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Abstract 
Five inorganic materials (steel slag, silica gel, electric furnace slag, fly ash and Japanese silica fertilizer) and six 
organic materials (rice husk-biochar, rice straw compost, media of mushroom, cacao shell-biochar, rice husk-ash 
and elephant grass), were evaluated as Si fertilizer sources for rice plants (Oryza sativa L.) in two soil types (red 
clayey and sandy soil). Evaluation was carried out by incubating them at 30oC under submerged condition for 70 
days. The soil solution was replaced at day 7, 14, 21, 42, 49, 56, 63 and 70 and the amount of silicon (Si) release, 
pH, Eh, calcium (Ca), magnesium (Mg), iron (Fe) and manganese (Mn) concentrations in soil solutions were 
determined. The amount of Si release ranged from n.d. (not detected)-32444.7 mg Si kg-1 and 105.84-48524.0 mg 
Si kg-1 in red clayey and sandy soil solutions, respectively during 70 days of incubation. Reduction in soil Eh 
was accompanied with an increase in the solubility of the soil Si especially for silica gel, electric furnace slag, 
elephant grass and media of mushroom. Higher exchangeable Ca content in soil tended to suppress Si release 
from rice straw compost, rice husk-ash and cacao shell-biochar. Considering the results of present study and 
availability of the materials, we concluded that steel slag of the inorganic materials and rice straw/husk and cacao 
shell-biochar of organic materials had the highest potential as Si fertilizer source in Indonesia.  

Keywords: inorganic material, organic material, coexisting element, solubility 

1. Introduction 
Silicon is not recognized as an essential element, but as a beneficial element, Si enhances diseases resistance, 
alleviates metal toxicity, improves nutrient balance, prevents lodging and enhanced drought tolerance of rice (Ma 
& Yamaji, 2006). Silicate minerals liberate dissolved Si (DSi) as monosilicic acid (H4SiO4) by chemical 
weathering (Cornelis et al., 2011). Furthermore, Si is taken up by the roots in the form of H4SiO4 (Ma & Yamaji, 
2006). However, the soluble Si content of tropical soils, such as highly weathered mineral (Ultisols and Oxisols) is 
generally less than that in most temperate soils as a result of Si leaching (Foy, 1992). While desilification and 
fertilization processes are extremely active in red soil (Liang et al., 2015). However, in sandy soil that consists 
mostly of quartz (SiO2), the chemical decomposition of this mineral is complex (Marafon & Endres, 2013). One of 
the most important factors that influence the solubility of Si in soil is redox potential. Low soil Eh as flooding 
condition, normally leads to an increase in available Si concentration (Liang et al., 2015). The solubility of Si 
containing mineral is affected by pH, where the soil pH regulates the solubility and the mobility of Si (Tubana & 
Heckman, 2015). Silica concentration is lowest at pH 8-9 and Si concentration in soil solution may rise sharply 
when pH value decreases from 7 to 2 (Beckwith & Reeve, 1963).  

Most of the land in Indonesia is acidic due to high level of leaching of basic cations. There is around 
102,000,000 ha of acidic soil with Ultisols and Oxisols are the dominant soil beside Entisols, Inceptisols and 
Spodosols (Subagyo et al., 2000; Mulyani et al., 2009). These soils have been used for rice production in 
Indonesia. Although Si is very abundant element in soil with the range from 25 to 35 %, repeated cropping can 
reduce the levels of plant-available Si to the point that supplemental Si fertilization is required for maximum 
production (Datnoff & Rodrigues, 2005). In Indonesia, lower soil Si content was found to be severe in intensive 
rice field where enormous Si uptake is not followed by sufficient Si replenishment (Husnain et al., 2008). In 
present, the most common forms of silicate materials used as fertilizer are various industrial by products (Haynes, 
2014). Slag from iron and alloy manufacturing that consist of calcium silicate which could be used to meet the 
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demand of Si. Fly ash from coal combustion where the dust-collection system removes the fly ash from the 
combustion gases before they are discharged in the atmosphere is high in Si content (Ramezanianpour, 2014). 
These Si rich materials from industrial wastes are also applied to increase soil pH (Haynes et al., 2013).  

Besides industrial wastes, potential organic sources of silicate material have been assessed for use as an 
agricultural amendment. As plants accumulate Si, there is possibility of using crop residues as Si source. For 
example, rice (Oryza sativa L.) husk and sugarcane (Saccarum spp.) bagasse have considerable Si concentration 
(Gascho, 2001). Biogenic amorphous silica is a natural constituent from unicellular organism, compost and crop 
residue (Rabovsky, 1995; Tubana & Heckman, 2015). However, the demand of Si from crop residues for 
agriculture is insufficient from plant residues. To address this issue, it is desirable to explore cheap and abundant 
local materials as Si source. 

