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Abstract:



Soil water erosion is frequently reported as serious problem in soils in Southeast Asia with tropical climates, and the variations in pH affect the development of the erosion. This study investigated the effects of changes in pH on soil water erosion based on changes in the physical properties of the simulated soils with pH adjusted from 2.0 to 10.0 through artificial rainfall tests. The zeta potential was entirely shifted to positive direction at each pH condition due to Al, Ca, and Mg. In the pH range of 6.0 to 2.0, the aggregation of soil particles resulting from the release of Al3+ from clay minerals and/or molecular attraction between soil particles caused the plastic index (IP) of the soil to decrease. The decrease in IP led to the development of soil water erosion at the pH range. When the pH exceeded 6.0, the repulsive force generated by the negative charges on soil particles decreased IP, resulting in accelerated erosion by water. The results suggest that changes in pH causes physical properties of the soil to change through changes of the zeta potential in the clayey soil rich in Al, Ca, and Mg, leading to the development of soil water erosion.
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1. Introduction


Soil erosion, which is serious problem in soils, naturally results from water and wind. In erosion by water, raindrops cause soil particles to be detached from the ground and transported along the slope. The change in soil structure and removal of topsoil resulting from the erosion may cause nutrient removal and environmental degradation, thereby inhibiting plant growth [1,2]. This issue has been frequently reported in Southeast Asian countries with tropical climates [3,4,5], where squalls with high rain intensity are a major contributor to the erosion caused by water [6]. The physical characteristics of soils such as attraction force among soil particles, Atterberg limits, which include the liquid limit (LL) and plastic limit (PL) and indicate the soil’s vulnerability to degradation, and soil particle size also contribute to the erosion [7,8]. For example, low-LL soils easily transform into viscous liquids with increasing water content and are easily transported by rainwater, making them susceptible to soil water erosion. Moreover, small particles formed by soil dispersion resulting from electric repulsion between particles are easily detached from the soil surface and transported by rainwater. Thus, the physical properties of soils strongly affect the development of erosion by water [9].



Erosion by water is distinguished by the mode of running water on the land, such as rill erosion, gully erosion, and sheet erosion [10]. All types of the water erosion are often reported on the slopes formed by waste dumps at mine sites [11,12]. Such waste dumps eventually are covered by trees and grasses during rehabilitation efforts designed to promote environmental conservation, and these surface structures can help prevent erosion by water. However, unrehabilitated surface soils without these structures are susceptible to the erosion. Soil erosion complicates rehabilitation efforts by changing the soil structure and causing nutrient discharge from surface soils; thus, soil erosion, especially soil water erosion, is a serious problem at mine sites. According to past research, the extent of soil erosion by water varies with pH. Acid mine drainage, which commonly occurs at the waste dumps of mining sites, causes acidic conditions with a pH of approximately 2 develop over time [13,14,15]. This acidification changes the physical properties of soils, including the shear strength and Atterberg limits [16,17]. These changes in soil physical properties resulting from acidic condition can trigger the erosion. Alkaline conditions (pH of approximately 8–10) can also form at mine sites as a result of mineral deposits and the use of limestone to improve the soil properties and control the pH in waste dumps [18]. The changes in soil physical properties induced by these alkaline conditions can also affect the development of the water erosion [17,19]. Therefore, the effects of different pH conditions on erosion by water should be elucidated when assessing the risk of soil water erosion. However, few studies have attempted to understand the relationship between pH and the development of water erosion.



This study used artificial rainfall tests with simulated soils adjusted to different pH values to investigate the effects of pH on soil erosion by water in terms of changes in the soil physical properties.




