ca(OH);, CaCOs3, and C;,S phases. In these calculations,
the dissolution reactions of carbon dioxide (Egs. 5 to 7)
and the dissociation reactions of the carbonate and metasil-
icate species (Eqs. 8 and 9) were considered (Futatsuka
et al., 2004). It was assumed that the CaO, Ca(OH);, and
C,S phases dissolved while maintaining the anion-to-cation
ratios as defined by their chemical composition. For CaCO3,
solubility was calculated under various CO, partial pres-
sures. The equilibrium constants for each reaction were cal-
culated from the chemical potentials listed in Table 3 (Barin,
1989; Chase, 1998; Futatsuka et al., 2004; Pourbaix, 1966;
Pourbaix and Franklin, 1974) using the Van’t Hoff isotherm.

H,0 + COx(g) = H,CO3° (5)
H,CO;" = H" + HCO; (6)
HCO; =H' +CO3~ )
H,Si03° = H' + HSiO] (8)
HSiO; =H' +Si03~ ©9)

SOIL, 12, 279-294, 2026
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Figure 8. pH—solubility curve for calcium compounds.

The activity coefficient y; of chemical species i was cal-
culated using Davies equation (Ritsema, 1993):

VI
1+1

1 2
1= EXi:c,-zi an

logy; = —0.509z7 —0.311 (10)

where C; and z; are the concentration [mol L] and charge
of species i, respectively, and [ is the ionic strength of the
solution. From Fig. 8, it can be seen that within the soil pH
range 4-7, and even at higher pH levels, phase solubil-
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100 pm

Table 3. Thermodynamic data for calculation of solubility.

Chemical State u°  Ref.

species

Ht aq. 0  Pourbaix (1966)
CaZt aq. —553067 Pourbaix (1966)
H,COY aq. —624445  Pourbaix (1966)
HCO5 aq. —587808  Pourbaix (1966)
coi™ ag. ~528129  Pourbaix (1966)
H,Si09 ag.  —1012512  Pourbaix (1966)
HSiO3_ aq. —955053  Pourbaix (1966)
Siog_ aq. —887050  Pourbaix (1966)
H,0 lig. —237141  Chase (1998)
CO, gas —394389  Chase (1998)
CaO sol. —603592  Pourbaix and Franklin (1974)
Ca(OH), sol. —898421  Chase (1998)
2Ca0-Si0y  sol. —2198590 Barin (1989)
CaCO3 sol. —1128811 Barin (1989)

ity followed the sequence CaO > Ca(OH); > C,S > CaCOs.
Therefore, among these compounds, CaO, Ca(OH),, and the
C,S hase are readily leached, whereas CaCOs is relatively
resistant to dissolution. The observed precipitates are consid-
ered to form as follows: First, Ca%t ions are released from the
f-CaO and C;,S phases, both of which exhibit high solubility.
Since soil water is retained within soil pores, the areas near
the dissolving phases experience an increase in both Ca>*
concentration and pH. At the elevated pH on the surface of
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the slag fertilizer, Ca2* jons react with bicarbonate (HCO3)
and carbonate (CO§_) ions formed from the dissolution of
atmospheric CO, into water (Egs. 12 to 15), leading to the
precipitation of CaCOs.

CO,(g)+H,0 =H" +HCO; (12)
Ca’t + HCO3 = CaCOs(s) + H* (13)
COy(g) +H0 = 2H' 4+ CO3~ (14)
Ca’* + €03~ = CaCOs(s) (15)

The cracking observed in the f-CaO and C,S phases in this
experiment is considered to be caused by their dissolution
upon contact with water during infiltration, and by the vol-
umetric expansion resulting from the formation of Ca(OH),
through the reaction of the f-CaO phase with water (Wang et
al., 2010).