In Indonesia, there are some potential sources as silicate fertilizer from industrial by product and plant 
material-based silica. Factories that produce slag as by product of steel with crude steel production was 4.7 
million ton on 2011 (Ministry of Industry Republic of Indonesia, 2014). Production of coal in Indonesia is around 
437 million ton (Outlook Energy Indonesia, 2014) with fly and bottom ash as waste. Indonesia is the world’s third 
largest cocoa bean producer (FAO, 2010) so it is also possible to use cacao shell and leaf as source of Si 
fertilizer. Considering the large amount of Si accumulated in rice straw and husk, straw compost and husk 
burning are an interesting Si source for plants.  

Emphasis should be made not only on Si content but also on its solubility. The release of Si from the local 
materials into soil solution varies in different combination of materials and soils. Factors controlling dissolution 
of Si include iron (Fe), calcium (Ca), manganese (Mn), pH, particle size of the materials and presence of organic 
matter (Makabe et al., 2013; Kendrick, 2006). The factors that cause variation Si release from material and soil 
should be evaluated to improve use of material as Si source. Therefore, the objective of this study is to evaluate 
Si release from different local materials used as soil fertilizers under submerged conditions in relation with soil 
chemical properties and other controlling factors.  

2. Materials and Methods 

The Si release from the local materials was characterized through laboratory incubation experiments.  

2.1 Si Source Materials 

Eleven materials were collected from Indonesia and Japan. There are two groups of materials, namely (1) five 
inorganic materials (fly ash from coal company in South Sumatera, steel and electric furnace slag/EFS were 
obtained from Banten, silica gel, Japanese silica fertilizer (JSF) is a slag-based silicate fertilizer). (2) Six organic 
materials (elephant grass (Pennisetum purpureum), rice (Oryza sativa L.) straw compost/RSC, rice 
husk-biochar/RHB, cacao (Theobroma cacao L.) shell-biochar (cacao SB), media of mushroom/MM and rice 
husk-ash/RHA from West Java. The geographic and climatic condition of South Sumatera is 1°0′-4°0′S and 
102°0′-106°0′E (Badan Pusat Statistik (BPS), 2015), Banten is 5°7′50″-7°1′1″S and 105°1′11″-106°7′12″E 
(Banten, 2016). West Java is 5°50′-7°50′S and 104°48′-108°48′E (Jawa Barat, 2016), with rainfall of about 
3409,3573 and 2682 mm on 2013 in South Sumatera, Banten and West Java, respectively (Badan Meteorologi 
Klimatologi dan Geofisika (BMKG), 2000-2013). The elephant grass and media of mushroom were air-dried for 
2-3 days. Materials were ground into fine powder in agate grinding jars, using a mixer mill (MM 200, Retsch 
GmbH, Haan, Germany).  

Samples were oven-dried 12 hours at 80oC. Total element (Ca, Mg, K, Na, Fe Mn, Cu, Zn, Cd and Ni) 
composition of materials was measured by ICP after digestion in Teflon vessel with HNO3 at 160oC for 4 hours 
and diluted with distilled water up to 25 ml after kept resting overnight (Koyama & Sutoh, 1987). Total carbon (C) 
was assessed using dry combustion methods (Sumigraph NC-22 Analyzer). 

Available Si (Table 1) was extracted from materials with 0.5 M HCl (1: 150 ratio for 1h shake at 110 rpm) 
(Savant el al., 1999) and Na2CO3/NH4NO3 (10 g L-1/16 g L-1) (1:100 ratio for 1h shake at 110 rpm) (Pereira et al., 
2003). The concentration of Si in all extracts was determined using the molybdenum blue method and measured 
by Spectrophotometry UV 1800 Shimadzu. The wavelength use for the Si detection was 810 nm. pH (H2O) was 
determined on 1: 30 (w/v) soil: water suspensions with pH meter (D-51, Horiba).  

2.2 Soil Samples 

Two types of soil were used, a red clayey soil (Ultisol) and a sandy soil (Entisol) with textural classes of clay 
loam and fine sand, respectively. Red clayey soil is slightly acidic (pH 5.7) and relatively rich in available Fe and 
Mn (72.5 and 52.2 mg kg-1). Exchangeable Ca and Mg were 4.3 and 2.4 cmolckg-1, respectively. Sandy soil is 
neutral in pH (7.3), has high content of exchangeable Ca (26.4 cmolc kg-1, 1M ammonium acetate extractable Ca) 
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and available Fe (136.4 mg kg-1). The available Si concentration of red clayey and sandy soil was 267.1 and 
129.3 mg SiO2 kg-1, respectively. According to Sumida (1992), those were classified to be below critical level of 
available silica for rice (300 mg SiO2 kg-1). We expected the difference of these properties to influence the 
dynamics of dissolved Si from the local materials.  