2. Materials and Methods


2.1. Sample Preparation


The simulated soils were prepared by mixing decomposed granite produced by Gulin Kita-Kyu Co., Ltd. and Kyushu bentonite produced by Shinagawa Yogyo Co., Ltd. after screening based on soil texture. It was measured at a post-mining site in A coal mine in Indonesia, where topsoil was placed soon after excavation (Table 1) [20]. The measurement was conducted at 6 points at the site, and the soil samples were supplied to sieving test to understand the soil texture. The soil texture of the simulated soils reflects that of the topsoil at the site. The simulated soils were homogeneously mixed by cone and quartering and then analyzed by X-ray diffraction (XRD), X-ray fluorescence (XRF), and Atterberg limits test. XRD analysis was carried out using a RINT 2100 diffractometer with a wide-angle goniometer under the following conditions: radiation, CuKα; operating voltage, 40 kV; current, 20 mA; divergence slit, 2/3 deg.; anti-scatter, 2/3 deg.; receiving slit, 0.3 mm; scanning step, 0.020 deg.; and scan range, 2.000–40.000 deg. To understand the physical characteristics of the simulated soils, Atterberg limits tests were conducted based on the ASTM D4318-05 standard [21]. Plasticity index (IP), which reflects the soil’s vulnerability to degradation, was calculated by subtracting PL from LL.


Table 1. Soil texture of topsoil in A coal mine in Indonesia and the simulated soils [20].





	Sample
	Sand (%)
	Silt (%)
	Clay (%)
	Texture





	Topsoil in A coal mines in Indonesia
	22.0–75.0
	8.0–32.1
	17.0–48.0
	Light Clay

Sandy Clay Loam

Heavy Clay



	Simulated soils
	36.7
	26.7
	36.6
	Light Clay










2.2. Physcial Characteristics of Simulated Soils at Different pH Values


The pH of the simulated soils was adjusted to seven different values (2.0, 3.0, 4.0, 5.0, 6.0, 8.0, and 10.0) with sulfuric acid (H2SO4), sodium hydroxide (NaOH), and deionized water. The water content of each simulated soil was adjusted to 1.5–2 times the LL of the soil. Atterberg limits tests were performed on the simulated soils to evaluate the effects of pH on the physical properties of the soils. The particle-size distributions of the pH-adjusted soils were analyzed based on the ASTM D422-63 standard [22]; the solution pH was adjusted to different values during these tests. After filtering through a 2-μm filter, the concentration of aluminum (Al) in the test solution was measured by inductively coupled plasma-atomic emission spectroscopy (ICP-AES).




2.3. Zeta-Potential Measurement


The zeta potentials of the simulated soils were measured in 10−3 mol/L potassium chloride (KCl) solution using a Zeta-Sizer Nano ZS instrument (Malvern Instruments Ltd., Malvern, UK). The solution pH was adjusted with 0.25 mol/L hydrochloric acid (HCl) and 0.25 mol/L NaOH. Fine-grained sample (5 mg) was added to 20 mL of solution adjusted to different pH values ranging from 2.0 to 10.0.




2.4. Artificial Rainfall Test


The annual rate of soil water erosion was investigated using artificial rainfall tests. Figure 1 shows a schematic diagram of the artificial rainfall tests. The simulated soils with pH ranging from 2.0 to 10.0 were placed in the case (240 mm × 155 mm, thickness = 20 mm) at the same rate of filling. Artificial precipitation (pH = 6.2) was then supplied to the simulated soils for 1 h to accelerate soil water erosion. The measured pH of rainwater at the post-mining site showed pH = 5.6–6.0. The experimental conditions were set by reference to a past study [20]. The rainfall intensity was adjusted to 80 mm/hour using the hydraulic head, the water content of the simulated soils was 15%, the slope angle was 35 deg., and the annual rainfall was 3000 mm/year [23,24,25,26]; these annual rainfall and rainfall intensity values reflect those observed in Indonesia. The rainwater was collected as surface and percolation water during the artificial rainfall test. After drying the surface water at 105 °C in an oven, the weight of the residue was measured and used to calculate the amount of soil water erosion per hour E. Based on E (g/hour), the annual rainfall R (mm/year), the section area A (cm2), the dry density of the simulated soil G (g/cm3), and the rainfall intensity I (mm/hour), the annual rate of soil water erosion H (cm/year) was calculated as


H = (R × E)/(A × G × I),



(1)






Figure 1. Schematic diagram of the artificial rainfall test [20,27].
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3. Results