4.2 Ca®*t supply and pH enhancement under column
leaching

To determine why pH and exchangeable cation levels were
higher in the column samples than in those where soil and
steelmaking slag fertilizer were simply mixed and dried, the
following interpretation was made based on previous studies.
According to a previous study in which mineral phases found
in steelmaking slag were synthesized, pulverized to 53 um or
smaller, and subjected to leaching tests in a pH 5 nitric acid
solution, the release of Ca2t ions from C;,S continued even
after 30 min (Gao et al., 2015). In the present study, slag fer-
tilizer with a larger particle size was used, suggesting that the
30-minute shaking period used for the analysis of pH and ex-
changeable cations may not have been sufficient to complete
the release of Ca2t ions. Furthermore, the release of Ca?™
and Mg?* ions from the slag promotes ion exchange with
H™ ions adsorbed onto the soil surface, displacing them into
the pore water. These H™ ions are then either flushed out of
the system by water infiltration or neutralized by OH™ ions
generated during the slag dissolution process, which in turn
increases the soil pH. Therefore, the observed increase in pH
and exchangeable cation concentrations in the column sam-
ples is likely attributable to the extended reaction time within
the column during the leaching period. On the other hand,
previous studies (Gao et al., 2015; Iwama et al., 2020) have
reported that the MF phase and the C,F phase are resistant
to leaching, which is consistent with the present observation
that these phases maintain their original surface condition
where exposed.

4.3 Agronomic implications

Taken together with the solubility-based analysis, observa-
tions of slag surfaces and cross-sections suggest that the in-
crease in soil pH reflects dissolution of alkaline components.
In addition to the Ca>* and Mg?* that leach from the slag
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and become adsorbed onto soil particle surfaces, some of the
extracted amounts likely originate from CaO and MgO con-
tained in the slag fertilizer itself, as well as from precipitates
formed during the leaching experiment. CaCOj3 is known to
dissolve gradually in soil and provide a sustained increase
in pH. Therefore, the long-term effectiveness of steelmak-
ing slag fertilizer in improving soil pH may be attributed to
its continuous supply of CaCO3 to the soil. This precipita-
tion of CaCOs helps retain calcium near the slag particles
over an extended period, maintaining elevated levels of both
soil pH and exchangeable CaO for at least 24 weeks. In the
24-week leaching tests, the depth of the altered layer did not
show a marked increase with time. In contrast, under longer-
term conditions where re-dissolution of CaCQOs in the sur-
face layer could proceed, or under field conditions involving
plant roots — where organic acids released from roots may de-
crease pH and plants may take up Ca-bearing nutrients — the
erosion front of the slag fertilizer is expected to gradually ad-
vance into the interior through readily soluble phases (f-CaO
and C,S), given that a robust, single-phase C-S—H coating
was not formed. The liming effect would diminish once wa-
ter can no longer access these readily soluble phases. In other
words, if manufacturing processes are designed to promote
growth of these readily soluble phases or if crushing is inten-
sified to increase their exposure, the CaO component in slag
fertilizer may be utilized more effectively. Both the down-
ward movement of this fertilizer effect within the soil profile
and runoff from upland fields are very small. This, in turn,
suggests that the steelmaking slag fertilizer must be incorpo-
rated into the soil to the depth at which the effect is required
to achieve soil pH improvement.

Since calcium and magnesium exhibit antagonistic inter-
actions, where an excess of one can inhibit the uptake of the
other, the desirable ratio of exchangeable CaO to exchange-
able MgO in Japanese soils is considered to be approxi-
mately 65-75:20-25 in molar terms (Minister of Agricul-
ture, Forestry and Fisheries, 2008). Given that the observed
increases are approximately 400-500 to 10-30 mg per 100 g
of dry soil, the application of steelmaking slag fertilizer re-
sults in an excess of calcium. Therefore, it is advisable to
apply a supplemental magnesium source depending on soil
type and the crop being cultivated.

Because no replicate column experiments were performed
in this study, it is not possible to draw a definitive conclu-
sion as to whether the presence or absence of slag fertilizer
application affects plant-available phosphorus. Nevertheless,
previous studies have reported an increase in soil phosphorus
concentration following steelmaking slag application (Deus
et al., 2020). One possible reason why no clear difference
was observed here is the difference in soil type. Because an
Andosol, which has a higher phosphorus adsorption capac-
ity than an Oxisol (Osorio and Habte, 2015), was used in this
study, the improvement effect associated with liming (includ-
ing slag application) may have differed from that reported for
Oxisols in the literature.
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4.4 Upland vs. paddy: unique carbonation

Although the dissolution of the C,S phase has been previ-
ously observed in experiments simulating paddy field con-
ditions (Ito, 2022), precipitation of the CaCOj3 phase on the
slag surface has not been reported.