The soil sample was air dried and passed through a 2 mm sieve. Exchangeable Ca and Mg were extracted with 1 
M ammonium acetate pH 7.0 and measured by Inductive Coupled Plasma Spectroscopy (ICPE-9000 Shimadzu, 
Kyoto Japan). Available Si was extracted by acetate buffer pH 4 with ratio of 1:10, for intermittent shaking for 
5h at 40 °C, determined using the silicate molybdenum blue method (Imaizumi & Yoshida, 1958). Soil pH (H2O) 
was determined on 1:2.5 (w/v) soil: water suspensions with pH meter (D-51, Horiba). The contents of available 
Fe and Mn were obtained by extraction with 0.1 N HCl and quantified using the ICP.  

2.3 Incubation Experiment 

Under submerged condition, the soil was incubated with Si materials as treatment. The experiment was 
replicated three times. Air dried soil of 10 g was placed in a 50 mL centrifuge plastic tube, 1 g of organic 
material and 40 mL of distilled water were added into the tube. For inorganic material (steel slag, fly ash, EFS 
and JSF) 0.02 g of 30% 0.5 M HCl and silica gel 0.02 g of 30% Na2CO3/NH4NO3 as silicon dioxide (SiO2) were 
added to the centrifuge tube containing 10 g of soil, and then 40 mL of distilled water was added. The tube was 
covered and mixed thoroughly, incubated at 30oC for 70 days. After incubation, the redox potential (Eh) and pH 
of soil solution were measured with Eh meter and pH meter (TOA HM-14P and D-51 Horiba, respectively) 
without disturb the soil. The supernatant was obtained after filtration (paper filter Advantec No. 6). Silica, Ca, 
Mg, Fe and Mn concentrations in supernatant were measured using ICPE-9000 Shimadzu. To resume the 
incubation, residue on the filter paper was washed back into tube with distilled water and distilled water was 
added up to a total volume of 40 mL base on the weight (Makabe et al., 2013). The soil solution was replaced 
with distilled water at day (d) 7, 14, 21, 42, 49, 56, 63 and 70 assuming field water replacement by drainage / 
leaching and irrigation in the field.  

2.4 Data Analysis 

The release of Si in the soil solution after the incubation experiment is symbolized the concentration of Si (mmol 
L-1). The net release of Si and the other elements (ΔSi, ΔCa, ΔFe, ΔMg, ΔMn) from the materials was estimated 
based on the difference between the concentration of elements in samples with materials and without material 
(control). A correlation analysis was conducted to identify relationship between the Si and other elements. 
Statistical analyses were done using the statistical package SPSS 22.  

3. Results and Discussion 

3.1 Chemical Composition of Si Material Sources 

The chemical composition of 11 materials used in this study is shown in Table 1.  
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Table 1. Chemical composition of materials  

Material  pH 
Si 

TC Ca Mg Fe Mn Cu Zn Cd Ni 
Na2CO3/NH4NO3 HCl 0.5 M

------------- mmol kg-1 ------------- ---------------------------------------------- mg kg-1 ----------------------------------------

Steel slag 9.8 5.2 801.0 1400 198105.2 34818.5 281649.6 9605.1 147.1 46.1 67 113.6

Silica gel  6.8 234.3 96.6 - 11013.9 3283.6 6124.5 102.9 - - - - 

Fly ash  7.7 28.3 300.1 107802.6 18368.1 9006.0 29612.9 341.9 30.7 102.3 18.4 47.2

EFS 9.5 4.7 412.5 7700.0 157214.1 59459.2 151671.3 11589.5 120.9 942.3 56.4 109.9

JSF 12.4 137.1 975.0 20259.0 240126.9 18261.8 8606.2 23003.8 - - - - 

RSC 9.5 74.3 44.0 222578.3 14364.9 4340.8 16297.7 1833.5 26.6 87.8 9.7 18.7

RHB 7.6 56.5 2.8 427394.4 1952.0 991.5 2489.0  552.5 3.8 38.7 1.6 4.3 

RHA 10.7 98.8 10.3 3650.4 3429.4 793.3 372.6 592.5 2.2 38.1 1.1 3.5 

Cacao SB 10.5 5.7 133.5 423490.9 22278.9 15601.3 4189.9 1198.3 54.4 317.9 8.1 27.6

Elephant grass 5.2 192.1 5.4 427055.8 6043.3 2528.2 216.8 59.9 6.2 35.5 1.4 7.2 

MM 8.6 52.5   2.6  360115.7 76687.3 2692.8 1594.9 246.3 6.8 27 6.8 15.2

Note. -: not determined, TC: total carbon, EFS: electric furnace slag, JSF: Japanese Si fertilizer, RSC: rice straw 
compost, RHB: rice husk-biochar, RHA: rice husk-ash, cacao SB: cacao shell-biochar, MM: media of 
mushroom. 