3.1. Chemical and Physical Properties of Simulated Soils


The mineral compositions of the topsoil from A mine in Indonesia and the simulated soils are shown in Figure 2. The simulated soils and topsoil from the mine in Indonesia has similar compositions, with montmorillonite [(Na,Ca)0.33(Al,Mg)2Si4O10(OH)2nH2O], illite ((K,H3O)(Al,Mg,Fe)2(Si,Al)4O10[(OH)2,(H2O)]), quartz (SiO2), kaolinite [Al4Si4O10(OH)8], and albite (NaAlSi3O8) being the primary components. The presence of clay minerals (e.g., montmorillonite, illite, and kaolinite) was consistent with the classifications of the topsoil and simulated soils, which were categorized as “Light Clay” and/or “Silty Clay” based on the soil composition. Table 2 shows the chemical composition of the simulated soils. The simulated soils were dominated by Si and Al, which were found in montmorillonite, illite, and kaolinite. According to the Atterberg limits, the topsoil from the Indonesian mine showed LL and PL values of 25.7–53.9 and 17.4–24.3, respectively, IP values of 6.9–29.6, and soil pH in the range of 3.4–5.7. The physical characteristics of the simulated soils (LL = 43.2, PL = 24.1, IP = 19.1, and soil pH = 5.9) were similar to those of the topsoil from the mine site.


Figure 2. X-ray diffraction (XRD) patterns of topsoil in the coal mine in Indonesia and simulated topsoil: M, I, K, Q, and A represent Montmorillonite, Illite, Kaolinite, Quartz, and Albite, respectively.
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Table 2. Chemical composition of the simulated soils.





	Elements
	(mass %)
	Elements
	(mass %)





	SiO2
	69.43
	Na2O
	2.16



	Al2O3
	16.37
	K2O
	4.23



	Fe2O3
	3.59
	P2O5
	0.09



	MnO
	0.06
	H2O
	0.40



	MgO
	1.46
	SO3
	0.04



	CaO
	1.58
	-
	-










3.2. Effects of pH on the Physical Characteristics of Simulated Soils


The LL, PL, and IP values of the simulated soils under different pH conditions are plotted in Figure 3 (the experimental data is presented as Supplementary Materials), and the corresponding particle-size distributions are shown in Figure 4 (the experimental data is presented as Supplementary Materials). Figure 5 shows a photograph of the solutions after adjusting the pH to 2.0, 3.0, 4.0, 5.0, 6.0, 8.0, and 10.0. In Figure 3, the PL and IP was ranged from 24.86–29.35 and 3.18–7.67 at pH 2.0, respectively. The changing trends of PL and IP implied that the value indicated by a white dot was thought to be that indicated by a black dot. Considering the results as indicated by black dots in Figure 3, the LL and IP in particular increased with increasing pH from 2.0 to 6.0 and then decreased as pH increased further to 10.0 in Figure 3. As LL, PL, and IP depend primarily on soil texture, which is related to the particle-size distribution [7,28], the changes in LL, PL, and IP with pH resulted from changes in soil particle size. As shown in Figure 4, the proportion of soil particles with sizes less than 0.01 mm decreased as pH decreased from 6.0 to 2.0. On the other hand, the proportion increased with increasing pH from 6.0 to 10.0, suggesting a decrease in soil particle size. Furthermore, the turbidity decreased as the pH decreased from 6.0 to 2.0 (Figure 5); this was attributed to the precipitation of small particles resulting from the increase in particle size with decreasing pH. LL generally tends to decrease with increasing soil particle size [28]. Since the attractive force between soil particles attributed to the surface tension of pore water decreases with increasing particle size, the soil easily transforms into a viscous liquid with low water content. This supports the finding that LL and IP decreased significantly with increasing particle size as pH decreased from 6.0 to 2.0 (Figure 3). Meanwhile, the attractive force between soil particles increased with increasing surface tension caused by the decrease in particle size; thus, the soil is not easily transformed into a viscos liquid, even at high water content, leading to the increase in LL. However, in this study, as pH increased from 6.0 to 10.0, LL decreased along with the particle size; thus, other factors should be considered.


