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Abstract 1 

The use of water absorbing polymers (WAPs) is evolving as an amicable solution for 2 

preserving soil moisture and promoting vegetation cover under extreme drought conditions 3 

associated with changing climate. WAPs can absorb significant amount of irrigation/rainwater 4 

and release water to soil when moisture deficit occurs. As compared to the water absorbing 5 

characteristics, comprehensive information on the water release characteristics of WAPs when 6 

interacting with various soil types is scarce in the literature. The objective of this study is to 7 

develop an experimental methodology for understanding the water release characteristics 8 

(WRCs) of different WAPs in various soils. A horizontal soil column test (HSCT) setup was 9 

used for studying the WRCs of two WAPs [fly ash-derived WAP (FA-WAP) and commercially 10 

available acrylic-based WAP (Com-WAP)] in three different soils (sand, silt loam, and clay 11 

loam). The tests were conducted on dry soils and with the WAPs at two initial conditions, 12 

including fully hydrated conditions and limited water availability conditions. A two-parameter 13 

kinetic equation was found suitable for quantifying the water release characteristics of the 14 

WAPs both in (a) soils and (b) atmosphere. The study revealed that the dry soils in contact with 15 

the FA-WAP able to quickly achieve more than 95% saturation within 12 hours whereas the 16 

dry soils in contact with Com-WAP remain well below full saturation after the same time 17 

interval. The different combinations of soils and WAPs suggests better efficiency of FA-WAP 18 

and clay loam soil for higher WRC if sufficient amount of water is available in WAP. The 19 

water release rate from FA-WAP to dry soil was found to be much higher than the Com-WAP 20 

during initial stage. Under the limited water availability conditions, FA-WAP was able to 21 

release 97% of the total absorbed water to the initially dry soils as compared to Com-WAP 22 

where 90% of the stored water was released.  23 

Keywords: Moisture release; Horizontal soil column test; Soil texture; Kinetics equation; 24 

Climate action25 
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Introduction 

Climate change-induced water stress impacts various civil and environmental 

engineering projects, such as highway embankments, green infrastructures, vegetated landfill 

covers, and bioengineered slopes (Bordoloi et al. 2020; Liu et al. 2021; Pk et al. 2021). The 

rise in mean global temperature and frequent droughts cause soil drying, generation of 

desiccation cracks, soil erosion, and poor soil health (Kandalai et al. 2023). Long-term effects 

of drought condition (i.e., prolonged drying condition) alter soil hydraulic characteristics 

(infiltration, permeability and soil-water retention) and hydrological process with a negative 

impact on the stability of geotechnical infrastructures (Vardon 2015). There is a need to 

develop different climate-resilient technologies to minimize the negative influence of climate 

change on available soil-water. 

Soil amendment through innovative materials (biomaterials, polymer composites, 

nanomaterials) is one of the approaches to control the loss of soil water and its conservation in 

the vadose zone thereby promoting vegetation cover (Sreedeep et al. 2019; Saha et al. 2021c; 

Ni et al. 2024). Water absorbing polymers (WAPs), or superabsorbent hydrogels are emerging 

as a low-cost and eco-friendly materials for improving the water retention characteristics of the 

soils under arid conditions (Hussien et al. 2012; Cao et al. 2017; El-Asmar et al. 2017; Saha et 

al. 2022b). The WAP is capable of absorbing and storing water more than 100 times its own 

weight in its polymer structure and exhibit volumetric expansion (Saha et al. 2020b; Saha et al. 

2021a). The stored water in the WAP is released into the dry soil, thereby maintaining 

vegetation growth for a prolonged duration under drought condition. Recent studies have 

shown that biodegradable WAPs could be developed from various waste products, such as 

starch, cellulose, chitosan, fly ash, and alginate (Rodrigues et al. 2012; Spagnol et al. 2012; 

Mignon et al. 2019; Sarmah and Karak 2019; Saha et al. 2020c), which makes them ideal 

material as soil conditioners with minimal environmental impact.  
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The water-absorption capacity (WAC) and swelling characteristics of WAP can vary 

depending on their composition and the electrical conductivity of hydrating fluid (Saha et al. 

2021b). The practical application of a WAP depends on (a) how much water it can absorb, (b) 

how inclusion of WAP contributes to the enhancement of water retention characteristics of the 

soil, and (c) how much of the stored water in the WAP can be released into the different soil 

types when water deficit occurs. Most of the previous studies focused on the first two aspects 

of WAP-soil interaction, where the influence of WAP on soil-water retention characteristics 

(SWRC), hydraulic conductivity, and infiltration characteristics of soil has been investigated 

by uniformly mixing dry WAP particles in soils. Narjary et al. (2012) indicated an 

improvement in SWRC of different soil texture due to the addition of hydrophilic polymers. 

