

  agronomy-12-00219




agronomy-12-00219







Agronomy 2022, 12(1), 219; doi:10.3390/agronomy12010219




Article



Soil Nutrient Retention and pH Buffering Capacity Are Enhanced by Calciprill and Sodium Silicate



Ji Feng Ng 1, Osumanu Haruna Ahmed 2,3,4,*[image: Orcid], Mohamadu Boyie Jalloh 5[image: Orcid], Latifah Omar 1,3, Yee Min Kwan 1,3, Adiza Alhassan Musah 6[image: Orcid] and Ken Heong Poong 7





1



Department of Crop Science, Faculty of Agricultural Science and Forestry, Universiti Putra Malaysia Bintulu Sarawak Campus, Bintulu 97008, Sarawak, Malaysia






2



Department of Forestry Science, Faculty of Agricultural Science and Forestry, Universiti Putra Malaysia Bintulu Sarawak Campus, Bintulu 97008, Sarawak, Malaysia






3



Institut Ekosains Borneo (IEB), Universiti Putra Malaysia Bintulu Sarawak Campus, Bintulu 97008, Sarawak, Malaysia






4



Institute for Mathematical Research, Universiti Putra Malaysia, Serdang 43400, Selangor, Malaysia






5



Crop Production Programme, Faculty of Sustainable Agriculture, Universiti Malaysia Sabah, Sandakan Branch, Locked Bag No. 3, Sandakan 90509, Sabah, Malaysia






6



Faculty of Business Management and Professional Studies, Management and Science University, University Drive, Off Persiaran Olahraga Section 13, Shah Alam 40100, Selangor, Malaysia






7



Omya Asia Pacific Sdn. Bhd., Kuala Lumpur 59200, Malaysia









*



Correspondence: osumanu@upm.edu.my







Academic Editor: Magdi T. Abdelhamid



Received: 26 October 2021 / Accepted: 29 November 2021 / Published: 17 January 2022



Abstract

:

In the tropics, warm temperatures and high rainfall contribute to acidic soil formation because of the significant leaching of base cations (K+, Ca2+, Mg2+, and Na+), followed by the replacement of the base cations with Al3+, Fe2+, and H+ ions at the soil adsorption sites. The pH buffering capacity of highly weathered acid soils is generally low because of their low pH which negatively impacts soil and crop productivity. Thus, there is a need to amend these soils with the right amount of inorganic liming materials which have relatively high neutralizing values and reactivity to overcome the aforementioned problems. Soil leaching and the pH buffering capacity studies were conducted to determine whether the co-application or co-amendment of a calcium carbonate product (Calciprill) and sodium silicate can improve soil nutrient retention and pH buffering capacity of the Bekenu series (Typic Paleudults). A 30 day soil leaching experiment was carried out using a completely randomized design with 16 treatments and 3 replications after which the leached soil samples were used for a pH buffering capacity study. The Calciprill and sodium silicate treatments significantly improved soil pH, exchangeable NH4+, available P, exchangeable base cations, Effective Cation Exchange Capacity (ECEC), and pH buffering capacity in comparison with the untreated soil. The improvements were attributed to the alkalinity of Calciprill and sodium silicate due to their high inherent K+, Ca2+, Mg2+, and Na+ contents. The neutralizing effects of the amendments impeded the hydrolysis of Al3+ (96.5%), Fe2+ (70.4%), and Mn2+ (25.3%) ions resulting in fewer H+ ions being produced. The co-application of Calciprill and sodium silicate reduced the leaching of Ca2+ (58.7%) and NO3− (74.8%) from the amended soils. This was due to the ability of sodium silicate to reduce soil permeability and protect the Calciprill and available NO3− from being leached. This also improved the longevity of Calciprill to enhance the soil pH buffering capacity. However, the amounts of NH4+, P, and base cations leached from the amended soils were higher compared with the un-amended soils. This was due to the high solubility of sodium silicate. The most suitable combination amendment was 7.01 g Calciprill and 9.26 g sodium silicate (C2S5) per kilogram soil. It is possible for farmers to adopt the combined use Calciprill and sodium silicate to regulate soil nutrient retention and improve the soil pH buffering capacity of highly weathered acidic soils. This will enhance soil and crop productivity.
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1. Introduction


The leaching of soil nutrients is a process by which water soluble nutrients move downward through the soil profile below the plant root zone via percolation of water that exceeds the field capacity of soils. This process is usually exacerbated by excessive rainfall [1] and leads to soil acidity. Approximately 3.95 billion hectares of global land are acidic [2]. These acidic soils are predominantly Oxisols and Ultisols and are widely distributed in Africa (16.7%), Australia and New Zealand (6.1%), Europe (9.9%), Asia (26.4%), and America (40.9%) [3,4]. In the tropics, highly weathered soils such as Oxisols and Ultisols are formed because of warmer temperatures, high rainfall intensity, and an abundance of kaolinite clay minerals. These highly weathered soils with high kaolinite clay minerals and Al and Fe oxides are generally characterized by a low pH buffering capacity because of low Cation Exchange Capacity (CEC) and base saturations [5]. As a result, these soils are prone to nutrient loss through soil erosion, surface runoff, and leaching due to the high rainfall events over long periods [6]. The leaching of base cations is a major cause of soil acidification, which is worsened when acidic cations such as Al3+, Fe2+, Mn2+, and H+ ions replace the base cations. High amounts of Al3+ and Fe2+ ions in Oxisols and Ultisols also result in P fixation. These soil processes and the low pH buffering capacity hampers soil the nutrient availability in soil and crop productivity [7,8,9]. To reverse soil acidity and Al toxicity, agricultural limes such as CaCO3 and dolomite are commonly used. However, the effectiveness of CaCO3 in ameliorating soil acidity and suppressing Al toxicity is inconsistent due to the impurities and coarse particles in these traditional limes. These carbonates also exhibit poor solubility in soil water and the excessive use of dolomite causes Mg toxicity [10,11]. Therefore, careful selection of the right amendment to effectively suppress exchangeable acidity and manage soil pH is essential.



Soil pH buffering capacity is defined as the ability of a soil to resist pH changes when small amounts of acid or alkaline are added. The pH buffering capacity of soils can be improved by the ddition of reactive carbonate minerals [12] and silicate minerals [13,14]. This is because the dissolution of carbonate minerals can release Ca2+ and CO32− ions to increase soil pH via the neutralisation of added H+ ions, whereas the dissolution of silicate minerals releases SiO44− ions which react with water molecules and transform into silicic acid (H4SiO4) to release four OH− ions, thus neutralizing H+ ions and increasing the soil pH buffering capacity [15,16]. However, the dissolution and neutralizing ability of these minerals are influenced by their nature and reactivity [17], the amount of H+ ions [18], soil type and degree of soil weathering [12,19], and phosphate settling on the surfaces of these minerals [20,21]. Increased the soil pH buffering capacity can also be contributed to by increased soil pH [9], soil organic matter [22,23], base saturations [24], and ECEC [7]. For example, the combined use of charcoal and sago bark ash increased soil pH and detoxified Al3+ and Fe2+ ions via chelation because of high inherent base cations in sago bark ash when in contact with soil water. The addition of charcoal increases the number of negatively-charged sites which improves soil CEC to retain more exchangeable base cations (K+, Ca2+, Mg2+, and Na+) at the functional groups such as carboxyl (R-COOH), phenolic (R-OH), and amine (R-NH2) groups and the ability to buffer more H+ ions [25,26]. Nevertheless, the inconsistent and slow effects of these organic amendments could be influenced by the recalcitrant property of charcoal, the raw materials used, and the handling methods. Besides, an unbalanced use of charcoal and sago bark ash can cause heavy metal toxicity, phosphorus fixation by calcium, soil salinization, and environmental pollution [27,28,29]. Therefore, amending soils with the right amount of inorganic liming materials which have relatively high neutralizing values and reactivity is essential. This provides rapid and consistent responses to impede Al3+ and Fe2+ ions that can undergo hydrolysis to release more H+ ions, which causes soil acidification, stabilization of the soil structure, reduced soil permeability, and minimization of nutrient leaching [30,31,32]. The combined use of Calciprill and sodium silicate could be a sustainable management approach for enhancing soil nutrient retention and pH buffering capacity in high weathered soils such as Oxisols and Ultisols.