Figure 3. Change of LL, PL, IP at different pH values ranging from 2.0 to 10.0: (a) change of LL; (b) PL; (c) IP. At pH 2.0, the value indicated by white dots was calculated based on the average value, and that indicated by black dots was based on ideal value, according to the changing trends of PL and IP.
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Figure 4. Particle size distribution at different pH values ranging from 2.0 to 10.0.
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Figure 5. Solutions after adjusting solution pH at 2.0, 3.0, 4.0, 5.0, 6.0, 8.0, and 10.0.
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Figure 6 shows the Al concentration in solutions with different pH values after filtering through a 2-μm filter. In the pH range of 2.0 to 6.0, Al primarily exists as Al3+ [29]. From pH 4.0 to 6.0, some Al exists as Al(OH)2+. At pH above 6.0, Al exists as Al(OH)4−. In this study, the Al concentration decreased with the change of pH from 6.0 to 2.0 compared to that at pH more than 6.0. Al3+ is considered as an aggregating agent in solution and easily released in solution at pH less than 6.0. Thus, a pH decreased from 6.0 to 2.0, soil particles aggregated with Al3+ and precipitated from the solution; this resulted in an increase in soil particle size (Figure 4) and a decrease in turbidity (Figure 5). Conversely, from pH 6.0 to 10.0, most Al was in the form of Al(OH)4−, and particle aggregation was not induced. Furthermore, the mineral and chemical compositions of the simulated soils (Figure 2 and Table 2) indicate that most of the Al was derived from montmorillonite, illite, and kaolinite. In summary, pH has significant effects on the physical properties of soils, although the mechanism varies.


Figure 6. Concentration of Al in solution after filtering with a 2 um filter at different pH values ranging from 2.0 to 10.0.
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The zeta potentials of the simulated soils at different pH are plotted in Figure 7 [27]. The zeta potential became more negative with increasing pH throughout the tested pH range. According to the past studies [30,31], the zeta potential of the mixed mineral clay (MMC) composed of montmorillonite, illite, kaolinite, and quartz became more negative as pH of solution increases, which is good agreement with the changing trends in zeta potential in this study. The zeta potential was −11.1 mV at pH 6.0 and increased to 0.0 mV at pH 4.0 in this study. The zero zeta potential can be attributed to the absorption of H+ and/or Al3+ on the surface of clay with decreasing pH from 6.0 to 4.0. This indicates that the electric repulsion between soil particles was minimized at pH 4.0, whereas molecular attraction was maximized. Thus, at pH from 6.0 to 4.0, the soil particle size increased as a result of molecular attraction between soil particles in addition to Al3+-induced aggregation. In contrast, in the pH range of 4.0 to 2.0, the positive charges on soil particles (0–10.1 mV) resulted in electric repulsion between the particles, while Al3+ caused particle aggregation, resulting in increased soil particle size and decreased turbidity. In summary, as pH decreased from 6.0 to 4.0, Al3+-induced aggregation along with molecular attraction between soil particles caused the soil particle size to increase, resulting in a significant decrease in LL. The decrease in LL was attributed primarily to the aggregation induced by Al3+ at pH in the range of 4.0 to 2.0. For pH > 6.0, the soil particles were negatively charged (Figure 7), and the electric repulsion between particles led to a decrease in soil particle size. OH− and Al(OH)4− were thought to contribute to the negative charges on the soil particles under alkaline conditions, and soil particles did not obviously aggregate in the pH range. The electric repulsion between soil particles at pH > 6 increased the mobility of the soil particles regardless of the surface tension of pore water, thereby decreasing the LL.


Figure 7. Zeta potential of the simulated soils at different pH value from 2.0 to 10.0.
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It was reported that the zeta potential of MMC showed positive values under acidic conditions as Al3+ can compress diffuse double layer [30]. Furthermore, in the pH range of 6.0 to 8.0–10.0, Al(OH)3 precipitate is positively charged with the absorption of positively charged AlOH2+ and Al(OH)2+ species; on the other hand, it is negatively charged due to Al(OH)4− for pH > 8.0–10.0 [30]. In addition, the zeta potential becomes more positive in the presence of salt cation such as Ca2+ and Mg2+ since they can compress the diffuse double layer of the minerals. They precipitate as salt hydroxide at alkaline pH values and the zeta potential becomes more positive due to precipitated covered solid [30]. Although the zeta potential of the simulated soils composed of 1.58% Ca and 1.46% Mg in this study (Table 2) showed different values from that of MMC in distilled water (−22.6 mV at pH 3 and −41.2 mV at pH 11) [30], the changing trends of the zeta potential was in good agreement with that of the past study. Thus, in this study, the zeta potential was entirely shifted to positive direction at each pH condition due to Al, Ca, and Mg, resulting in changes of the physical properties of the simulated soils.




