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ABSTRACT: To conserve water in crop production and landscaping, plastic mulch or 18 

sheets are commonly used. However, the environmental impact of plastic waste is a 19 

concern. Therefore, herein we report that a silane coupling agents-based coating can be 20 

applied to natural clayey soil samples to suppress water evaporation. The hydrophobicity 21 

of soils (particle sizes 200–500 µm) can be enhanced. Evaporation flux was investigated 22 

using an electronic balance placed inside a chamber by maintaining constant flow, 23 

temperature, and relative humidity. The magnitude of evaporation flux was adjusted by 24 

placing a hydrophobic-treated soil layer in the system. It is clear that the hydrophobic-25 

treated soil particle layer interacts with water capillaries to reduce the evaporation flux, 26 

but the effect on water vapor diffusion was small. 27 
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1. Introduction 29 

As the demand for freshwater increases owing to population growth and industrial 30 

usage, it is becoming challenging to optimize the use of freshwater to a sustainable level, 31 

and doing so is urgent, especially in arid or semi-arid regions [1]. Increasing the 32 

productivity of rain-fed water used for agriculture is one of the important strategies for 33 

reducing the impact of human activity on limited freshwater resources [2]. Plastic 34 

sheeting (mulching) is one of the practical methods being used in agricultural production 35 

to control water evaporation from the soil surface. This method has positive effects on 36 

water evaporation and temperature control, but the method generates waste plastic and 37 

affects ecosystems [3, 4]. To suppress water evaporation without mulching the soil surface, 38 

alternative basic research is required. 39 

To reduce the water evaporation, several researchers have reported modified soil 40 

wettability by applying chemical (e.g., silane-based surfactant) coatings on sands and 41 

glass beads (model sands) [5, 6]. However, studies involving clayey soils, which are 42 

usually suitable for agricultural production, and the role of wettability in soil systems 43 

have not been reported thus far. In the present study, we propose a method to suppress 44 

water evaporation from soil, without using any plastic-film mulch system and maintaining 45 

“real” agricultural conditions, by applying chemical coatings to clayey soil and to 46 

understand the effects of different levels of wettability on the water evaporation process. 47 

 48 

2. Experimental methods 49 

The clayey soil samples used herein were collected from Kitadaito island, Okinawa 50 

Prefecture, Japan. The samples were air-dried for more than 2 weeks in our laboratory 51 

and sieved to 200–500 µm. The original/natural soil was hydrophilic, and its composition 52 
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was as follows: sand = 1.3 %, silt = 11.1 %, and clay = 87.6 % [7]. Density of the soil 53 

was 1.32 g/cm3. 54 

The wettability of these soil samples was modified by coating them with a silane 55 

coupling agent. N-octyltriethoxysilane (Alfa Aesar Co. Ltd., U.K.), 2-propanol, and 56 

hydrochloric acid (Wako Co. Ltd., Japan) were used in the coating process. This silane 57 

coupling agent has been reported to be suitable for the coating of model soils (glass beads 58 

and sand) [5]. N-octyltriethoxysilane was diluted with absolute 2-propanol to a 59 

concentration of 1 wt.% with 2 wt.% distilled water and 0.2 wt.% hydrochloric acid (37 60 

wt.%) under magnetic stirring for 5 h [8, 9, 10]. The reason why hydrochloric acid was 61 

added is because an acidic environment is necessary for the hydrolysis of the ethoxy 62 

groups of silane. Representative samples (30 ml solution and 1.0 g soil) were mixed 63 

gently in beakers for 1 h. After removing the liquid, the soil sample was dried under 64 

ambient conditions (around 25oC) for 15–20 h. The coated soil sample was used within 5 65 

days. 66 

 67 

 68 

 69 

 70 

            Before Coating                          After Coating 71 

Figure 1. Structure of soil surface: Before and after coating with silane-coupling agents. 72 