In upland-type settings, repeated wetting and drying gen-
erate short periods of high pH and high Ca?* concentration
near dissolving slag particles. Aeration ensures a continu-
ous CO; supply, while pore-scale water retention prolongs
contact between porewater and reactive surfaces. These en-
vironmental conditions favor local supersaturation with re-
spect to calcite, so thin CaCOj3 skins form and thicken over
time. By contrast, during continuous flooding, gas exchange
is strongly suppressed and the supply of CO; to the soil so-
lution is limited. Because wet—dry cycles are absent, super-
saturation with respect to CaCOs is less likely and carbon-
ate skins on slag surfaces are unlikely to form. This pattern
appears to be characteristic of upland environments. From a
management perspective, when long-term pH persistence via
CaCOg cycling is desired, practices that allow intermittent
drying and good aeration are advantageous. In continuously
flooded systems, this mechanism is expected to weaken.

4.5 Mechanism of slag fertilizer leaching in soil

The leaching behavior of steelmaking slag fertilizer in soil
under repeated wetting and drying conditions is inferred as il-
lustrated in Fig. 9. First, infiltrating water reacts with and dis-
solves the C,S and f-CaO phases. Simultaneously, water re-
tained within the slag gradually penetrates these phases. The
Ca®* ions released through dissolution are partially trans-
ported away with migrating water, whereas the remaining
Ca’t ions within water retained in the soil react with the
CO%f ions formed by the dissolution and ionization of at-
mospheric CO», resulting in the formation of a CaCOj3 phase
on the slag surface. Furthermore, CO; also dissolves into
the water that has infiltrated the slag body, where it reacts
with the C,S and f-CaO phases to form altered phases. At
the earliest stage, highly reactive f-CaO and C;S phases are
exposed in the slag, and cross-sectional observations sug-
gest that the leaching depth is determined primarily by the
initial slag—water reaction that occurs immediately after ap-
plication. Subsequently, the newly infiltrated water dissolves
both the previously precipitated CaCO3 phase and the al-
tered phase, thereby supplying further Ca>*. This cycle of
CaCOg precipitation and dissolution of both the altered and
CaCOg; phases is then repeated. Although the altered phase
includes components that have reacted with CO», it mainly
consists of the highly soluble C,S and f-CaO phases, whose
dissolution continues preferentially. As the leaching period is
extended, this process manifests as the formation of pits. Be-
cause the CaCO3 phase has lower solubility than the C,S and
f-CaO phases, Ca’>* released from these phases reacts with
atmospheric CO; and precipitates as CaCO3. Consequently,
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the surface coverage of CaCOj3 increases with prolonged
leaching. Even after 24 weeks, a substantial amount of un-
reacted C;S and f-CaO phases remain inside the particles,
along with residual precipitated CaCO3 on the surface. This
indicates that the potential for calcium release from the slag
remains well preserved at this stage. Figure 6 indicates that
CaCOs3 has the lowest solubility among the calcium salts.
In addition, highly soluble CaO and C,S phases remaining
within the slag may increase the local pH and thereby retard
the dissolution of CaCO3. However, the experimental results
showed that, even at 24 weeks, the exchangeable CaO con-
tent still remained high. These findings suggest that, while
the soil-improvement effect is maintained, leaching of cal-
cium components by rainfall or irrigation is suppressed, and
thus the long-term manifestation of the effect can be ex-
pected. At 24 weeks, no robust coating of C—S—H gel was
observed, suggesting that the cycle of f-CaO and C,S disso-
lution, CaCO3 precipitation, and subsequent re-dissolution
of CaCOs is still maintained.

The leaching behavior of Mg may follow a pathway differ-
ent from that of Ca. Formation of an MgCO3 phase and in-
corporation of Mg into the CaCOs3 phase were not observed
in this study. In addition, because MgCO3 is difficult to pre-
cipitate due to the high hydration activity of Mg>*, carbon-
ate formation is unlikely to be a dominant pathway. Instead,
the slag fertilizer may contain Mg-bearing phase(s) that are
poorly soluble in water but readily soluble in ammonium ac-
etate extract, which could explain the persistently high ex-
changeable MgO. Such a form may suppress Mg loss by
rainfall or watering while providing plant nutrition over a
long period, analogous to the behavior inferred for Ca. As
a candidate mineral phase supplying Mg in the slag fertilizer,
the MF phase, which contains a relatively high MgO content
according to the quantitative analysis in Table 2, is proposed.
In addition, based on the phase compositions and leaching
behaviors, it is likely that phosphate is supplied from the
C,S phase, and that the trace essential elements iron and
manganese are supplied from the f-CaO phase.