Calciprill (a calcium carbonate product) and sodium silicate are high quality materials worth considering for liming purposes because of their high purity and high solubility in soil water which enhances the release of base cations. Calciprill is a 2–6 mm prill which can reduce soil acidity because of its high CaCO3 purity and high neutralizing value, which are 95% and 99, respectively. The application of sodium silicate can also strengthen soil stability because the release of Si through dissolution produces a crystalline gel between the soil pores to bind the soil particles [33]. This could decrease the permeability and hydraulic conductivity of soils to reduce the loss of soil nutrients via leaching and runoff. The formation of silica gel is enhanced when the sodium silicate applied is above 2% of the soil volume [33]. The application of sodium silicate is common in soil stabilization because this approach is considered environment friendly and safe [34,35]. Schaller et al. [36] reported that an increase in biogenic amorphous silica reduced soil hydraulic conductivity by improving the negative potential of soil water, which increases the holding capacity of the soil water and reduces the discharge of available NO3− and P into water bodies. Soil stabilization induced by sodium silicate could protect the Calciprill from being lost via leaching and runoff.



There is a dearth of information on the nutrient retention and the pH buffering capacity of tropical acid soils when these amendments are co-applied to such soil. The question about the most suitable or the right combination of Calciprill and sodium silicate to improve soil nutrient retention and pH buffering capacity needs to be answered. Therefore, it was hypothesized that the co-application of Calciprill and sodium silicate can improve soil nutrient retention and pH buffering capacity based on the following assumptions: (i) Calciprill can effectively neutralize soil exchangeable H+ and reduce Al3+ and Fe2+ toxicities for regulating essential nutrient availability; (ii) sodium silicate will increase soil stability via the flocculation of soil particles to reduce water permeability and nutrient loss via leaching. This is plausible because Calciprill is a liming material with high CaCO3 purity (95%) for neutralizing exchangeable acidity. Calciprill could also increase soil ECEC and the number of negatively charged sites for adsorbing exchangeable cations to prevent their leaching out from the plant root zone. The continuous dissolution of CaCO3 could also increase the soil pH buffering capacity to neutralize the H+ ions produced in soil acidification processes. Moreover, the high solubility of sodium silicate does not only increase soil pH rapidly and consistently, the Si can also improve the stability and structure of the soil to reduce the leaching of nutrients. Thus, there was a need for this study because these amendments can provide rapid and consistent responses to enhance nutrient retention and increase soil pH buffering capacity. Based on the aforementioned rationale, the objective of this study was to determine the effects of Calciprill and sodium silicate on nutrient retention and the pH buffering capacity of Bekenu series soil (Typic Paleudults). It is hoped that the present study can present a deeper understanding of the mechanisms of soil nutrient retention and pH buffering capacity influenced by the co-application of Calciprill and sodium silicate on highly weathered acidic soils.




2. Materials and Methods


2.1. Soil Sampling and Preparation


In this study, the soil used was Bekenu Series (which is Typic Paleudults, based on the USDA soil classification system). This soil was selected because it is acidic and commonly used for crop cultivation [37]. According to Paramannanthan [37], the Bekenu series is classified as an Ultisol which is characterized by a fine loamy soil texture, is siliceous in nature (more than 90% by weight silica minerals), and has a deep and well-drained soil profile. The red-yellow soil colour was attributed to its parent material of highly weathered sedimentary rocks which contain more than 30% ferric oxide (Fe2O3) [37]. In addition, high rainfalls and warm temperatures expedite the weathering of these sedimentary rocks to form kaolinite clay minerals [5]. This causes the soil to be prone to the leaching of exchangeable base cations (K+, Ca2+, Mg2+, and Na+). Therefore, it is an infertile soil which is acidic in nature, low in nutrient content, base saturation, pH buffering capacity, and requires corrective measures such as the use of Calciprill and sodium silicate to improve its productivity. The soil was collected from an uncultivated area at Universiti Putra Malaysia Bintulu Campus, Sarawak, Malaysia. The geographical coordinates of the soil sampling location are latitude 03°20′ N and longitude 113°07′ E. The soil was sampled and collected from a pedon 1 m long × 1 m wide × 0.2 m deep in size as described by Soil Survey Staff [38]. The soil was air-dried, manually crushed, and passed through a 2 mm sieve for soil chemical analyses. The sieved soil was bulked for homogenization before being used in the leaching experiment.




2.2. Initial Characterization of the Selected Chemical Properties of Soil, Calciprill, and Sodium Silicate


Soil pH was determined in a 1:2.5 (soil:1 mol dm−3 KCl) suspension using a digital pH meter (SevenEasy pH, Mettler-Toledo GmbH, Schwerzenbach, Switzerland) [39]. Soil electrical conductivity (EC) was determined in a 1:2.5 (soil:distilled water) suspension using an EC meter (SevenEasy Conductivity, Mettler-Toledo GmbH, Schwerzenbach, Switzerland) [39]. Soil exchangeable NH4+ and available NO3− were determined using the method described by Keeney and Nelson [40]. Soil available P and exchangeable cations (K+, Ca2+, Mg2+, Na+, Fe2+, and Mn2+) were extracted using Mehlich’s No.1 double acid solution [41]. Available P in the soil was then determined using Ultraviolet-visible spectrophotometry (Lambda 25, Perkin Elmer, Shelton, CT, USA) after blue colour development [42], whereas exchangeable cations were determined using an Atomic Absorbance Spectrophotometer (AAnalyst 800, Perkin Elmer, Shelton, CT, USA). Soil exchangeable Al3+ was determined using the acid-base titration method described by Rowell [43]. The ECEC was determined by summing the charge equivalent of exchangeable K+, Ca2+, Mg2+, Na+, Mn2+, Fe2+, Al3+, and H+ ions for soil samples with a pH lower than 6.5 and for soil samples with a pH higher than 6.5 but with negligible H+ ions [44] by using the following formulae:


ECEC(pHKCl < 6.5) (cmol(+) kg−1) = ∑(exchangeable K+ + Ca2+ + Mg2+ + Na+ + Mn2+ + Fe2+ + Al3+ + H+)



(1)






ECEC(pHKCl > 6.5) (cmol(+) kg−1) = ∑(exchangeable K+ + Ca2+ + Mg2+ + Na+ + Mn2+ + Fe2+ + Al3+)



(2)







The Calciprill and sodium silicate were supplied by Humibox (M) Sdn. Bhd., Kuala Lumpur, Malaysia and Omya Asia Pacific Sdn. Bhd., Kuala Lumpur, Malaysia, respectively. The procedures used for the characterization of these two materials used as soil amendments were similar to those for the soil. The initial chemical properties of the soil, Calciprill, and sodium silicate are summarised in Table 1.




2.3. Soil Leaching Study


A leaching study was conducted in the Soil Science Laboratory at the Department of Crop Science, Universiti Putra Malaysia Bintulu Campus, Sarawak, Malaysia using 1 kg of soil placed in polypropylene containers perforated at the base and 15 cm in diameter and 12 cm high. There were a total of 16 treatments in this study and the details of these treatments are summarized in Table 2. The application rates of Calciprill were based on the targeted Ca saturation of 80%, 90%, and 100% [45,46]. These values were converted to per one kilogram soil and were equivalent to 6.22 g (C1), 7.01 g (C2), and 7.80 g (C3), respectively. The application rates of sodium silicate were based on the recommended application rates and the planting density of the black pepper crop (Piper nigrum) at 90 kg ha−1, 105 kg ha−1, 120 kg ha−1, 135 kg ha−1, and 150 kg ha−1, and the values were equivalent to 5.55 g (S1), 6.48 g (S2), 7.41 g (S3), 8.33 g (S4), and 9.26 g (S5), respectively, for one kilogram of soil [47,48]. There was also one treatment which was one kilogram of soil without any amendments (C0S0). The application rates were based on the black pepper crop because it is used as a test crop in future greenhouse and field trials. The soil was mixed thoroughly with Calciprill and sodium silicate based on the treatments of the study (Table 2). For each experimental unit, a 500 mL beaker was placed under the perforated container for leachates collection at five day intervals over the 30 days of leaching.