 

Inorganic materials were alkaline in nature with JSF having the highest pH, except silica gel. According to 
Savant et al. (1997), the amount of H4SiO4 in soil solution is affected by pH and the soil pH regulates the 
solubility and the mobility of Si (Tubana & Heckman, 2015). Among the elements, Ca, Mg, Mn and Fe were 
reported to relate to soil Si availability (Makabe et al., 2013; Hansen et al., 1994). Among all the materials used, 
JSF had highest Ca and Mn content. The highest Fe and Mg content were found in steel slag and EFS, as 
chemical composition of EFS was CaSiO3/MgSiO3, while steel slug was CaSiO3 (Tubana & Heckman, 2015). 
The lowest Ca, Mn, Mg and Fe content were found in silica gel.  

The chemical composition of organic materials indicated that RHA had the highest pH (10.7) and elephant grass 
had the lowest (5.2). Carbon content in organic materials ranged from 222578.3 to 427394.4 mg kg-1, except 
RHA material. MM had higher Ca content than the other organic materials because in mushroom cultivation, the 
media was added with CaCO3 to neutralize acid that was released by mushroom. Cacao SB had high content of 
Mg (15601.3 mg kg-1). RSC compost had the highest Fe and Mn and the lowest was elephant grass. Among 
materials, except JSF as reference, the available Si content was highest in steel slag.  

Concentration of Si was higher with 0.5 M HCl than Na2CO3/NH4NO3 (alkaline) solution for inorganic materials 
(300.1-975.0 mmol Si kg-1), except silica gel. For organic material, Si concentration was high with 
Na2CO3/NH4NO3 solution (52.5-192.1 mmol Si kg-1), except cacao SB. 

Concerning about heavy metal pollution by material application, Cu, Zn, Cd and Ni contents of all the materials 
were below the regulatory limit of Environmental Protection Agency (EPA) (1993); Cu = 4300, Zn = 7500, Cd = 
85, and Ni = 420 mg kg-1.  

3.2 Release Pattern of Si from Materials (Δ Si) for 70 Days Incubation 

The temporal changes in Si concentrations in the soil solution show that Si release rate and pattern for soil and 
materials differed. The Si release pattern was different between two type of soil and eleven materials. Release of 
Si from the materials in red clayey soil during 70 days of incubation is shown in figure 1a. Concentration of Si in 
soil solution from silica gel was stable and reached different peaks 42-56 days after flooding. Silica release from 
steel slag in red clayey soil started after day 49 and then increased rapidly until the end of incubation. It may 
indicate continuous dissolution of Si from steel slag. The dissolution pattern of Si from steel slag was different to 
dissolution pattern of silicate slag fertilizer reported by Makabe et al. (2013), where Si dissolution increased 
rapidly during the first 22 days in weakly acidic solution. 

In contrast, fly ash released Si on the first 49 days then remained not detected (n.d.). A slightly higher peak of Si 
release from silica gel and fly ash at day 42 was probably because the soil solution was not changed for three 
weeks after day 21, this condition resulted in high Si in soil solution. Meanwhile, EFS and JSF did not 
apparently release Si throughout the incubation period in red soil. It was probably that the bond between Si and 
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the other elements such as Fe-O-Si, CaO-SiO2-H2O (Hansen et al., 1994; Flint & Wells, 1934) in these materials 
was too strong to release Si in the red soil incubation condition.  

 

Figure 1. Release pattern of Si from the materials (Δ Si): (a) red clayey and (b) sandy soils with inorganic 
materials; (c) red clayey and (d) sandy soils with organic materials 

 

Figure 1c shows release of Si from organic materials in red clayey soil. Silica concentration in soil solution with 
added RSC tend to increase as incubation period increased. Release of Si from RHB and RHA had similar  

pattern, where the release of Si was started from day 7. Silica release from cacao SB started on day 21 up to the 
end of incubation time. Release of Si from MM is described by an initially fast release on day 7 followed by a 
progressively slight release until 42 days of incubation. Silica release rates from elephant grass tended to be 
slightly higher on 56 days of incubation.  

The effect of EFS application gradually becomes less pronounced and not detected toward the end of experiment 
in sandy soil (Figure 1b). Concentration of Si in sandy soil with steel slag application increased during first 
weeks of incubation time. Silica concentration reached the maximum value after 42 days of incubation and then 
gradually decreased. Silica release from JSF was high during first 49 days, then decreased. The rate of Si 
concentration from silica gel decrease with the time of incubation. We recorded that Si release from fly ash in 
sandy soil solution was less (n.d.-0.03 mmol L-1) than red clayey soil, which Si release was only during the last 
14 days of incubation.  

Si release from silica gel was higher in sandy soil than red clayey soil. As silica gel is made by neutralizing 
water glass. Thus, according to Bunker et al. (1988) that the tetrahedral SiO4 sites common to all silicates glasses 
were susceptible to nucleophilic attack primarily by OH- to form a reactive five-coordinated intermediate which 
can be decomposed to rupture the Si-O-Si bond. Therefore, a significant quantity of OH- could improve the 
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formation of a five-coordinated intermediate which could lead to a great dissolution of the silica gel. Moreover, 
as Si concentration was higher with alkaline solution (Table 1). 