3.3. Development of Soil Water Erosion at Different pH Values


Figure 8 shows the annual rate of soil water erosion of the simulated soils at different pH, as determined in the artificial rainfall tests (the experimental data is presented as Supplementary Materials) [27]. The annual rate of soil water erosion decreased from 2.51 cm/year to 1.76 cm/year as pH increased from 2.0 to 6.0 and then increased up to 4.37 cm/year as pH increased further to 10.0. Based on the erosion hazard in the guideline for the district government of Aceh Barat in Indonesia, which is not site specific and can be applied to other districts [32], the risk is very low when soil loss is less than 0.15 cm/year, low when it ranges from 0.15 to 0.9 cm/year, moderate when it ranges from 0.9 to 1.8 cm/year, and high when it ranges from 1.8 to 4.8 cm/year. As the measured annual erosion rates in this study were ranged within the values, the soil water erosion in the artificial rainfall test possibly occurs in the site in Indonesia. Further, the changing trends in the annual erosion rate corresponded to the changes in LL shown in Figure 3. The simulated soils were easily detached and transported by rainwater as a result of the low cohesive strength between soil particles along with the low LL and IP at the pH compared the soil at pH 6.0. The greatest erosion rate was observed at pH 10.0 because the repulsion force between negatively charged particles was maximized at this pH (Figure 7).


Figure 8. Annual rate of soil water erosion at different pH values ranging from 2.0 to 10.0.
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Consequently, soil erosion by water developed under different pH conditions with changes in the Atterberg limits of soils through a variety of mechanisms in this study (Figure 9). The aggregation by Al3+ released from clay minerals and molecular attraction between soil particles caused a significant decrease of IP at pH from 6.0 to 4.0. At pH in the range of 4.0 to 2.0, the aggregating effect decreased IP. The decreases in IP and LL led to the development of soil water erosion at pH in the range of 6.0 to 2.0. At pH > 6, the repulsion between negatively charged soil particles resulted in decreases in IP and LL, leading to the development of soil erosion by water. The pH conditions can change the risk of soil water erosion through the change in physical characteristics of soils and this can develop over time at mine sites since mining operations contribute to changes in pH (e.g., through the generation of acidic water during the construction of waste dumps and the use of limestone) [13,16]. Considering that there were not large differences in soil texture, physical properties of soil, and minerals among the simulated soil samples, the difference in pH conditions affected the erosion rate of the soils through changes of the physical properties of the soils with zeta potential changes. However, as changes of the zeta potential and the physical properties of the soils derived from the effects of salt and metal cations such as Al3+, Ca2+, and Mg2+ as described in Section 3.2, the effects of different pH conditions on the development of soil water erosion in this study were only observed in the clayey soil rich in Al, Ca, and Mg. Since the experimental conditions focused on the field conditions in Indonesian coal mines and other factors (such as mineralogy in soils and organic matters) also affect the development of soil water erosion, the phenomena observed in this study should be further elucidated in the light of different experimental conditions and the other factors.


Figure 9. Summary of the effects of different pH conditions on the change of IP of the simulated soils.
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3.4. Implication of pH-Induced Changes in Soil Physical Characteristics with Soil Water Erosion Model