Zhao et al. (2020) conducted laboratory tests to compare the water evaporation rate of different 

hydrophilic polymers into the atmosphere. Saha et al. (2021a) proposed a model for predicting 

the drying SWRC of WAP amended soil using modified phase relationship of WAP-soil 

system. Saha et al. (2022a) studied the SWRCs of WAP amended soils subjected to multiple 

drying-wetting cycles and proposed a predictive model to estimate wetting SWRC from the 

measured drying SWRC. Adjuik et al. (2022) showed a decrease in the saturated hydraulic 

conductivity of soil amended with lignin-based hydrophilic polymer. It was noted from these 

studies that the flow mechanism at the WAP-soil interface requires separate WAP and soil 

layers instead of uniform mixes of WAP and soils. Saha et al. (2022b) developed a horizontal 

diffusion cell to study the moisture diffusivity from a commercially available WAP to dry soil. 

The moisture diffusivity through the soil column was found to be similar to the moisture 

diffusivity values estimated from wetting SWRC.  

The existing studies have majorly focused on improving the WAC of the WAP through 

innovation in polymerization techniques, and usage of different hydrophilic monomers, and 

quantifying the hydraulic characteristics (i.e., hydraulic conductivity, SWRC, infiltration 
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properties) of WAP amended soil. However, none of these studies have focused on the water 

release characteristic (WRC) of different WAPs in different soil types. When WAP is mixed 

with the soil, it is impossible to quantify water release from WAP to soil because once it is 

mixed, WAP cannot be separated for water content measurement. One possible way to quantify 

water release from WAP to soil is to provide it as layer so that the water content variation with 

time can be measured accurately. Such a quantification of water release of WAP is a pre-

requisite for selecting WAP for field applications. The knowledge of WRC of WAPs is also 

required to ensure efficacy of WAP-soil systems in the conservation of soil moisture during 

drought conditions. It helps to quantify how much of the stored water in the hydrated WAP can 

be released into the dry soil. In this context, the WRC of hydrated WAP into both (a) free 

atmosphere and (b) soil are required for several applications, such as in bioengineered slopes, 

urban green infrastructures, and arid/ semi-arid agriculture.  

Krasnopeeva et al. (2022) reported the in-situ applications of various WAPs as water 

and nutrient storage, and retention materials. The rate of WAP required for increasing seed and 

dry matter yields and urea release characteristics have been shown to depend on plant types. 

Past studies have stated that the in-situ performance of WAPs may be influenced by the plant 

type, water quality, temperature, and chemical interactions (Bo et al. 2012; Cao et al. 2017; 

Dehkordi 2018; Yang et al., 2020b). Therefore, studies of the water release characteristics of 

different WAPs when interacting with different soil types are crucial for the selection of WAPs 

for field applications. A study on the water movement dynamics of WAPs in field conditions 

is beyond the scope of the present study. 

The objective of this study is to develop an experimental methodology and for 

understanding the WRCs of different WAPs with different soil types. The present study 

critically comprehends the performance of two different WAPs, including a commercial WAP 

(Com-WAP) and in-house developed fly ash modified WAP (FA-WAP), in three different soil 
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types (i.e., sand, silt loam, and clay loam). The WRC of both the WAPs were evaluated under 

controlled laboratory condition, where the water release is dependent only on soil and WAP 

characteristics. The total quantity of water transferable from WAP to dry soil was further 

studied by varying the layer thickness of WAP in HSCT.  

Materials and methodology 

Materials 

Soil 

Three natural soils were collected from diverse locations in the Northeastern region of 

India. The collected soils were air-dried and sieved through the Indian Standard (IS) sieve size 

of 2 mm. The soils were further characterized for their basic physical properties, such as 

particle size distribution (PSD) curve, specific gravity, hygroscopic water content, consistency 

limits, and cation exchange capacity (CEC), following the guidelines provided in ASTM 

standards (ASTM 2007; ASTM 2014; ASTM 2015; ASTM 2017b; ASTM 2018) (Table 1). 

The soils were classified based on the Unified Soil Classification System (USCS) [ASTM 

2017a] and the United States Department of Agriculture (USDA). The soil mineralogical 

composition was characterized using X-ray diffraction (Rigaku, MicroMax, Tokyo, Japan) and 

reported in Table 1. 