Before commencing the leaching experiment, the samples mixed with the treatments were moistened to 50% of field capacity [49], which is 300 mL distilled water for the quantity of soil used in this study and left overnight. The following day, at the start of the initial or first leaching, 300 mL distilled water was poured meticulously onto the soil samples and allowed to leach for five days into the leachate collecting beaker for subsequent laboratory analysis. The addition of 300 mL distilled water was repeated six times at five day intervals for the collection of leachates. The whole leaching experiment lasted 30 days. The leachates were then used for the determination of pH, EC, and the amount of nutrients (NH4+, NO3−, P, K+, Ca2+, Mg2+, and Na+) leached. Soil samples from each container were taken after the 30 days of leaching, which were then air-dried, manually crushed, and sieved to pass through a 2 mm sieve for chemical analyses using the procedures as described previously.




2.4. Soil pH Buffering Capacity Study


The soil pH buffering capacity was determined using the method described by Aitken and Moody [50] with some modifications. A 10 g soil sample obtained after the leaching experiment was weighed into 100 mL polyethylene plastic vials and mixed with 0.1 mol dm−3 HCl or 0.1 mol dm−3 NaOH at a ratio of 1:5. For the soil samples whose pH were less than 5.5, 0.1 mol dm−3 NaOH was used to reduce the soil suspension effect and to prevent an underestimation of soil acidity in the soil samples [43]. For the soil samples with a pH higher than 6.0, the 0.1 mol dm−3 HCl was used. The 0.1 mol dm−3 HCl or 0.1 mol dm−3 NaOH was added to the soil samples at the rates 0, 0.1, 0.25, 0.5, 1, 2, 4, and 8 mL, then marked up with distilled water in 50 mL volumetric flasks. Thereafter, 1 mL of 0.05 mol dm−3 CaCl2 was added to the soil suspension to reduce ionic strength variation. To inhibit the activity of microorganisms, 0.25 mL toluene was added in place of 0.25 mL chloroform as Wong and Wittwer [51] reported that chloroform will react with NaOH. The soil suspensions were shaken at 180 rpm for 24 h and left to equilibrate for seven days at 25 °C [52,53,54]. The suspensions were shaken for two minutes daily for another six days to re-suspend the contents of the soil solution. After seven days of equilibration, the pH of the soil suspensions was determined using a digital pH meter. The soil pH buffering capacity was calculated using the negative reciprocal of the slope of a linear regression by determining the amount of acid or base added to change the pH by one unit:


  pH   buffering   capacity = −  1  slope    



(3)




where slope is the fitted slope of the linear regression line for each sample.




2.5. Experimental Design and Statistical Analysis


The treatments were arranged in a completely randomized design (CRD) with three replications. The collected data were analyzed using one-way Analysis of Variance (ANOVA) to determine the treatment effects, followed by mean comparisons using Tukey’s HSD test at p ≤ 0.05. A regression analysis was used to test the linear relationship between the amount of H+ or OH− added and the pH change to obtain the coefficient of determination (R2) of the regression using PROC REG. The software used was the Statistical Analysis System (SAS) version 9.4, Cary, NC, USA.





3. Results and Discussions


3.1. The Effects of the Co-Application of Calciprill and Sodium Silicate on the pH and Electrical Conductivity of the Leachates


The effects of the co-application of Calciprill and sodium silicate on the pH of the leachates over 30 days of leaching are presented in Figure 1. The pH of the leachates for the soils treated with Calciprill and sodium silicate exceeded 7 whereas that of the soil without any amendments (C0S0) was acidic, suggesting that the alkalinity and high solubility of the amendments were able to neutralize the soil acidity. The dissolution of both Calciprill and sodium silicate occurred when the amendments were in contact with the soil water, to release exchangeable cations such as K+, Ca2+, Mg2+, and Na+ into the soil solution [12,15,55]. The sodium silicate increased the pH of the leachates because of the dissolved Na+ and SiO44− in the soil solution [15,16]. The increase in soil pH was also due to the reaction of CO32− ions to neutralize H+ ions in the soil solution to produce H2CO3, followed by breaking down into CO2 and H2O [56,57]. Furthermore, the amendments impeded Al3+, Fe2+, and Mn2+ from being hydrolysed to produce H+ ions, as is shown in Table 3. Notably, the pH of the leachates from the soils without any amendments (C0S0) increased from day 15 to day 20, followed by a decrease in the pH of leachates on days 25 and 30. The increase in the pH of the leachate of C0S0 from day 15 to day 20 could be due to the dissolution of silicate minerals in the Bekenu series soil that released SiO44− ions, which undergo hydrolysis and transform into silicic acid (H4SiO4) to release four OH− ions that neutralize free H+ ions in the soil solution [13,14].



The effects of the Calciprill and sodium silicate on the EC of the leachates over 30 days of leaching are shown in Figure 2. The soil without any amendments (C0S0) resulted in the lowest EC throughout the leaching study with an increase from 0.023 dS m−1 on day 5 to 0.052 dS m−1 on day 10 and a decrease to 0.036 dS m−1 on day 15, followed by slight increments on day 20 (0.026 dS m−1), day 25 (0.029 dS m−1), and day 30 (0.035 dS m−1). The lowest EC was due to the low saturation of base cations because this soil is made up of highly weathered ferric oxide which forms kaolinite clay minerals that are poor in nutrient holding and prone to nutrient leaching. This low number of base cations in the soil without any amendments (C0S0) is the result of losses through leaching during high rainfall as simulated in this experiment. The Calciprill and sodium silicate increased the soil EC due to the dissolution of these amendments which released base cations such as K+, Ca2+, Mg2+, and Na+ into the soil solution. Furthermore, the EC of the leachates decreased with the increase in leaching time, suggesting that the continued leaching removed some of the soluble salts from the soils over time. It is noteworthy that, with the same amount of Calciprill (C1, C2, and C3), the EC of the leachates with the highest rate of sodium silicate (S5) was higher than those with lower rates of sodium silicate, indicating that the sodium silicate influences soil EC significantly due to its high Na+ content. This finding is comparable with that of Cramer [58] who reported that the higher charge density and ionic radius of Ca2+ (0.099 nm) compared with Na+ (0.097 nm) resulted in its stronger electrostatic attraction with CO32− ions, thus Na+ revealed a stronger influence on the EC of the leachates. However, the EC of the leachates did not exceed the saline threshold of 4.0 dS m−1, which implies that the soil solutions in this study will not cause salinity problems in crop cultivation [59].




3.2. The Effects of the Co-Application of Calciprill and Sodium Silicate on the Nutrients in the Leachates


The effects of the co-application of Calciprill and sodium silicate on the cumulative concentrations of NH4+ leached over 30 days are presented in Figure 3a. The amount of NH4+ leached was highest for the soil without any amendments (C0S0) on day 5 but gradually decreased towards the end of the leaching study. In other words, the Calciprill and sodium silicate reduced the leaching of NH4+ by amounts ranging from 28.4% to 85.2% on day 5 of leaching. The amount of NH4+ leached from the soils with the amendments gradually increased towards the end of the leaching study. It was observed that the total NH4+ leached from the soils with Calciprill and sodium silicate in C2S5 (3.36 mg L−1) was higher than that for C0S0 (2.41 mg L−1) (Figure 3b). This suggests that Calciprill and sodium silicate significantly improved NH4+ in the soil solution because of the significant increase in soil pH. This finding is comparable with that of Binkley et al. [60] who reported that an increased soil pH facilitates the transformation of organic N into NH4+ in a soil solution via improved mineralization.



Figure 4a shows the cumulative concentrations of available NO3− leached over 30 days. The amount of available NO3− leached was highest in the soil without any amendments (C0S0), especially on day 5 and gradually decreased towards the end of the leaching study. This could be due to the significant amount of available NO3− released during a mineralization flush when dry soil, in the absence of plants, is rewetted at the onset of the rainy season [61], as was simulated in this leaching study. The total amount of available NO3− leached over 30 days was also higher for the soil without any amendments (C0S0) compared with the soils treated with the amendments (Figure 4b). The Calciprill and sodium silicate significantly reduced the leaching of NO3− by amounts ranging from 44.0% to 58.7%. This finding supports the fact that NO3− is easily leached from soils because of lack of interaction between NO3− and negatively charged adsorption sites [61], especially after the rewetting the soils which contributed to the highest availability of NO3− in the first leachate in comparison to the subsequent leachates. The significant increase in soil pH and ECEC caused by Calciprill and sodium silicate also reduced nitrification because the process of nitrification is favourable at lower a soil pH [12,62]. According to Ferguson and Pepper [63] and MacKown and Tucker [64], soils with higher ECEC adsorb more exchangeable NH4+ because the increased number of negatively-charged sites of soil particles impede nitrification in the soil solution. Furthermore, the reduced loss of available NO3− via leaching was partly due to the improved water holding capacity of the soils with Calciprill and sodium silicate compared with the soil without any amendments (C0S0). This finding is in consensus with related studies which have reported that the increased biogenic amorphous silica in the amended soils reduces hydraulic conductivity by elevating the negative water potential of soil water, leading to an increase in the soil water holding capacity and reduced nutrient leaching [6,36].