As indicated above, soils with different pH values are formed over time within nature and the clayey soil rich in Al, Ca, and Mg can show the acceleration of soil water erosion with changes of the physical properties of soil at different pH conditions; thereby, the effects of pH changes on the development of soil erosion by water have to be considered in the model of soil water erosion, by taking account of the factors causing the pH changes. The pH of rainwater, which is considered as a major factor of soil water erosion, varies according to region [33]. The pH of rainwater was ranged from 4.8–7.3 in India [34], and from 5.0 to 9.0 in China [35], and from 5.55–7.55 in Pakistan [36]. The acid and alkaline rainwater have been reported in the world with industrialization and urbanization [37]. The main results of this study indicate that the rainwater induces soil water erosion as the physical characteristics of the soils change. Furthermore, contamination of river water and leachate from industrial waste during industrialization and urbanization induce the changes in soil physical properties resulting from pH changes, leading to accelerating soil water erosion. For example, the pH of the river water in Poland varied from 7.2 to 8.4 due to house hold sewage according to Bartnik and Moniewski [38]. Gomes et al. stated that the leachate from alkaline residues produced by industries such as steel production, alumina refining, and coal-fired power plant affected the environment [39]. Hull et al. also reported that the pH of the river water ranged from 9.06 to 11.64 induced by alkaline leachate from a former steel slag disposal site in England [40]. In the Southern Appalachian Mountains, acidic drainage, generally having pH values of 4.5 or lower, was observed as weathering of rocks occurred during road construction [41]. As soil physical characteristics change under the different pH conditions over time during industrialization and urbanization, soil water erosion can be accelerated. The pH of rainwater at a post-mining site in this study was pH = 5.6–6.0, and acid rain with the pH < 5.6 was reported in the area with coal fired power plants in the past study [42], soil pH possibly changes over time in mine site. Thus, soil water erosion model should consider the effects of changing pH over time on the development of soil erosion by water for the risk assessment, especially in the case of clayey soil rich in Al, Ca, and Mg.



Several soil erosion models, such as the Universal Soil Loss Equation (USLE) and the European Soil Erosion Model (EUROSEM), have been developed for assessment of soil erosion. Soil erosion risk has been assessed within a large region by integrating the models with geographic information systems (GIS), digital elevation model (DEM), field data obtained by remote sensing technologies [43,44,45]. Although the effects of pH changes on the physical properties of the soils have to be considered in assessing soil water erosion risk, there are too many factors causing the pH changes, such as rainwater, river water and leachate, thus complicating the model of soil water erosion. Besides, since pH-induced changes in soil physical characteristics develop over time and the changes vary depending on geological conditions, including the presence of clay minerals and metal cations, the factors cannot be directly applied to the soil water erosion model as input parameters. Hence, the physical characteristics of soils such as IP and the particle-size distributions, which correlate with the pH changes through the change in zeta potential as indicated in this study, should be applied to the model of soil water erosion. Moreover, the changes in soil physical properties over time under different pH conditions cannot be obtained by remote sensing technologies within a large region with various factors, including geological conditions, regional climate conditions and various land use. Soil water erosion induced by pH changes should be assessed as a worst-case scenario separately from the existing soil water erosion assessment using experimental results, geological conditions, land-use database.





4. Conclusions


The effects of pH on the development of soil water erosion were investigated in terms of the physical properties of soils, which were evaluated by artificial rainfall tests using simulated soils adjusted to different pH values from 2.0 to 10.0. The zeta potential was entirely shifted to positive direction at each pH condition due to effects of Al, Ca, and Mg in this study, resulting in changes of the physical properties of the soils. When pH changed from 6.0 to 4.0, the aggregation caused by Al3+ released from clay minerals along with the molecular attraction between soil particles resulted in significant decreases in IP and LL. In the pH range of 4.0 to 2.0, the positive charges on soil particles (0–10.1 mV) resulted in electric repulsion between the particles, while Al3+ caused particle aggregation, resulting in increased soil particle size. This also caused lower IP and LL in the pH range compared to that at pH 6.0. The decreases in IP and LL led to the development of soil water erosion. At pH > 6, repulsion between negatively charged soil particles resulted in decreases in IP and LL, leading to the development of soil water erosion. The findings indicate that, in the clayey soil rich in Al, Ca, and Mg, the difference in pH values causes the changes in physical properties of the soils through changes in the zeta potential, leading to the development of soil water erosion. The effects of changing pH on the development of soil erosion by water should be considered in risk assessments of soil water erosion, especially in the clayey soil rich in Al, Ca, and Mg.








Supplementary Materials


The experimental data of each figure is presented as supplementary materials at http://www.mdpi.com/2076-3263/8/4/134/s1: Figure 3: Change of LL, PL, IP at different pH values ranging from 2.0 to 10.0: (a) change of LL; (b) PL; (c) IP. At pH 2.0, the value indicated by white dots was calculated based on the average value, and that indicated by black dots was based on ideal value, according to the changing trends of PL and IP, Figure 4: Particle size distribution at different pH values ranging from 2.0 to 10.0, Figure 8: Annual rate of soil water erosion at different pH values ranging from 2.0 to 10.0.
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