Figure 1d show release of Si from organic material in sandy soil solution. Silica release from RSC and MM had 
similar rate, where Si concentration in sandy soil solution was high in the first 42 days of incubation. Slightly 
different with RSC and MM, Si release was high for 49 days after submerged with added cacao SB and elephant 
grass. Silica release rates from RHB were fluctuating, with the highest Si concentration on day 42 (1.92 mmol Si 
L-1). The fact that Si release from RHA was highest on day 42, then decreased until the end of incubation.  

3.3 The Amounts of Si Release and Coexisting Element from the Materials for 70 Days Incubation 

The cumulative amounts of Si and the element expected interact on with Si release from materials during the 70 
days of incubation are listed in Table 2.  

 

Table 2. Silicon and other elements release from materials and soil during 70 days.  

Materials or soil 
Red clayey soil Sandy soil 

Si  Ca Mg Fe Mn Si  Ca Mg Fe Mn

---------------------- mmol kg-1 ---------------------- -------------------- mmol kg-1 ---------------------

Steel slag 508.32 377.43 126.72 80.15 0.20 375.97 196.65 n.d 0.15 0.77

Silica gel  1158.74 3.34 10.67 20.63 2.79 1733.00 82.31 4.16 0.39 0.01

Fly ash  79.33 185.16 77.80 0.06 n.d. 6.40 201.61 50.17 0.44 n.d 

EFS n.d. 861.84 471.59 36.35 0.41 64.22 108.13 n.d 0.08 0.43

JSF n.d. 2050.13 340.69 0.82 2.09 852.50 2217.51 n.d n.d 0.31

RSC  280.88 192.04 124.31 37.44 25.72 377.73 208.35 169.49 4.01 9.83

RHB 304.86 10.26 6.16 9.01 0.42 456.12 39.84 34.83 0.02 2.82

RHA 611.29 21.47 28.97 8.68 0.55 706.72 n.d n.d 0.22 0.49

Cacao SB 659.98 52.48 129.25 11.26 1.84 6.61 n.d 63.24 0.30 0.20

Elephant grass 77.59 321.31 208.95 269.13 77.24 442.99 1441.29 309.08 12.13 0.68

MM 98.20 1527.00 226.20 28.28 42.77 388.21 1599.20 227.12 1.02 1.18

Soil 9.66 0.80 0.63 0.91 0.03  3.78 9.50 5.59 0.18 n.d 

Note. n.d.: not detected, EFS: electric furnace slag, JSF: Japanese Si fertilizer, RSC: rice straw compost, RHB: 
rice husk-biochar, RHA: rice husk-ash, cacao SB: cacao shell-biochar, MM: media of mushroom. 

 

The amount of Si release in red clayey and sandy soils ranged from n.d.-1158.74 mmol Si kg-1 and 3.78-1733.00 
mmol Si kg-1, respectively. The highest Si release in both red clayey and sandy soil was silica gel. Release of Si 
from red clayey soil (control) was higher than sandy soil, while Si concentration from soil was lower compared to 
that in the materials.  

According to Marxen et al. (2016), Si concentrations in the soil solution from rice straw increased only when the 
organic matrix surrounding the phytoliths was decomposed and the surface of the phytoliths became exposed to 
soil solution. The release of Si was higher from RHA than RHB due to higher available Si content in RHA 
(Table 1), beside that C content in RHB was higher than RHA. According to Xiao et al. (2014), C and Si form in 
biochar result in the mutual protection between C and Si. Silica in biochar becomes difficult to dissolve, 
reflecting the protection of Si by C.  

Organic materials in this research were high in Si concentration with alkaline solution, except cacao SB, which 
was high in acid solution. The results were similar to the initial Si concentrations in organic materials (Table 1). 
It is possible that alkaline solution dissolves organic matter that covers Si and thus Si may release from organic 
matter. According to Molina (2014), alkaline solution dissolved protoplasmic and structural components from 
fresh organic tissues.  

Release of Ca, Mg, Mn and Fe were different among the materials and two soil types. In red clayey soil, released 
amounts of Ca and Mg were the highest from JSF (2050.13 mmol kg-1) and EFS (471.59 mmol kg-1), it might be 
due to high Ca content in both of materials (Table 1). While the lowest of Ca and Mg were silica gel and RHB 
(3.34 and 6.16 mmol kg-1, respectively) due to Ca and Mg content was low in both materials. The highest Fe and 
Mn were released from elephant grass (269.13 and 77.24 mmol kg-1, respectively).  
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Calcium and Mg release from soil (red clayey soil) was lower than in the materials. Red clayey soil has lower Fe 
solubility compared to in the materials, except fly ash and JSF.  

For sandy soil, Ca release was the highest with JSF application due to its high Ca content. Manganese release 
was the highest with RSC (9.83 mmol kg-1), while Fe and Mg release was the highest from elephant grass.  