 73 

Figure 1 shows the mechanism of coating the silane-coupling agent on the soil 74 
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surface. The silicate structure of the original soil surface consists of –OH groups, which 75 

impart hydrophilicity to the soil surface. When the surface is coated with silane, a 76 

monolayer of the alkyl group is developed, and it imparts the hydrophobic surface 77 

characteristics [6]. 78 

Soil morphology before and after application of the coating was observed using an 79 

optical microscope and a scanning electron microscope (SEM, JEOL, Ltd. Japan).          80 

Soil pH was measured with a commercially available pH meter (LAQUA twin-pH-22, 81 

HORIBA Scientific, Japan). The planar sensor makes it easy to measure the pH of the soil 82 

by simply placing the soil on the sensor and dripping water. 83 

To investigate the wettability of the soil sample, we used the water droplet 84 

penetration time (WDPT). The WDPT method measures the time required for water to 85 

penetrate a soil sample [11, 12, 13]. A 0.40 g soil sample (original or coated) was 86 

pressurized at 71 MPa to make tablets. The diameter, height, and volume of the tablets 87 

were 15.00 mm, 1.25 mm, and 0.19 cm3, respectively. Using the bulk density of soil (2.08 88 

g/cm3 measured) and the density of soil particles (2.80 g/cm3 [7]), the porosity of the 89 

tablet prepared in the present study was calculated to be 25.65% according to the 90 

calculation method of previous studies [14]. 1 µl of water was dropped on each sample 91 

by using a syringe, and the resulting penetration time was measured. 92 

 93 
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 97 

 98 

Figure 2. Patterns of soil structures. 99 

 100 

The effect of the ratio (as thickness) of the coated soil samples to the original soil 101 

has already been discussed in an earlier study [5]. Using a model soil (silica sand), Shokri 102 

et al. [5] reported that the thicker the coated soil layer, the less water evaporation from 103 

the soil sample. We followed the structural ratio (layer thickness) of [5]. Five different 104 

(height) soil structure patterns were designed to investigate the role of the coated soil 105 

layer within each structure (Fig. 2).   106 

The soil samples were placed in an “open-top” observation cell (transparent, 107 

polystyrene, length: 10 mm, width: 10 mm, height: 45 mm). Pattern A consisted of a 7-108 

mm-thick layer of the original soil. Pattern B consisted of 5 mm of the original soil 109 

covered with a 2-mm-thick layer of the coated soil. Pattern C consisted of 42 mm of the 110 

original soil. Pattern D consisted of a 40-mm-thick layer of the original soil covered with 111 
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a 2-mm-thick layer of the coated soil. Pattern E consisted of a 5-mm-thick layer of the 112 

original soil and a 2-mm-thick layer of the coated soil covered with a 35-mm-thick layer 113 

of the original soil. The packing densities in each structural pattern were 0.75[-] (for 114 

patterns A and B) and 0.69 [-] (for patterns C, D, and E). 115 

 116 

 117 

 118 

 119 

 120 

 121 

Figure 3. Schematic illustration and photograph of a soil sample and the experimental 122 

chamber. 123 

 124 

The evaporation experiments were carried out in a chamber (Fig. 3). The evaporation 125 

time was 5 h for each experiment. Dry air was introduced into the chamber to maintain 126 

the temperature at 30.0 ± 0.49 ℃ and relative humidity lower than 5%. The values of 127 

these quantities were monitored using suitable sensors and a data logger. The chamber 128 

was not hermetically sealed to prevent changes in air pressure inside. The mass of the 129 



 7 

samples was directly measured using an electronic balance placed inside the chamber. A 130 

digital camera was used to capture horizontal images of the soil samples. For further 131 

image processing, two open-source software applications (ImageJ ver. 1.52a and 132 