The cumulative amount of available P leached over 30 days in the soils treated with Calciprill and sodium silicate was consistently higher throughout the leaching study in comparison with the soil without any amendments (C0S0) (Figure 5a). These results are congruent with the higher total available P leached from the amended soils (Figure 5b). This was partly due to the increased soil pH and high solubility of sodium silicate. It has been reported that P availability increased because of the enhanced mineralization which was facilitated by soil microbial activities at a favourable soil pH range [55,65]. In addition, an increased soil pH transforms soil exchangeable Al3+ and Fe2+ in the soil solution into insoluble Al(OH)3 and Fe(OH)3 to unlock fixed P [66,67,68]. This reaction increases the soil available P in the soil. Moreover, the Si released from the sodium silicate mobilizes P from the soil adsorption sites because of the higher bonding affinity of Si to react with soil minerals, subsequently increasing the available P in the soil solution [69,70].



Generally, the concentrations of K+, Mg2+, and Na+ ions in the leachates from the soils treated with Calciprill and sodium silicate were higher compared with the soil without any amendments (C0S0) (Figure 6a, Figure 7a and Figure 8a). The amounts of K+, Mg2+, and Na+ ions leached were higher on day 5 but gradually decreased toward the end of the leaching study, suggesting that sodium silicate contributed to the rapid release of these base cations (K+, Mg2+, and Na+) into the soil solution within a short period. Figure 6b, Figure 7b and Figure 8b show the total concentration of K+, Mg2+, and Na+, respectively in the leachates over the 30 days of leaching. It was observed that the co-application of the amendments significantly increased the amount of the cations leached compared with the soil without any amendments (C0S0) because the Bekenu series is acidic and low in exchangeable cations saturation. The alkalinity of Calciprill and sodium silicate also contributed to an increased amount of these base cations being leached (Table 1).



The results also show that the total amount of K+ leached over 30 days increased with increasing amounts of sodium silicate applied but with the same application rate of Calciprill. Ernani et al. [71] reported that the application of CaCO3 can reduce the leaching of exchangeable K+ in soil because of the increased soil pH and the number of negatively-charged adsorption sites. This improves K+ retention in the topsoil. However, this does not corroborate with our results because of the high solubility of sodium silicate. Moayedi et al. [72] reported that sodium silicate is readily soluble in water to form an alkaline solution. This suggests that the rapid reaction of sodium silicate can release plant nutrients such as exchangeable K+, Na+, and SiO44− in the soil solution. Moreover, the amount of Mg2+ leached from the soils with Calciprill and sodium silicate was significantly higher compared with C0S0. This is related to the rapid dissolution of Calciprill to release Mg2+ in the leachates on day 5, followed by a gradual reduction in the subsequent leachates. This indicates that the Calciprill dissolved rapidly at the beginning of the leaching study and the dissolution decreased gradually because of the soil stabilization induced by the sodium silicate which reduces soil permeability. In contrast, unlike the inconsistent amounts of K+ and Mg2+ leached, the amount of Na+ leached increased with increasing rates of sodium silicate at the same rate of Calciprill (Figure 6b, Figure 7b and Figure 8b). This was due to the lower hydration energy of K+ and Mg2+ compared with Na+, thus suggesting that sodium silicate dissolved more readily than Calciprill when in contact with soil water because Na+ has a lower energy of adsorption and tends to bind more strongly with water molecules [73].



The amount of Ca2+ leached over 30 days was not similar to that for K+, Mg2+, and Na+ because Ca2+ in the leachates of the untreated soil (C0S0), regardless of time, was high (Figure 9a). Moreover, the total amount of Ca2+ leached over 30 days was higher for the soil without any amendments (C0S0) in comparison with the amended soils (Figure 9b). The results show that the leaching of Ca2+ was significantly reduced for the soils amended with Calciprill and sodium silicate compared with the soil without any amendments (C0S0) by amounts ranging from 33.0% to 74.8%. This was due to the dissolution of sodium silicate releasing Si that stabilizes the soil structure and reduces the permeability or porosity of the soil [74]. The reduced dissolution of Calciprill could be also another reason for the reduced leaching of Ca2+ from the soils following the co-application of Calciprill and sodium silicate. This is related to the alkaline soil pH (Table 3) and the increased concentrations of available P in the soil solution (Figure 7) which reduce the dissolution of Calciprill. In related studies, the use of flue-gas desulfurization gypsum (CaSO4) in broiler litter resulted in alkaline soils with a pH greater than 8, which causes the co-precipitation of CaCO3 because of the excessive solubility product of CaCO3 [75,76]. Moreover, phosphate tends to adsorb on the surfaces of CaCO3 to form insoluble Ca-phosphate precipitates which impede the dissolution of Calciprill for releasing Ca2+ ions when the soil pH is above 7.3 [77].




3.3. The Effects of the Co-Application of Calciprill and Sodium Silicate on Soil pH, Exchangeable Aluminium, Iron, and Manganese Hydrolysis


The effects of the co-application of Calciprill and sodium silicate on soil pH and exchangeable Al3+, Fe2+, and Mn2+ are presented in Table 3. The pH of the soil without any amendments (C0S0) decreased to 3.84 from the initial pH of 3.94 (Table 1) after 30 days of leaching. This was due to the continued leaching of exchangeable base cations (K+, Ca2+, Mg2+, and Na+) from the soil. On the other hand, the amendments significantly increased the soil pH to a range of 7.86 to 8.06 after 30 days of leaching. The significant increase in the soil pH was due to the reduction in soil exchangeable acidity and H+ ions in the soils after the co-application of Calciprill and sodium silicate. The soil pH also increased because of the release of CO32− ions from the Calciprill which neutralized H+ ions in the soil solution. The neutralization involves a binding reaction between H+ and CO32− ions to produce H2CO3 which breaks down after into CO2 and H2O [24,56,57].



In addition to this, base cations such as K+, Ca2+, Mg2+, and Na+ that were released by Calciprill and sodium silicate contributed to the increase in the soil pH by neutralization the H+ in the soils. Cai et al. [24] also reported that immobilization of H+ occurs upon application of amendments with higher base cations to acidic soils. This approach does not only improve soil productivity via increased base saturation, but it also reduces free exchangeable H+ ions in the soil solution through immobilization. In addition, the incomplete dissolution of Calciprill enables the retention of nutrients and improves the soil pH buffering capacity. This is because the negatively-charged sites on the surfaces of Calciprill can temporarily adsorb or bind with the essential plant nutrients such as available P and base cations. The continued dissolution of Calciprill with time can neutralize H+ released through nitrification and the cation exchange reaction by the nutrient uptake of plants [12].