4.6 Challenges for expanding the scope of application
4.6.1 Changes under long-term application

In this study, the column leaching test was terminated at
24 weeks. Based on the experimental results, it is expected
that the soil pH correction capacity would be maintained
even if a leaching test were conducted for a longer period.
If the consumption process of the slag fertilizer can be con-
tinuously observed and the consumption rate can be quanti-
fied, this would contribute to improving fertilizer application
design.

4.6.2 Effects on plant-available phosphorus

In this study, no significant change in plant-available phos-
phorus was observed. On the other hand, previous studies

https://doi.org/10.5194/s0il-12-279-2026



T. Iwama et al.: Leaching behavior of steelmaking slag fertilizer under repeated wetting and drying conditions 291

@Inflow of water

Water
C,S,
f-Ca
N

Steelmaking slag fertilizer (in soil)

®Formation of altered phase
and precipitation of CaCO,

Altered phases

Figure 9. Elution behavior of slag fertilizer in soil.

have reported an increase in plant-available phosphorus. Pos-
sible reasons why no difference was detected in this study
include both the possibility that the statistical power was in-
sufficient due to the small number of replicates and the possi-
bility that the actual effect is small (or does not appear under
certain conditions). Therefore, additional experiments with
an increased number of replicates are needed for statistical
verification.

4.6.3 Evaluation of the leaching potential of heavy
metals

This study did not evaluate the leaching behavior of heavy
metals because the product used is one for which it was con-
firmed in advance — based on the guidelines of the Nippon
Slag Association — that the contents and leaching amounts of
harmful heavy metals do not pose a problem. Although many
reports suggest that the impact of heavy metals is small, it re-
mains a concern. By first identifying the partitioning of heavy
metals among the respective mineral phases and then apply-
ing the approach used in this study, it would be possible to
estimate the amount that could leach when the material is
applied to soil.

4.6.4 Expression of fertilizer effects under crop
cultivation conditions

As described in the background, in actual crop production en-
vironments, leaching behavior may change due to complex
interactions in the rhizosphere. By conducting tests while
cultivating crops in a similar experimental system, it is pos-
sible to evaluate the effects of the presence of plants on the
consumption and leaching behavior of the slag fertilizer by
comparison with non-cultivated conditions.
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5 Conclusion

To investigate the mechanisms of soil pH improvement and
component leaching of slag fertilizer under upland condi-
tions, a leaching test was conducted using a soil column sys-
tem simulating an upland agricultural environment. The fol-
lowing conclusions are drawn from the results:

— In the control columns, soil pH remained approxi-
mately 4.8-5.5 throughout the experimental period. In
contrast, in the test columns, the soil layers containing
slag maintained a pH of 6.0-6.5, which remained stable
without declining over the 24-week study period.

— Exchangeable CaO and MgO levels were higher in the
slag-mixed layers of the test columns and were similarly
maintained at elevated levels for 24 weeks.

— The f-CaO and C,S phases contained in the slag were
found to dissolve, and CaCOs3 precipitates formed on
the slag surfaces. With longer leaching duration, the f-
CaO and C;S phases exhibited progressive dissolution,
resulting in the formation of pits, while the surface cov-
erage of CaCO3 increased.

— Even after 24 weeks of leaching, the f-CaO and
C,S phases remained within the slag, and CaCOj3 de-
posits remained on the slag surface.

These findings demonstrate that fertilizer derived from steel-
making slag can provide sustained improvement in soil pH.
The sustained release of calcium from the f-CaO and
C,S phases, along with the precipitation of CaCOs3, con-
tributes to maintaining this effect over a period of at least
24 weeks. These results not only support the potential use of
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steelmaking slag fertilizer in upland agriculture but also sug-
gest its added value and broader applicability as a recycled
fertilizer material. In addition, this setup could be adapted,
as needed, to quantify the partitioning of applied elements
among the root-zone, subsoil, and outflow.
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