INKSCAPE ver. 0.92) were used. [15, 16]. 133 

The air flow pattern inside the camber was simulated using a computational fluid 134 

dynamics software application (COMSOL Multiphysics). Dry air was introduced into the 135 

chamber through a plastic tube and discharged from the chamber through a small gap in 136 

the chamber door. The plastic shield of the electronic balance prevented air from reaching 137 

the surface of the soil sample. A representative numerical simulation result is presented 138 

in Fig. 4. 139 

 140 

 141 

 142 

 143 

 144 

 145 

 146 

Figure 4. An example numerical simulation result of the flow regime inside the 147 

chamber. 148 
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 149 

To measure the relative importance of advection (convection rate) versus diffusion, 150 

the Peclet number (Pe) was calculated using the following equation [17, 18, 19]. 151 

𝑃𝑒 =
𝑈∞ 𝑙

𝐷𝑒
   ・・・(1) 152 

where 𝑈∞ is the characteristic velocity (wind velocity), 𝑙 is the characteristic length, and 153 

𝐷𝑒 is the diffusion coefficient of water vapor. Pe was calculated using the airflow value 154 

obtained from the numerical simulation. It is well known that a large Pe indicates an 155 

advectively dominated distribution, and a small Pe indicates a diffuse flow. In our system, 156 

the value of Pe was small at 3.9 × 10-4 [-] (<< 1). Therefore, the effect of wind near the 157 

soil surface was negligible. 158 

3. Results and Discussion 159 

The condition where the coated soil sample became acidic was unavoidable 160 

following the previous study. The pH of the original soil was about 5.6, but after coating, 161 

it was about 3.0. This pH 3 is undesirable for crops and is known to have a negative 162 

impact on nutrient transport. Almost similar to the thickness structures of previous reports, 163 

a thin layer (a few mm thick) was inserted between or on top of the uncoated soil layers 164 

in the present study. There is of course work to be done in the future, but we believe that 165 

the use of this thin layer will reduce the impact of acidification of the system. On the other 166 
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hand, an example of study on the negative effects of 2-propanol on agricultural crops was 167 

reported by Meier et al. [20]. They reported that 5 g (2-propanol)/kg (dry) of sand reduced 168 

germination and root growth of lettuce (Lactuca sativa) and oat (Avena sativa) seeds. In 169 

our experiment, most of the 2-propanol may have evaporated from the soil samples 170 

because the drying process was also applied to the coated soil samples at room 171 

temperature. 172 

 173 

 174 

 175 

 176 

 177 

 178 

 179 

Figure 5. Particle size distributions (Upper), SEM images, and optical 180 

microscopy images of original soil (Left) and coated soil (Right). 181 

 182 

According to the measured particle size distribution (Fig.5), the average size of soil 183 

particles was found to be 374 ± 58 µm (before coating) and 348 ± 50 µm (after coating). 184 

The reason for the slight change in the particle size distribution could be due to the effect 185 

of "washing" by the solid-liquid mixing and separation processes. SEM observations 186 
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confirmed that the fine particles on the soil particle surface were removed after coating 187 

process. Since the size of the particles before and after coating both had peak values 188 

within the 300-400 μm range, the effect of the coating process on the physical properties 189 

of the soil particles was not considered.  190 

 191 

 192 

Figure 6. SEM images of the original (uncoated) soil samples before (a) and after 193 

(b) compression. A photograph of compressed sample (c). 194 

 195 

 196 

 197 

 198 

 199 

 200 

 201 

Figure 7. Examples of WDPT test conducted using original and coated soil 202 

samples. 203 

 204 
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During the WDPT method, we observed the soil samples before and after 205 

compression by using a SEM (Fig. 6. a, b) and a digital camera (Fig. 6. c). We confirmed 206 

that the compression operation eliminated the inter-particle gap to some extent. Fig. 7 207 

shows a result obtained using the WDPT method. The time required for water droplets to 208 

penetrate the soil sample was 10–15 s longer in case of the hydrophobically coated soil 209 

than in case of the original soil. Thus, it can be concluded that the silane coating decreased 210 

the wettability of soil particles. 211 

 212 

 213 

 214 

 215 

 216 

 217 

 218 

Figure 8. Evaporation fluxes calculated using five different soil structures (A–E). 219 