Water absorbing polymer (WAP) 

 A commercially available WAP (Com-WAP) along with a laboratory developed fly ash 

modified water absorbing polymer (FA-WAP) were used in this study (Fig. 1). The selected 

Com-WAP (Stockosorb) is a partially neutralized potassium polyacrylate compound, 

manufactured by Evonik Industries, Germany. The laboratory-grade FA-WAP was prepared 

by grafting an industrial solid waste material, fly ash (FA), onto the polymer chain of partially 

neutralized sodium polyacrylate (details presented in Saha et al. 2020c). Both the WAPs were 
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systematically characterized for their functional groups, elemental compositions, equilibrium 

water-absorbing capacity, and equilibrium swelling time (Table 2). The functional groups of 

both WAPs were characterized with Fourier transform infrared (FTIR) spectrophotometer 

(Perkin Elmer, Spectrum Two, Waltham, MA) by using potassium bromide (KBr) pellet 

method. The FTIR analysis of both Com-WAP and FA-WAP showed the presence of 

intermolecular stretching vibration of hydroxyl and carboxyl groups (Saha et al. 2020a, c). An 

additional peak was observed in FA-WAP due to the presence of asymmetrical and 

symmetrical stretching vibration of Si—O—Si bond, which are characteristic peaks of fly ash 

(Saha et al. 2020c). The elemental compositions of the WAPs were determined using the 

FESEM-EDS analysis (Zeiss Sigma, Oberkochen, Germany). The elements of Com-WAP were 

found to be oxygen, carbon, potassium, and nitrogen, whereas the elements of FA-WAP are 

oxygen, carbon, sodium, silicon, calcium, aluminium, and nitrogen. The existence of potassium 

(K) in Com-WAP confirms the potassium polyacrylate compound whereas the existence of Si, 

Al confirms the presence of alumino-silicate compound (i.e., fly ash) in FA-WAP. The 

equilibrium water-absorbing capacity and equilibrium swelling time of the WAPs were 

measured by following the procedure described in the literature (Saha et al. 2021b). The dry 

WAP was kept inside a nylon tea bag, and its WAC (g/g) at different time intervals was 

measured by immersing it in distilled water. The procedure was continued till the WAP reached 

its equilibrium maximum swelling, and the obtained values are reported in Table 2. 

Methodology 

Water release from WAP to atmosphere 

The water release from WAP to ambient atmosphere is quite important for 

understanding the release behaviour of WAPs when it is not interacting with any other porous 

medium. It can be noted that the water release from WAP to soil (or any other porous medium) 

can be governed by several properties of soil, such as pore-size distribution, porosity, 
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mineralogical composition, hydraulic conductivity, etc. Therefore, an evaporation experiment 

was conducted in the controlled laboratory conditions (temperature= 25°C; relative humidity 

= 50%) using the selected WAPs before delving into the complex WAP-soil systems. The loss 

of water from hydrated WAP to the atmosphere was quantified in terms of change in 

gravimetric water content (GWC) of WAP as a function of time. For this purpose, 1g of dry 

WAP was added to the required amount of distilled water to achieve maximum swelling 

equilibrium conditions. The swollen sample was placed in a glass disc (diameter = 100 mm), 

and allowed to dry under controlled laboratory conditions. The water release kinetics (to free 

atmosphere) was determined by noting the weight of the swollen WAP sample at regular time 

interval until there was no reduction in weight with time (completely air-dried). Five identical 

samples were prepared both for FA-WAP and Com-WAP for the weight measurement to 

ensure the repeatability of the measured data. The experimentally measured water release 

kinetics of hydrated WAP was fitted to the two parameters empirical model (Eq. 1) proposed 

by Peleg (1988) for describing water release from high swelling materials. 

𝑤𝑡 = 𝑤0 −
𝑡

𝑘1+𝑘2𝑡
      (1) 

Here, 𝑤0 is the initial GWC (g/g) of fully hydrated WAP (equilibrium swelling); 𝑤𝑡 is the 

GWC (g/g) of hydrated WAP at time t after drying is initiated; 𝑘1 and 𝑘2 are kinetics constant 

and characteristic constant, respectively. The rate of water release (Eq. 2) can be obtained by 

differentiating Eq. (1) with respect to time as follows, 

𝑑𝑤𝑡

𝑑𝑡
= −

𝑘1

(𝑘1+𝑘2𝑡)2
     (2) 

A similar glass disc, filled with distilled water was also placed adjacent to the hydrated 