Furthermore, the co-application of Calciprill and sodium silicate reduced soil exchangeable Al3+ from the initial 1.05 cmol(+) kg−1 (Table 1) to values ranging from 0.03 cmol(+) kg−1 to 0.05 cmol(+) kg−1 (Table 3). In contrast, the exchangeable Al3+ in the soil without any amendments (C0S0) was 0.85 cmol(+) kg−1, which was significantly higher compared with the soils that were treated with the amendments (Table 3). In other words, the Calciprill and sodium silicate significantly suppressed exchangeable Al3+ in the range of 94.1% to 96.5%. These findings suggest that the co-application of Calciprill and sodium silicate was effective in suppressing Al toxicity because these values are below the threshold for Al toxicity which is 0.8 cmol(+) kg−1 [78,79]. The amendments also reduced the soil exchangeable Fe2+ to the range 558.06 mg kg−1 to 720.93 mg kg−1 after 30 days of leaching. The Calciprill and sodium silicate significantly decreased exchangeable Fe2+ by amounts ranging from 61.8% to 70.4% compared with the amounts for the soil without any amendments (C0S0) which was 1887.08 mg kg−1 after 30 days of leaching (Table 3). Notably, C3S5 (7.80 g kg−1 Caciprill and 9.26 g kg−1 sodium silicate) was the most effective in reducing the soil exchangeable Fe2+ concentration to a value of 558.06 mg kg−1, suggesting that this treatment can be used to suppress Fe toxicity. These results can be explained by the increased soil pH resulting from the co-application of Calciprill and sodium silicate which is capable of supressing Al and Fe hydrolysis from producing H+ ions [56,57]. At a higher soil pH (6–7), exchangeable Al3+ and Fe2+ react with OH− ions to precipitate as insoluble Al and Fe hydroxides [30,77,80]. The co-application of Calciprill and sodium silicate also significantly reduced soil exchangeable Mn2+ up to 25.3% (C1S3) after 30 days of leaching (Table 3). This was due to the significant increase in the soil pH which facilitated the transformation of Mn into oxide fractions via oxidation, thus suppressing Mn hydrolysis [81].




3.4. The Effects of the Co-Application of Calicprill and Sodium Silicate on Soil Electrical Conductivity and Nutrient Availability after Thirty Days of Leaching


The effects of the co-application of Calciprill and sodium silicate on soil EC are presented in Table 4. The soil EC significantly increased after the co-application of Calciprill and sodium silicate with values ranging from 0.23 dS m−1 to 0.32 dS m−1 compared with the soil without any amendments (C0S0) which resulted in 0.02 dS m−1. These significant changes in EC were due to the Ca2+ and Mg2+ ions of the Calciprill and Na+ and K+ ions of the sodium silicate (Table 1). The EC of the soils with the same application rate of Calciprill was significantly different because of the different application rates of sodium silicate. For the lowest Calciprill rate (C1), it was observed that the soil EC for C1S4 and C1S5 was significantly different from that for C1S1, CS2, and C1S3, suggesting that the sodium silicate is salty and its excessive use may cause soils to be saline which would impede soil and crop productivity. According to USDA [59], soil EC exceeding 4 dS m−1 causes soils to be saline and this will have detrimental effects on crop growth and the activities of microorganisms. In this study, the EC of all the soils did not exceed the toxic saline threshold, thus suggesting that the co-application rates of Calciprill and sodium silicate in this study will result in acceptable EC levels in future greenhouse and field trials with black pepper plants that will involve these treatments.



The effects of the co-application of Calciprill and sodium silicate on soil exchangeable NH4+, available NO3−, and available P are presented in Table 5. After 30 days of leaching, exchangeable NH4+ in the soils with Calciprill and sodium silicate increased significantly for C1S1, C1S2, C1S3, C1S4, C1S5, C2S1, and C3S3 (63.51 mg kg−1 to 66.31 mg kg−1) compared with that for the soil without any amendments (C0S0) which resulted in a value of 42.03 mg kg−1 (Table 5). In other words, the Calciprill and sodium silicate significantly improved the availability of exchangeable NH4+ by amounts in the range of 51.1% to 57.8%. This was partly due to the increased soil pH with the amendments facilitating the transformation of organic N into inorganic NH4+ through enhanced mineralization [60]. Moreover, the improved soil ECEC by the amendments increased the soil’s negatively-charged sites to retain more exchangeable NH4+. This finding is comparable with those of Gasser [82] and Avnimelech and Laher [83] who reported that increased soil CEC can reduce NH4+ loss via volatilization because of enhanced NH4+ retention on the negatively-charged sites of the soil. However, the effects of the treatments with higher amounts of Calciprill regardless of the increasing rates of sodium silicate (C2S2, C2S3, C2S4, C2S5, C3S1, C3S2, C3S4, and C3S5) on soil exchangeable NH4+ were similar compared with that of the soil without any amendments (C0S0) (Table 5). This was probably due to the fact that some of the exchangeable NH4+ might be lost in the form of ammonia (NH3) gas during the leaching study because of increasing CaCO3 content in the soils of the aforementioned treatments. The finding is in agreement with that of Fenn and Kissel [84] who reported that the excessive application of CaCO3 can cause significant losses of soil exchangeable NH4+ through ammonium volatilization.



Available NO3− in the soil did not increase significantly with the co-application of Calciprill and sodium silicate after 30 days of leaching (Table 5). This can be explained by the high mobility of available NO3− in the soil, whereby available NO3− can leach from the soil. The lack of interaction between NO3− and the negatively charged adsorption of the sites was due to the repulsion of available NO3− by the negatively charged soil sites or surfaces [1,85,86]. The significant increase in the soil pH and ECEC caused by the co-application of Calciprill and sodium silicate also contributed to reduced nitrification which is favourable at a lower soil pH [12,62]. Soils with increased ECEC retain more exchangeable NH4+ on the negatively-charged sites of soil particles and this prevents exchangeable NH4+ from being nitrified into available NO3− [63,64]. Furthermore, both Calciprill and sodium silicate have low inorganic N contents (Table 1), thus the use of nitrogen-based fertilizers and organic amendments is essential to meet the crop N requirement in agricultural systems.



The soil available P in the soil significantly increased to range of 1.58 mg kg−1 to 1.74 mg kg−1 in the soils amended with Calciprill and sodium silicate (C1S2, C2S2, C2S4, C3S2, and C3S4) compared with the available P in the soil without any amendments (C0S0) which was 0.93 mg kg−1 (Table 5). The co-application of amendments significantly improved the availability of P in the soil, ranging from 70.0% to 87.1% compared with C0S0. This was partly due to the significant increase in the soil pH which unlocked the fixed P by suppressing Al and Fe concentrations [78]. The literature suggests that increased soil pH facilitates the binding reaction of exchangeable Al3+ and Fe2+ with OH− ions to produce insoluble Al and Fe hydroxides and these reactions unlock available P in the soil [30,77,87]. On the other hand, the low available P in the soil without any amendments (C0S0) was partly due to the low soil pH (less than 5.5) which causes the available P to be fixed by exchangeable Al3+ and Fe2+ as insoluble Al-P and Fe-P compounds [67,88]. Moreover, Si released from the sodium silicate mobilized P from the exchangeable sites of the Fe minerals, which could have improved the availability of P in the soil. According to Schaller et al. [70], P mobilization positively correlates with increasing Si availability because of the high affinity of Si to bind with the soil minerals compared with P. This finding is consistent with that of Senn et al. [69] who reported that the replacement reaction of P by Si on the soil minerals resulted in increased P availability in the soil. Moreover, increased Si availability in the soil does not only increase soil pH, but it also reduces the resorption of P onto hydrolysed Al and Fe ions due to a higher Si affinity [89].



It was observed that available P in the soil did not increase consistently with the increasing amount of the amendments (Table 5). This could be due to the reaction of available P with exchangeable Ca2+ ions to produce Ca-P compounds which also relates to the incomplete dissolution of Calciprill, especially when soils are limed and have values above pH 7. When the soil pH is above 7.3, phosphate is adsorbed to the surface of CaCO3 to form insoluble Ca-phosphate compounds and this prevents the dissolution of CaCO3 [20,21]. These findings indicate why phosphate solubility is negatively correlated with soil pH because an increased soil pH can cause crystallization of phosphate into insoluble P compounds [90]. This is the reason why the optimum soil pH for maximizing soil P availability ranges from 6.5 to 7. Therefore, controlling soil pH is essential for P availability in soils [30]. In alkaline soils, exchangeable Na+ reacts with phosphate to from a soluble Na-P compound in the soil solution [87]. This suggests that the availability of P in the soil was influenced by Si, but not the Na released by sodium silicate.