Calcium release was lower in soil (sandy soil) than in the materials, except RHA and cacao SB. The release of 
Mg from soil (sandy soil) was lower than in the materials, except steel slag, silica gel, EFS, JSF and RHA. 
Almost the same with Mg, Fe concentration from sandy soil was also lower than materials, except steel slag, 
EFS and JSF. Furthermore, Mn concentration from materials was higher than sandy soil, except fly ash. Kato 
and Owa (1997) reported that the application of the slags increase the Ca concentration in soil solution.  

Eight of eleven materials had higher Si release in sandy soil than red clayey soil. According to Dematte et al. 
(2011), the chemical decomposition of clay mineral is complex, which made sandy soils more responsive on Si 
release than red clayey soils to the material application.  

3.4 Effects of pH and Eh 

It is generally stated that Si availability depends on soil types (Wei et al., 1997). In detail, pH, Eh and the type of 
coexisting metals influence the adsorption of monosilicic acid by oxides (Tubana & Heckman, 2015; Liang et al., 
2015).  

The increase of pH and decrease of Eh (Table 3) in red clayey soil solution due to added of materials and also 
effect of submergence. In sandy soil solution, the trend of pH and Eh was different with red clayey soil solution. 
Steel slag, EFS, JSF, RHA and cacao SB tend to increase soil solution pH. Where steel slag, EFS, JSF, cacao SB, 
elephant grass and MM decrease soil solution Eh.  

 

Table 3. Mean pH and Eh values of red clayey and sandy soil solution during 70 days of incubation 

Material 
Red clayey soil Sandy soil 

Mean of pH Δ pH Mean of Eh Δ Eh Mean of pH Δ pH Mean of Eh Δ Eh 

---------- mV --------- ---------- mV ----------

Steel slag 6.3 0.9 155.9 -28.3 9.8 1.2 -33.8 -14.9 

Silica gel  4.8 -0.6 256.5 72.3 8.3 -0.4 21.8 40.7 

Fly ash 6.1 0.7 140.9 -43.3 8.6 -0.1 -7.6 11.3 

EFS 7.2 1.7 68.0 -116.2 10.2 1.5 -67.6 -48.7 

JSF 6.9 1.5 100.9 -83.3 11.0 2.3 -90.8 -71.9 

RSC 6.5 1.1 -19.1 -203.4 6.9 -1.8 -13.2 5.7 

RHB 5.6 0.2 171.3 -12.9 7.8 -0.9 43.3 62.3 

RHA 6.4 1.0 161.3 -22.9 9.4 0.7 -9.8 9.1 

Cacao SB 8.0 2.6 -7.7 -191.9 9.8 1.1 -77.3 -58.3 

Elephant grass  5.9 0.5 -43.2 -227.4 6.4 -2.3 -92.8 -73.9 

MM 6.7 1.3 -91.9 -276.1  6.9 -1.8 -71.9 -53 

Note. Δ pH means the change in pH from control (5.4 and 8.7 for red clayey and sandy soil solution, respectively); 
Δ Eh means the change in Eh from control (184.2 and 18.9 for red clayey and sandy soil solution, respectively). 
EFS: electric furnace slag, JSF: Japanese Si fertilizer, RSC: rice straw compost, RHB: rice husk-biochar, RHA: 
rice husk-ash, cacao SB: cacao shell-biochar, MM: media of mushroom.  

 

3.4.1 Red Clayey Soil 

The mean value of differences (Δ) during the entire incubation period for soil solution pH ranged from -0.6 to 
2.6 units. Where, the increase in soil solution pH was 0.2 to 2.6 units. The soil solution pH was elevated by 
addition of all the materials, other than silica gel. The lowest soil solution pH was found in silica gel (4.8) and a 
maximum increase was obtained in cacao SB (8.0). Among inorganic material, the highest pH was gained with 
EFS application (7.2). Soil solution pH with added steel slag, fly ash, RSC and RHA were almost the same 
(6.1-6.5). Meanwhile, JSF and MM were close in soil solution pH (6.9 and 6.7, respectively). RHB and elephant 
grass increased soil solution pH with almost the same value (5.6 and 5.9, respectively).  
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According to Ponnamperuma (1972) that submerging soil cut off oxygen supply, where aerobic organisms use 
up the oxygen present in the soil. Kashem and Singh (2001) reported oxygen is reduced at Eh > 300 mV and 
Mn4+ at Eh of 200 mV. We observed that Eh decrease with decreasing pH, especially with organic material 
treatment. Kashem and Singh (2001) reported that organic material had contributed to low and negative values of 
Eh resulting into higher increase in pH values.  

Decreases in Eh were observed for the soil samples with addition of Si materials after submergence, except for 
soil with silica gel, where the values rose to 256.5 mV. The submerged condition with the addition of steel slag 
and fly ash result almost the same value of Eh (155.9 and 140.9 mV, respectively). The negative Eh was found in 
soil solution with RSC, cacao SB, elephant grass and MM (-7.7 to -91.9 mV). We observed RHB and RHA had 
almost the same in soil solution Eh (171.3 and 161.3 mV, respectively), it might be because both material were 
rice husk.  