By using different specimens, each soil structure was tested thrice. 220 

 221 

From the evaporation experiments, the evaporation flux [g / m cm2] was calculated 222 

based on the change in soil sample weight before and after evaporation (Fig.8). Each soil 223 

structure was tested thrice by using different specimens. In case of the structures with 7 224 
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mm height (A: original soil and B: 5 mm original soil covered with 2 mm coated soil), 225 

water was lifted until the soil surface by capillary force, and the evaporation “interface” 226 

was observed on top of the soil surface. For the other structures with the height of 42 mm 227 

(C: original soil, D: 40 mm original soil covered with 2 mm coated soil, and E: 5 mm of 228 

original soil and 2 mm of coated soil covered with 35 mm of original soil), water was 229 

lifted up to approximately 10 mm, and the evaporation “interface” was observed in the 230 

intermediate layer, not on the topmost soil surface.  231 

Photographs (Fig. 9) shows how water was lifted by capillary force with the passage 232 

of time. Images of the soil samples during the evaporation experiments (Fig.9 Upper) 233 

were obtained using a digital camera. The images were converted into binary format (Fig. 234 

9 Middle) to clarify the height of the capillary water at each point of time. The lower 235 

panel (Fig. 9) shows the 8-bit binary image that erases the image at the start (0 h in the 236 

middle) from the image at the elapsed time (1 h, 5 h, and 20 h in the middle). The images 237 

in the lower panel indicate the change in the height of the capillary water with the passage 238 

of time. Water was lifted up for 5 h, and the final height of the capillary water was 239 

approximately 10 mm.  240 

 241 
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 242 

Figure 9. Images of water movement (capillary) in structures with height of 42 243 

mm (C, D, and E). Upper: Digital camera, Middle: 8-bit binary, Lower: 8-bit 244 

binary with image at the start (0 h in the middle) erased from the image at the 245 

elapsed time (1 h, 5 h, and 20 h in the middle). 246 

 247 

The results exhibited a trend similar to those recorded in previous studies, in which 248 

glass beads or natural sands were used [5, 21, 22]. One of the major differences between 249 
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glass beads, natural sand, and the clayey soil used herein was porosity. Clayey soils are 250 

composed of “aggregates” of fine particles, while sand itself is one of the particles of 251 

crushed stone or artificial glass beads, and it is not porous. The porosity differences 252 

influence water flow during the evaporation process. In clayey soils, the proportion of 253 

fine particles is higher, particles are packed tightly, less air is trapped between the particles, 254 

and as a result, clayey soils can hold more water than most other types of soil.  255 

 256 

 257 

 258 

 259 

Figure 10. SEM images of original (Left) and coated (Right) soil particles. Red 260 

circles: micro-scale pores. 261 

 262 

In case of the experiments conducted using glass beads [21], water did not penetrate 263 

into the glass beads but flowed through the gaps between the glass beads. In the present 264 

study, where we used a natural clayey soil, we observed that the soil particles contained 265 

many micro-scale pores (Fig. 10 SEM images). In this condition, water was thought to be 266 

lifted through the pores in the soil particles [23]. 267 

The evaporation mechanism in each structure is illustrated in Figure 11. We 268 

1 μm

Coated SoilOriginal Soil

1 μm
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confirmed that the evaporation surface area was one of the important parameters 269 

governing the evaporation flux. Moreover, we found that the soil layer coated with the 270 

silane compound effectively reduced the evaporation flux in certain soil structures. 271 

 272 

 273 

 274 

 275 

 276 

 277 

 278 

 279 

Figure 11. Schematic diagram of evaporation mechanism in each soil structure. 280 

 281 

Differences between the soil samples in terms of height and evaporation surface area 282 

caused significant differences in the water evaporation rate [24, 25]. In cases of the two 283 

structures with the original soil, water evaporation was slower in structure A (7 mm 284 

height) than in structure C (42 mm height) because the areas of the evaporation “interface” 285 

in the two structures were different. Another reason is the difference in the evaporation 286 
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surface area of water. Notably, the difference between the two structures (A and C) in 287 

terms of diffusion flux is negligible. 288 

Following Fick’s law, the water diffusion flux of structure A was found to be 0.0060 289 