Figure 10 illustrates the effects of the co-application of Calciprill and sodium silicate on soil exchangeable K+, Ca2+, Mg2+, and Na+. After 30 days of leaching, the soil exchangeable base cations significantly increased in the amended soils compared with the soil without any amendments (C0S0). This was due to the inherent contents of the base cations in the Calciprill and sodium silicate. Cai et al. [24] reported that the addition of soil amendments with higher base cations improved soil base saturation. After 30 days of leaching, exchangeable K+ in the soils with Calciprill and sodium silicate (C2S3, C2S4, C2S5, C3S1, C3S2, C3S3, C3S4, and C3S5) increased significantly to the range of 33.20 mg kg−1 to 46.20 mg kg−1 compared with that for the soil without any amendments (C0S0) which resulted in a value of 16.80 mg kg−1 (Table 5). In other words, the Calciprill and sodium silicate significantly increased the availability of exchangeable K+ from 97.6% to 175.0% after 30 days of leaching. This suggests that C2S3 (7.01 g Calciprill and 7.41 g sodium silicate per kilogram soil) is the minimum application rate to improve K+ availability in soil. Notably, C2S5 and C3S1 resulted in the highest exchangeable K+ which was 46.20 mg kg−1 and 44.53 mg kg−1, respectively (Figure 10a), suggesting that these treatments are effective for the K+ availability in soil.



Soil exchangeable Ca2+ significantly increased to a range of 812.00 mg kg−1 to 1428.53 mg kg−1 in all the soils treated with Calciprill and sodium silicate compared with C0S0 (1.20 mg kg−1) (Figure 10b). Based on Figure 10c, soil exchangeable Mg2+ for C1S2 (29.73 mg kg−1), C2S1 (27.60 mg kg−1), and C2S5 (27.07 mg kg−1) significantly increased compared with the other treatments including the soil without any amendments (C0S0) after 30 days of leaching, suggesting that these treatments are suitable for exchangeable Mg2+ availability. The inconsistent soil exchangeable Ca2+ and Mg2+ (Figure 10b,c) was due to the base cations not increasing with the increasing rates of Calciprill and sodium silicate, perhaps because of the incomplete dissolution of the Calciprill. The incomplete dissolution of Calciprill was probably due to the co-precipitation of CaCO3 in alkaline soils and the reaction of Ca with available P to produce insoluble Ca-phosphate precipitates on the surfaces of Calciprill. In related studies, the use of flue-gas desulfurization gypsum (CaSO4) in broiler litter resulted in excessive solubility product of CaCO3 which causes the co-precipitation of CaCO3 when the soil pH is greater than 8 [75,76]. These findings are comparable with our results wherein the co-application of Calciprill and sodium silicate resulted in alkaline soils and could have caused the co-precipitation of CaCO3, leading to the incomplete dissolution of Calciprill throughout the leaching study. Besides, when the soil pH is above 7.3, phosphate is adsorbed to the surface of CaCO3 to form insoluble Ca-phosphate precipitates which prevent the dissolution of Calciprill, resulting in the inconsistent results for soil exchangeable Ca2+ and Mg2+ [20,21]. On the other hand, the exchangeable Na+ increased consistently with the increasing amount of sodium silicate applied but with the same rate of Calciprill (Figure 10d). This suggests that exchangeable Na+ was influenced by the rate of sodium silicate partly because of its high inherent Na+ content and high solubility [33].




3.5. The Effects of the Co-Application of Calciprill and Sodium Silicate on Soil Effective Cation Exchangeable Capacity


The ECEC of the soils amended with Calciprill and sodium silicate significantly increased after 30 days of leaching compared with that of the soil without any amendments (C0S0) (Table 6). Notably, C2S5 showed the highest ECEC (17.82 cmol(+) kg−1), suggesting that it is the most suitable treatment for soil ECEC. High soil ECEC is related to increased soil pH and CaCO3 surfaces. Aprile and Lorandi [91] reported that ECEC is positively correlated with soil pH because of the negligible soil exchangeable acidity in alkaline soils. Furthermore, an incomplete dissolution of the Calciprill increased the soil CaCO3 and this contributed to an increased soil ECEC because the surfaces of CaCO3 are negatively charged to attract more divalent cations. This is indicative by the positive correlations between ECEC, soil pH, and CaCO3 in alkaline soils [12,92,93]. The findings of this study are comparable to that of Sdiri et al. [94] who reported that soils with higher CaCO3 saturations have higher ECEC because of increased surface charges compared with soils with high Al2O3 and Fe2O3. Nevertheless, the continued dissolution of Calciprill decreases soil ECEC especially when soil acidifying fertilizers such as urea are excessively applied because the increased amount of H+ expedites the dissolution of CaCO3. This reaction reduces CaCO3 surfaces which serve as the adsorption sites for base cations [18]. The importance of this is that soil management should be performed sustainably to maintain soil productivity.




3.6. The Effects of the Co-Application of Calciprill and Sodium Silicate on the Soil pH Buffering Capacity


The significant relationships (R2 > 0.8) between the amount of H+ or OH− added per one kilogram soil and soil pH suggests that pH buffering capacity reflects the sensitivity of the soils to acidification (Table 7). The soils amended with Calciprill and sodium silicate (except for C1S1, C1S4, C1S5, C2S2, and C2S3) had a significantly improved pH buffering capacity compared with the soil without any amendments (C0S0) (Figure 11). In other words, soil without any amendments (C0S0) demonstrated the lowest pH buffering capacity because the soil pH increased more significantly when OH− ions were added. This is because the soil was made up of highly weathered parent material which breaks down into kaolinite clay minerals with high concentrations of Al and Fe oxides which resulted in the formation of an acidic soil that is prone to leaching. Besides, the pH buffering capacity did not increase with the increasing amount of the amendments. This is related to the inconsistent dissolution of Calciprill throughout the leaching study. On the other hand, the significant increase in the pH buffering capacity was partly due to the increased amount of CaCO3 and the improved soil ECEC of the soils treated with the amendments. The incomplete dissolution of Calciprill after 30 days of leaching suggests that the continued dissolution of CaCO3 can increase pH buffering in alkaline soils [7]. Zhang et al. [12] reported that soil ECEC enhances the pH buffering capacity compared with soil CaCO3. This is possible because the CaCO3 content must range between 2.5% and 5.7% to maintain the pH buffering capacity effectively [95,96]. According to Cai et al. [24] and Zhang et al. [12], ECEC plays an essential role in the ion exchange reactions between soil H+ and base cations on the adsorption sites of soil minerals. The co-application of Calcirpill and sodium silicate accelerates the release of H+ ions into the soil solution from the soil adsorption sites and re-adsorbed from the base cations, because this approach increases the soil base saturation. The continued dissolution of the Calciprill over time can neutralize H+ released through nitrification and base cation uptake by plants to increase the pH buffering capacity.