Even though, steel slag and EFS from steel company but the Eh of soil solution Eh with EFS (68.0 mV) was 
lower than steel slag. It was probably due to Mn content in EFS was higher that influenced Eh. Whereas, soil 
solution Eh with JSF application was higher than EFS (100.9 mV), but it was also probably due to high Mn 
content in original material.  

3.4.2 Sandy Soil 

It is obvious from Table 3 that the increased in sandy soil solution pH occurred following additions of steel slag, 
EFS, JSF, RHA and cacao SB with the highest increase of 2.3 units was JFS. Soil pH decreased with addition of 
silica gel, fly ash, RSC, RHB, elephant grass and MM with incubation time. The largest decreasing -2.3 units of 
pH was elephant grass.  

Steel slag, EFS, RHA and cacao SB increased pH around 9.4-10.2. Meanwhile, RSC, elephant grass and MM 
decreased pH close to neutral (6.4-6.9). Silica gel and fly ash were almost the same in lowering soil solution pH 
(8.3 and 8.6, respectively) whereas pH 7.8 in soil solution was obtained with RHB application.  

The Eh in soil solution with additional of steel slag, EFS, JSF, cacao SB, elephant grass and MM markedly 
decreased after submergence and the maximum negative value of 92.8 mV was observed for soil solution with 
elephant grass application. Elephant grass, cacao SB and MM as organic matter increased microbial activity in 
sandy soil thus decreasing soil solution Eh.  

The Eh change was not as large as observed in red clayey soil. Meanwhile, Eh increased with addition of silica 
gel, fly ash, RSC, RHB and RHA. The highest soil solution Eh was obtained after added RHB (43.3 mV). 
Interactive the effect of submergence with RSC, RHB and RHA had the same result, which soil solution Eh was 
not decrease with those material. The same trend was probably due to the same source from rice plant.  

3.5 Characteristics of Si Release from the Materials 

Generally, soil pH regulates the solubility and the mobility of Si (Tubana & Heckman, 2015). The Eh of soils 
controls the stability of various oxidized components such as Mn IV and Fe III in submerged soils (Sahrawat, 
2005). Reduction in Eh was accompanied with an increase in the solubility of the soil Si, where Si increase in 
soil solution was attributed to the release from ferric silica complexes under anaerobic conditions 
(Ponnamperuma, 1965). This is in line with Snyder et al. (2006) who reported that Si release such as monosilicic 
acid and polysilicic acid that have high chemical activity can react with Fe in the formation of slightly soluble 
silicate. Makabe et al. (2013) reported that Si concentration had significantly negative correlation with Ca in soil 
solution.  

Figure 2 revealed some significant correlations between Si release with Ca or Eh changes for each material. We 
characterized the materials as below. 
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Figure 2. Correlations coefficient of Si concentration from material and other elements in soil solution 

 

3.5.1 Steel Slag 

Si release from steel slag in red clayey soil showed positive correlation with Fe release and negative one with Eh 
change in soil solution (Figure 2a). At conditions in which pH of soil solution was weak alkaline, Si was not 
affected by pH, but was negatively correlated with Eh. This indicated that Si release of the steel slag was 
basically controlled by dissolution of the slag with lowering Eh. Steel slag contains Si as calcium silicate form 
and the slag dissolution and Si release proceeded by following two steps, i) Ca and Mg are dissolved by ion 
exchange reaction with hydrogen ion in water (first step), ii) Si-O-Si and/or Al-O-Si chemical bonds are cleaved 
by hydrolysis (second step) (Kato & Owa, 1996). Kato and Owa (1996) also reported that lowering pH increase 
Si release and in contrast high Ca content in soil or soil solution decreased it. Beside, Liang et al. (2015) reported 
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that low soil Eh at flooding condition, normally leads to an increase in available Si concentration. Lower Eh of 
sandy soil (Table 1) probably led to release of Si from the beginning of incubation. However, total amount of Si 
released from the steel slag was higher in red clayey soil, which was due to lower pH and lower exchangeable Ca 
content of the red clayey soil.  

3.5.2 Silica Gel 

Silica gel released highest concentration of Si among all the materials in both acid and weak alkaline conditions. 
We observed that Si release from silica gel in sandy soil solution condition was higher than in red clayey soil by 
40% (Table 2). It seemed that high pH and low Eh (Figure 2b) in soil solution increased Si release from silica 
gel.  

3.5.3 Fly Ash 

Fly ash is made up of highly insoluble, glass-like particles, consisting of amorphous ferro-aluminosilicate and 
quartz (Haynes et al., 2013). The total amount of Si released from fly ash was higher in red clayey soil, which 
was due to lower pH in soil solution (Table 3).  