WAP to compare the evaporation of water from the hydrated WAP and free water surface. The 

water evaporation rate (ER) was computed from Eq. (3) for a better comparison of water release 

characteristics under WAP-atmosphere interaction (Yang et al. 2020a).  
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𝐸𝑅 (𝑚𝑚/ℎ𝑟) =
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑒𝑑 𝑝𝑒𝑟 ℎ𝑜𝑢𝑟 (𝑚𝑚3/ℎ𝑟)

𝐶𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑒𝑟 (𝑚𝑚2)
            (3) 

It may be noted that the ER calculation of hydrated WAP involves the measurement of 

cross cross-sectional area of the container. To avoid the error in the cross-sectional area 

measurement, the container was tamped to spread the hydrated WAP over the entire surface 

area after every weight measurement. 

Water release from hydrated WAP to dry soil 

 Water release from hydrated WAP to dry soil is an important aspect to consider for the 

application of WAP in actual field conditions. In actual scenarios, the WAP particles are 

uniformly mixed with the soil and it is difficult to characterize the water release characteristics 

(WRC) for different soil-WAP combinations. The present study considered two different cases 

to evaluate the WRC, including (i) fully hydrated WAPs and unsaturated soils (i.e., air-dry soil) 

and (ii) hydrated WAPs with limited water availability and unsaturated soils. A series of 

horizontal soil column tests were conducted in a transparent cylindrical acrylic tube with an 

internal diameter of 20 mm and length of 110 mm (Saha et al. 2022a). Air-dried soils were 

hand compacted to the cylindrical tube to a thickness of 80 mm. The initial packing compaction 

states of the soil samples are tabulated in Table 3. The direct interaction of soil and hydrated 

WAP was avoided by placing a filter paper in between soil and WAP layers. A 30 mm thick 

layer of hydrated WAP was packed on top of the filter paper. The thickness of the hydrated 

WAP (i.e., 30 mm) was selected based on the saturated volumetric water content (= porosity) 

of the red soil (RS) sample to allow near saturation of all the soil samples. It can be noted that 

RS sample has higher porosity as compared to the other two soils and therefore, RS require 

higher water to achieve complete saturation. After placing the hydrated WAP, the cylindrical 

tube was immediately sealed from the top and placed horizontally allowing water migration 

from hydrated WAP to dry soil. This setup ensures that there is no loss of water to the 
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atmosphere, and there is release of water from hydrated WAP to dry soil under zero 

gravitational head. Due to water release from the hydrated WAP, the wetting front advances 

through the horizontal soil column, as shown in Fig. 2. Multiple columns with identical initial 

states were arranged for a given soil-WAP combination. Depending on the wetting front 

advancement rate, horizontal tubes were dismantled at predetermined times to establish the 

moisture profile [i.e., volumetric water content (VWC) at different distances from the WAP-

soil interface and time]. For each time intervals, five identical samples were dismantled and 

the GWC was measured to check the repeatability of the measured data. For the measurement 

of gravimetric water content (GWC), a small amount of soil was scooped out from the soil-

WAP interface and at every 10 mm distance from the interface. The GWC value was multiplied 

by the dry density to obtain the VWC of the soil sample.  

 The water release from hydrated WAP to initially air-dried soil is governed by two 

factors, (a) initial soil suction in air dried sample and (b) water migration through the soil layers, 

as explained in Fig. 3. The magnitude of initial suction corresponding to air dry state of the soil 

determines the entry of water into the soil at the interface. A high suction gradient exists at the 

interface due to negligible suction in hydrated WAP (fully saturated) and high suction in air-

dried soil (Saha et al. 2021c). It may be noted that the magnitude of initial suction 

corresponding to air dried state depends on soil type and presence of fine particles (Fredlund 

and Rahardjo 1993). The water entered at the soil interface gets redistributed in the soil layer 

(Saha et al. 2022a). The rate of water redistribution further determines the subsequent rate of 

water release from the hydrated WAP to the soil. If the rate of water migration in soil column 

is low, then the redistribution of water from the interface will be less. This causes near-steady 

state saturation adjacent to the interface. Due to this, the suction gradient decreases thereby 

reducing the rate of water entry into the soil. If the rate of water migration is high, then the 

redistribution will be faster resulting in a continuous transient water entry at the interface. As 
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the soil saturation increases with time, the suction gradient between the WAP and soil reduces 

thereby decreasing the water entry. 

For quantifying WRCs of WAPs, the weight of hydrated polymer was measured at 

different time intervals when horizontal columns were dismantled. The reduction in weight of 

the hydrated WAP was measured until the soil attained the saturated water content or there was 

no appreciable reduction in the weight of WAP with time. For the measurement of hydrated 

WAP weight, five repetitions were performed to check the repeatability of the measured data. 