[𝑔𝑐𝑚−2ℎ−1]  and that of C was found to be 0.0033 [𝑔𝑐𝑚−2ℎ−1]  when the relative 290 

humidity inside the soils was 50 %. The water vapor diffusion flux of structure A was 291 

higher than that of structure C, but the water evaporation flux of structure A was 292 

considerably lower than that of structure C. Fig. 11 shows that the capillary movement of 293 

water and the typical height of the unsaturated zone was approximately 10 mm according 294 

to image analysis (Fig. 9). Since the capillary potential in structure A was 10 mm and the 295 

soil height was 7 mm, the area of the evaporation interface in structure A was smaller than 296 

that in structure C (42 mm height), resulting in a difference in terms of the water 297 

evaporation flux between structures A and C. 298 

According to the results obtained for structure B, the coated soil layer (2 mm in 299 

thickness in 7 mm in total height) can reduce water evaporation by 11.7% compared to 300 

structure A (original soil) for the same height (7 mm). Water evaporation in structure E, 301 

which included an inserted 2-mm-thick layer of coated soil, was 13.2% less than that of 302 

structure C with the same height of 42 mm. In the structures with a 2-mm-thick layer of 303 

coated soil (structures B and E), capillary water passed through the coated soil layer. This 304 
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means that the coated soil does lift water through the microscale pores in the soil particles, 305 

but the coated soil layer exhibited a certain effect of reducing the evaporation flux of 306 

water in the early stages of evaporation. By contrast, in structures C and D (height of 42 307 

mm), when the bulk water was not in contact with the coated soil layer, the coated soil 308 

layer was able to reduce the evaporation flux by only 2.94%. This suggests that the coated 309 

soil layer can intercept capillary water but cannot “stop” the transport of water vapor. 310 

In the future, it is necessary to evaluate the effects of silane coupling reagents on 311 

crops in order to consider soil coating for actual agricultural applications. Gupta et al., 312 

demonstrated the effects of silane compound coating on sandy soil (sand 78%) on the 313 

growth of plant (chick pea (Cicer arietinum)) [6]. Their results reported that covering the 314 

system with the coated soil significantly increased plant growth (root length, number of 315 

branches, number of leaves, etc.) compared to the uncovered soil system. Coating the soil 316 

reduces evaporation, increases the water supply to the plants, and consequently promotes 317 

plant growth. However, the coating method proposed in previous studies, which is also 318 

the procedure we followed, uses hydrochloric acid and 2-propanol, which are not 319 

harmless to plant growth. In the future, it is recommended to be able to produce conditions 320 

where the pH of the soil is close to neutral, and also to use low-cost alternative solvents 321 

such as water (as the main component). 322 
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Another item to be considered throughout the present study is the quantification of 323 

the silane coupling agent. Unlike the model soils used in previous studies (glass beads 324 

and sand), the natural clay soil particles used in the present study are a multi-component 325 

material containing numerous organic materials. We had tried several analyzers at our 326 

university, but they did not give us the desired results regarding the quantitative analysis 327 

of the coatings. Quantitative analysis is important for assessing the material balance of 328 

the system and will be our next challenge. 329 

 330 

4. Conclusion 331 

In the present study, we made the first attempt to use chemical coating technology 332 

to control water evaporation from clayey soils obtained from real environments. Although 333 

the evaporation mechanisms of the model soil (glass beads) and the real soil were different, 334 

the proposed coated soil layer performed as well as previously reported (using the model 335 

soil). The results obtained herein indicate that the coated soil layer suppressed the 336 

capillary action of bulky water, but it had little effect on the diffusion of water vapor. 337 

Moreover, the evaporation surface area of water significantly influenced the evaporation 338 

flux. Considering the application of the present approach using actual crops, there are still 339 

some issues to be considered, especially in the selection of coating reagents. Research 340 



 19 

and development on scale-up is also an issue for the future.  341 
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