3.5.4 Electric Furnace slag and Japanese Si Fertilizer  

EFS consist of CaSiO3/MgSiO2 (Tubana & Heckman, 2015), where Si release was affected by reduction of Eh 
and pH in soil solution. EFS and JSF did not aparently release Si in red clayey soil solution (Table 2), which is 
possibly due to specific range of pH and relatively high Eh comparing with sandy soil condition. According to 
Meyer (1999), Si solubility is lowered at pH range of 6.5-7.5. Thus, soil pH, 7.2 and 6.9 for EFS and JSF (Table 
3), respectively in red soil suppressed Si release from the materials. 

3.5.5 Rice Straw Compost 

RSC stably released Si in both soil conditions, although it was higher in sandy soil than in red clayey soil. 
Exchangeable Ca and Mg in red clayey soil might suppress Si release, but exchangeable Ca or Mg in sandy soil 
seemed not to influence the Si release. It was confirmed as an effective soil Si amendment.  

3.5.6 Rice Husk-Biochar and Rice Husk-Ash  

Silicon in rice husk was concentrated and increased in its availability by ashing (Table 1). The release of Si from 
RHA looked negatively affected by Ca (Figure 2d). Thus, we assume Si in RHA was changed in Ca bind form 
and Ca in soil or material itself might suppresse Si release. While Ca did not suppresse Si release from RHB. Eh 
was a possible factor influencing Si release from RHB as the release of Si was higher with low Eh in sandy soil 
(Table 3).  

3.5.7 Cacao SB  

The results of this study revealed that there was an inverse relationship between Ca and Si concentration in red 
clayey soil solution. Higher pH and exchangeable Ca content in sandy soil tended to reduce Si release from 
cacao SB. This is more likely because Ca binds Si in cacao SB which might hardly dissolve under higher pH and 
Ca condition. It seems there is a higher potential to release Si in acidic and low exchangeable Ca soil condition. 

3.5.8 Elephant Grass and Media of Mushroom 

Silicon release of elephant grass (Figure 2e) and MM was negatively correlated with Eh change. Elephant grass 
and MM had relatively high potential to reduce soil Eh but they also enhance release of Fe and Mn especially in 
red clayey soil (Table 2). Eh of soil control the solubility of Fe and Mn oxides (Patra & Neue, 2010). 
Solubilitzation of Fe and Mn possibly influence Si release from elephant grass and MM. 

3.6 Prospectives of Local Materials as Silicon Fertilizers 

Most of the land area in Indonesia are acidic soil, of which area is around 102,000,000 ha. The dominant acidic 
soil types are Ultisols and Oxisols, and some belong to Entisols, Inceptisols and Spodosols (Subagyo et al., 2000; 
Mulyani et al., 2009). In order to discuss the possibility to use examined materials in the present study for Si 
amendments in Indonesian paddy fields, we focused on the results found in red clayey soil as most of the land 
area in Indonesia are acidic soil. Overall Si materials, release of Si into red clayey soil solution were high for 
steel slag, cacao SB, RSC and also RHB as local Si materials. These can be candidates of Si amendments of 
paddy soil in Indonesia. The amount of Si release from EFS, elephant grass and MM were relatively low. 
Therefore, we assume these materials are not effective to improve paddy soil available Si in Indonesia. Although 
silica gel could be of course a good Si fertilizer as it was used in Japan, it is presently expensive for Indonesian 
local farmers. 
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In terms of availability of these materials in Indonesia, steel slag is promising. Rice straw is the biggest waste in 
Indonesia with the amount of 55 million ton per year (Setiarto, 2013). So far in Indonesia, there has been no 
research on Si content in rice straw and straw compost. Thus we cannot give recommendation which is better 
between rice straw and rice straw compost. Generally, agricultural waste in Indonesia is burned to accelerate 
land preparation. Based on our result that rice straw compost release high Si, thus farmers can sell the rice straw 
compost to increase income. Furthermore we suggest to make rice straw as compost.  

Rice husk is also available throughout Indonesia. For the use of rice straw and husk, it is easy to collect and use 
in rice producing areas as farmers’ groups exist. Besides, its function as Si amendment, i.e. Si release, can be 
easily improved by burning in paddy fields as the present study exhibited.  

Cacao production for some regions in Indonesia such as Sumatera, Java and Sulawesi were 0.36; 0.40 and 0.46 ton 
ha-1 on 2013 (Tree Crop Estate Statistics of Indonesia, 2014). Cacao shell waste has not been optimally used in 
Indonesia (Murni et al., 2012), thus its agricutural use is recommendable. Furthermore, we may improve this 
material by charring to increase available Si in soil.  

4. Conclusions  
EFS, Fly ash and organic materials under submerged condition in paddy fields, improved Si availability. Besides, 
the addition of local materials such as steel slag reduces the soil Eh. Local materials such as steel slag, rice straw 
and husk, and cacao shell could be used as Si amendments in paddy fields in Indonesia. Additionally, other 
materials with relatively low Si release (i.e. elephant grass and MM) could be used to improve the availability Si in 
soil.  
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