4. Conclusions


The co-application of Calciprill and sodium silicate is an effective soil management approach to improve soil nutrient retention and the pH buffering capacity of Bekenu series soil. The high solubility of sodium silicate facilitates rapid and consistent liming effects to increase the soil pH for suppressing exchangeable Al3+, Fe2+, and Mn2+. This enhanced exchangeable NH4+, available P, and exchangeable base cations (K+, Ca2+, Mg2+, and Na+) availability after 30 days of leaching. These findings indicate that the co-application of Calciprill and sodium silicate could be adopted by farmers to mitigate soil acidity and increase nutrient availability for improving agronomic efficiency in highly weathered acidic soils. For soil nutrient retention, this approach significantly reduced the leaching of NO3− and Ca2+. The incomplete dissolution of Calciprill is one of the reasons for the reduced leaching of NO3− because the improved ability of ECEC to adsorb more exchangeable NH4+, which resulted in reduced nitrification. Besides, the co-precipitation of Calciprill in alkaline soils (pH > 8) resulted from the rapid solubility of sodium silicate and the adsorption of phosphates onto the surface of CaCO3 reduced leaching of Ca2+. The findings reveal that the high solubility and soil structure stabilizing effect of sodium silicate of sodium silicate protects the Calciprill from leaching and runoff, thus improving the longevity of the Calciprill in the soils to enhance pH buffering capacity. The approach also improved the pH buffering capacity of Bekenu series via increased soil pH, ECEC, and CaCO3. The higher availability of exchangeable NH4+, available P, and exchangeable base cations (K+, Mg2+, and Na+) in the leachate from the soils after the co-application of Calciprill and sodium silicate due to the rapid solubility of sodium silicate to release readily available nutrient for plant uptake. The findings of this study suggest that it is possible to combine the use of Calciprill and sodium silicate for regulating soil nutrient availability and improve soil pH buffering capacity of highly weathered acidic soils in cropping systems. The most suitable amendment in this study is 7.01 g Calciprill and 9.26 g sodium silicate (C2S5) per kilogram soil. However, the absence of plants in this laboratory leaching study did not allow for elucidating plant-soil interactions. Further studies are necessary to validate these findings in greenhouse and field trials involving plants.
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Figure 1. pH of leachates for the different treatments over 30 days of leaching. 
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Figure 2. Electrical conductivity of leachates for the different treatments over 30 days of leaching. 
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Figure 3. (a) Cumulative ammonium in leachates at five day intervals and (b) total ammonium in leachates for the different treatments after thirty days of leaching. Different letters indicate significant mean differences using Tukey’s HSD test at p ≤ 0.05. Error bars represent the standard error of the mean. 
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Figure 4. (a) Cumulative available nitrate in leachates at five day intervals and (b) total available nitrate in leachates for the different treatments after thirty days of leaching. Different letters indicate significant mean differences using Tukey’s HSD test at p ≤ 0.05. Error bars represent the standard error of the mean. 
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Figure 5. (a) Cumulative phosphorus in leachates at five day intervals and (b) total phosphorus in leachates for the different treatments after thirty days of leaching. Different letters indicate significant mean differences using Tukey’s HSD test at p ≤ 0.05. Error bars represent the standard error of the mean. 
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Figure 6. (a) Cumulative potassium in leachates at five day intervals and (b) total potassium in leachates for the different treatments after thirty days of leaching. Different letters indicate significant mean differences using Tukey’s HSD test at p ≤ 0.05. Error bars represent the standard error of the mean. 
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Figure 7. (a) Cumulative magnesium in leachates at five-day intervals and (b) total magnesium in leachates for the different treatments after thirty days of leaching. Different letters indicate significant mean differences using Tukey’s HSD test at p ≤ 0.05. Error bars represent the standard error of the mean. 
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Figure 8. (a) Cumulative sodium in leachates at five day intervals and (b) total sodium in leachates for the different treatments after thirty days of leaching. Different letters indicate significant mean differences using Tukey’s HSD test at p ≤ 0.05. Error bars represent the standard error of the mean. 
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Figure 9. (a) Cumulative calcium in leachates at five day intervals and (b) total calcium in leachates for the different treatments after thirty days of leaching. Different letters indicate significant mean differences using Tukey’s HSD test at p ≤ 0.05. Error bars represent the standard error of the mean. 
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Figure 10. Soil exchangeable (a) potassium, (b) calcium, (c) magnesium, and (d) sodium for the different treatments after thirty days of leaching. Different letters indicate significant mean differences using Tukey’s HSD test at p ≤ 0.05. Error bars represent the standard error of the mean. 
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Figure 11. Soil pH buffering capacity for the different treatments after thirty days of leaching. Different letters indicate significant mean differences using Tukey’s HSD test at p ≤ 0.05. Error bars represent the standard error of the mean. 
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Table 1. Initial chemical properties of Bekenu series (Typic Paleudult), Calciprill, and sodium silicate.
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Chemical Properties

	
Value Determined (Mean ± Standard Error)




	
Soil

	
Calciprill

	
Sodium Silicate






	
pHKCl

	
3.94 ± 0.01

	
7.77 ± 0.02

	
12.96 ± 0.03




	
EC (dS m−1)

	
0.009 ± 0.01

	
3.11 ± 0.12

	
113.17 ± 1.45




	

	
(%)




	
Exchangeable Na+

	
0.001 ± 0.000

	
0.19 ± 0.003

	
10.07 ± 0.06




	
Total Si

	
n.d.

	
n.d.

	
71.33 ± 0.08




	

	
(mg kg−1)




	
Exchangeable NH4+

Available NO3−

	
28.02 ± 0.00

15.88 ± 0.93

	
7.47 ± 0.93

8.41 ± 0.00

	
8.41 ± 0.00

12.14 ± 0.93




	
Available P

	
1.24 ± 0.08

	
1.18 ± 0.06

	
10.90 ± 0.69




	
Exchangeable K+

	
76.0 ± 21.2

	
311.7 ± 11.3

	
260.3 ± 2.7




	
Exchangeable Ca2+

	
17.1 ± 4.7

	
9696.8 ± 100.2

	
1.41 ± 0.01




	
Exchangeable Mg2+

	
20.4 ± 0.8

	
104.23 ± 1.53

	
1.87 ± 0.06




	
Exchangeable Fe2+

	
476.9 ± 24.8

	
49.2 ± 3.8

	
30.3 ± 1.1




	
Exchangeable Mn2+

	
6.1 ± 0.2

	
6.6 ± 0.1

	
17.9 ± 0.5




	

	
(cmol(+) kg−1)




	
Exchangeable Al3+

	
1.03 ± 0.01

	
n.d.

	
n.d.




	
Cation Exchange Capacity

	
7.70 ± 0.06

	
n.d.

	
n.d.








n.d. represents not determined.
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Table 2. Details of the application rates of Calciprill and sodium silicate treatments for the soil leaching study.
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Treatment

	
Treatment Description

	
Application Rate




	
Targeted Calcium Saturation (%)

	
Application Rate per Hectare Soil (kg ha−1)

	
Calciprill

	
Sodium Silicate




	
g kg−1 Soil






	
C0S0

	
-

	
-

	
0

	
0




	
C1S1

	
80

	
90

	
6.22

	
5.55




	
C1S2

	
80

	
105

	
6.22

	
6.48




	
C1S3

	
80

	
120

	
6.22

	
7.41




	
C1S4

	
80

	
135

	
6.22

	
8.33




	
C1S5

	
80

	
150

	
6.22

	
9.26




	
C2S1

	
90

	
90

	
7.01

	
5.55




	
C2S2

	
90

	
105

	
7.01

	
6.48




	
C2S3

	
90

	
120

	
7.01

	
7.41




	
C2S4

	
90

	
135

	
7.01

	
8.33




	
C2S5

	
90

	
150

	
7.01

	
9.26




	
C3S1

	
100

	
90

	
7.80

	
5.55




	
C3S2

	
100

	
105

	
7.80

	
6.48




	
C3S3

	
100

	
120

	
7.80

	
7.41




	
C3S4

	
100

	
135

	
7.80

	
8.33




	
C3S5

	
100

	
150

	
7.80

	
9.26








Note: C0S0 represents soil without any amendments.
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Table 3. Mean soil pHKCl, exchangeable aluminium, iron, and manganese for the different treatments after thirty days of leaching.
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Treatment

	
pHKCl

	
Exchangeable Al3+

(cmol(+) kg−1)

	
Exchangeable Fe2+

	
Exchangeable Mn2+




	
(mg kg−1)






	
C0S0

	
3.84 f ± 0.02

	
0.85 a ± 0.080

	
1887.1 a ± 11.3

	
4.87 a ± 0.03




	
C1S1

	
7.89 de ± 0.04

	
0.03 b ± 0.003

	
679.9 bcd ± 21.2

	
3.95 bcd ± 0.14




	
C1S2

	
7.94 bcde ± 0.02

	
0.03 b ± 0.000

	
630.5 bcd ± 19.4

	
3.72 cd ± 0.23




	
C1S3

	
8.00 abcd ± 0.02

	
0.03 b ± 0.003

	
664.4 bcd ± 11.4

	
3.64 d ± 0.18




	
C1S4

	
8.00 abc ± 0.01

	
0.04 b ± 0.003

	
689.8 bc ± 20.6

	
4.05 abcd ± 0.20




	
C1S5

	
8.01 abc ± 0.02

	
0.04 b ± 0.006

	
707.4 b ± 13.1

	
4.00 bcd ± 0.13




	
C2S1

	
7.86 e ± 0.03

	
0.04 b ± 0.003

	
720.9 b ± 42.0

	
4.47 abcd ± 0.08




	
C2S2

	
7.94 bcde ± 0.02

	
0.05 b ± 0.003

	
662.4 bcd ± 10.3

	
4.01 bcd ± 0.14




	
C2S3

	
7.97 abcde ± 0.01

	
0.03 b ± 0.003

	
666.3 bcd ± 18.0

	
4.41 abcd ± 0.08




	
C2S4

	
8.03 ab ± 0.01

	
0.04 b ± 0.003

	
644.1 bcd ± 19.4

	
3.94 bcd ± 0.03




	
C2S5

	
7.98 abcd ± 0.02

	
0.03 b ± 0.003

	
600.1 bcd ± 27.1

	
3.97 bcd ± 0.01




	
C3S1

	
7.90 cde ± 0.03

	
0.03 b ± 0.006

	
603.9 bcd ± 38.8

	
4.44 abcd ± 0.14




	
C3S2

	
7.93 bcde ± 0.01

	
0.03 b ± 0.003

	
608.7 bcd ± 17.5

	
4.65 ab ± 0.02




	
C3S3

	
8.00 abcd ± 0.01

	
0.03 b ± 0.003

	
581.8 cd ± 35.2

	
4.47 abcd ± 0.15




	
C3S4

	
8.02 ab ± 0.03

	
0.03 b ± 0.003

	
572.0 cd ± 12.9

	
4.52 abc ± 0.13




	
C3S5

	
8.06 a ± 0.01

	
0.03 b ± 0.006

	
558.1 d ± 31.2

	
4.38 abcd ± 0.09








Means (value ± standard error) with different letters within the same column indicate significant differences using Tukey’s test with p ≤ 0.05.
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Table 4. Mean soil electrical conductivity for the different treatments after thirty days of leaching.
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	Treatment
	Soil EC (dS m−1)





	C0S0
	0.015 g ± 0.001



	C1S1
	0.234 f ± 0.004



	C1S2
	0.248 def ± 0.009



	C1S3
	0.243 ef ± 0.005



	C1S4
	0.287 abc ± 0.003



	C1S5
	0.290 ab ± 0.003



	C2S1
	0.239 f ± 0.003



	C2S2
	0.248 def ± 0.002



	C2S3
	0.254 cdef ± 0.002



	C2S4
	0.275 bcde ± 0.001



	C2S5
	0.284 abcd ± 0.006



	C3S1
	0.240 ef ± 0.011



	C3S2
	0.245 ef ± 0.004



	C3S3
	0.266 cdef ± 0.009



	C3S4
	0.316 a ± 0.016



	C3S5
	0.303 ab ± 0.007







Means (value ± standard error) with different letters within the same column indicate significant differences using Tukey’s test with p ≤ 0.05.
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Table 5. Mean soil exchangeable ammonium, available nitrate, and available phosphorus for the different treatments after thirty days of leaching.






Table 5. Mean soil exchangeable ammonium, available nitrate, and available phosphorus for the different treatments after thirty days of leaching.





	
Treatment

	
Exchangeable NH4+

	
Available NO3−

	
Available P




	
(mg kg−1)






	
C0S0

	
42.03 b ± 2.29

	
16.81 a ± 1.62

	
0.93 b ± 0.04




	
C1S1

	
65.38 a ± 3.37

	
14.94 a ± 0.93

	
1.40 ab ± 0.18




	
C1S2

	
66.31 a ± 4.94

	
14.94 a ± 0.93

	
1.74 a ± 0.15




	
C1S3

	
66.31 a ± 1.87

	
16.81 a ± 1.62

	
1.50 ab ± 0.02




	
C1S4

	
63.51 a ± 4.67

	
14.94 a ± 0.93

	
1.53 ab ± 0.12




	
C1S5

	
64.45 a ± 1.62

	
15.88 a ± 0.93

	
1.51 ab ± 0.15




	
C2S1

	
66.31 a ± 3.37

	
15.88 a ± 0.93

	
1.47 ab ± 0.18




	
C2S2

	
58.84 ab ± 2.80

	
17.75 a ± 0.93

	
1.61 a ± 0.13




	
C2S3

	
54.17 ab ± 0.93

	
15.88 a ± 0.93

	
1.30 ab ± 0.11




	
C2S4

	
56.04 ab ± 1.62

	
14.94 a ± 0.93

	
1.58 a ± 0.05




	
C2S5

	
60.71 ab ± 2.47

	
15.41 a ± 1.40

	
1.31 ab ± 0.05




	
C3S1

	
52.30 ab ± 1.87

	
15.41 a ± 1.40

	
1.48 ab ± 0.15




	
C3S2

	
54.17 ab ± 1.87

	
15.88 a ± 0.93

	
1.59 a ± 0.03




	
C3S3

	
63.51 a ± 7.65

	
15.88 a ± 0.93

	
1.45 ab ± 0.02




	
C3S4

	
54.17 ab ± 5.68

	
15.41 a ± 1.40

	
1.65 a ± 0.09




	
C3S5

	
56.04 ab ± 1.62

	
16.81 a ± 1.62

	
1.35 ab ± 0.08








Means (value ± standard error) with different letters within the same column indicate significant differences using Tukey’s test with p ≤ 0.05.
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Table 6. Mean soil effective cation exchange capacity for the different treatments after thirty days of leaching.






Table 6. Mean soil effective cation exchange capacity for the different treatments after thirty days of leaching.





	Treatments
	Soil ECEC (cmol(+) kg−1)





	C0S0
	6.98 d ± 0.03



	C1S1
	12.45 bc ± 0.68



	C1S2
	14.18 abc ± 1.11



	C1S3
	12.19 c ± 0.45



	C1S4
	14.35 abc ± 0.47



	C1S5
	16.41 ab ± 0.38



	C2S1
	13.27 bc ± 0.84



	C2S2
	13.72 abc ± 0.8



	C2S3
	13.33 bc ± 0.94



	C2S4
	14.41 abc ± 1.22



	C2S5
	17.82 a ± 1.76



	C3S1
	13.80 abc ± 0.56



	C3S2
	13.19 bc ± 0.62



	C3S3
	14.40 abc ± 0.49



	C3S4
	13.75 abc ± 0.44



	C3S5
	16.03 abc ± 0.15







Means (value ± standard error) with different letters within the same column indicate significant differences using Tukey’s test with p ≤ 0.05.
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Table 7. Initial soil pH, regression equations for the relationships between the amount of hydrogen or hydroxide ions added to the soil and pH change, and the regression coefficient (R2) for the different treatments after thirty days of leaching.






Table 7. Initial soil pH, regression equations for the relationships between the amount of hydrogen or hydroxide ions added to the soil and pH change, and the regression coefficient (R2) for the different treatments after thirty days of leaching.





	Treatment
	Initial pH
	Regression Equation
	(R2)





	C0S0
	4.43 ± 0.01
	pH = 2.3228 OH− + 4.804
	0.8774 *



	C1S1
	7.83 ± 0.06
	pH = −0.9860 H+ + 7.922
	0.9375 *



	C1S2
	7.99 ± 0.10
	pH = −1.2886 H+ + 8.102
	0.9222 *



	C1S3
	8.08 ± 0.04
	pH = −0.7892 H+ + 8.122
	0.9577 *



	C1S4
	7.99 ± 0.04
	pH = −1.0222 H+ + 8.161
	0.9193 *



	C1S5
	8.28 ± 0.05
	pH = −1.2906 H+ + 8.247
	0.9157 *



	C2S1
	7.89 ± 0.07
	pH = −1.0939 H+ + 8.032
	0.9052 *



	C2S2
	7.76 ± 0.07
	pH = −0.7731 H+ + 7.960
	0.8825 *



	C2S3
	7.86 ± 0.05
	pH = −1.2058 H+ + 8.167
	0.8012 *



	C2S4
	7.90 ± 0.07
	pH = −0.8893 H+ + 8.106
	0.8812 *



	C2S5
	8.08 ± 0.09
	pH = −0.6269 H+ + 8.148
	0.9504 *



	C3S1
	7.86 ± 0.02
	pH = −0.8318 H+ + 8.047
	0.9544 *



	C3S2
	7.84 ± 0.07
	pH = −0.6259 H+ + 8.065
	0.8525 *



	C3S3
	7.97 ± 0.04
	pH = −0.9530 H+ + 8.153
	0.8973 *



	C3S4
	8.13 ± 0.03
	pH = −0.7592 H+ + 8.166
	0.9284 *



	C3S5
	8.10 ± 0.04
	pH = −0.9557 H+ + 8.246
	0.9460 *







R2 values denote the percentage of the relationship that can be explained by the regression line. R2 values with an asterisk indicate a significant relationship at the 95% confidence level.
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