The weight reduction in hydrated polymer represents the amount of water transferred from 

WAP to the soil. The measured data was used to represent the WRCs of WAPs in terms of 

GWC and elapsed time. In addition, the water release rate from both the WAPs to dry soil was 

calculate ed using Eq. (2) to understand the effect of soil properties and WAP properties 

individually. Furthermore, efforts were made to evaluate the WRC under limited availability 

of water. This was achieved by placing 20 mm and 10 mm thick layer of hydrated WAPs in 

contact with the used dry soils (FS, BS, and RS) packed in HSCT. Restricting the thickness of 

hydrated WAP ensured water availability less than the quantity required for complete 

saturation of the soil samples. These measurements were needed to determine the percentage 

of absorbed water that can be released into the dry soil from WAP when limited water is 

available.  

Results and Discussion 

Water release due to evaporation resulting from WAP-atmosphere interaction 

The water release kinetics of the Com-WAP and FA-WAP exposed to the atmosphere 

are presented in Fig. 4(a). The change in GWC due to evaporation ranging from an equilibrium 

swelling state to a completely dry state was measured. This information is important because 

the WAP close to the soil surface can lose water by evaporation and further help to understand 
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the water release of hydrated WAP individually without considering the influence of soil type. 

It can be observed that the Com-WAP and FA-WAP took 400 hrs and 520 hrs, respectively, 

for complete desaturation. The higher desaturation time in FA-WAP than Com-WAP can be 

due to the higher equilibrium water-absorbing capacity and lower water release rate of the 

former. The water absorption and desaturation characteristics of FA-WAP in the study are 

similar to that reported by Chang et al. (2021). The higher desaturation time in FA-WAP was 

verified by fitting the water release kinetic equation (Eq. 1) to the experimental data. The values 

of parameters (𝑘1, 𝑘2) are summarized in Table 4. The value of the characteristic constant (𝑘2) 

was found to be independent of WAP type. A larger value of 𝑘1 for FA-WAP indicates that the 

loss of water content (water release) from FA-WAP to the free atmosphere was less compared 

to Com-WAP. This is advantageous for FA-WAP because the WAP is expected to have low 

water loss (evaporation) to the atmosphere.  

The variation in evaporation rate (ER) with time for both WAPs and free water was 

calculated and compared in Fig. 4(b). As expected, it can be observed that the water evaporation 

rate from hydrated WAP was less than free water evaporation. This is mainly due to the fact 

that the absorbed water molecules inside the polymer structure are attached to the hydrophilic 

groups through intermolecular hydrogen bonds (Shah et al. 2018). While the ER remains 

constant for free water, there are three distinct phases of water evaporation for hydrated WAP. 

The ER is maximum during the first stage (Phase I) and remains constant for the entire stage. 

The second phase of evaporation begins with a sharp decrement in ER, which can be attributed 

to the air entering the WAP matrix. Due to the progressive reduction in WAP water content, 

the ER also decreases with time. In the final phase, the ER becomes minimal (near zero) as the 

sample has already reached its residual state. In this state, the limited residual water is tightly 

attached to the polymer structure, and it cannot be extracted at ambient temperature. From Fig. 

4(b), it is quite evident that the ER is lower in FA-WAP than Com-WAP (phase I). Also, the 
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duration of phase I is less in Com-WAP than FA-WAP, which means quick air entry. This 

indicates that FA-WAP releases the stored water to the atmosphere at a lower rate than Com-

WAP and the release continues for a longer duration. This is an advantage of FA-WAP 

compared to Com-WAP.  

As stated above, the ER versus time response showed ‘S’ shaped variation and hence, 

a sigmoidal equation [similar to van Genuchten model (1980)] (Eq. 4), that represents the 

evaporation loss characteristic curve (ELCC) for WAP was fitted to the observed ER versus 

time data and the parameters are summarized in Table 5. This ELCC can be used to define the 

evaporation loss characteristics of WAP under controlled evaporation at a reference 

temperature, and humidity condition (25 °C and 50% RH). 

𝐸𝑅(𝑡) = 𝐸𝑅𝑟 +
𝐸𝑅𝑠−𝐸𝑅𝑟

[1+(
𝑎

𝑡
)

𝑛
]

𝑚              (4) 

ER(t) represents the evaporation rate at time, t; 𝐸𝑅𝑟 is the residual evaporation rate; 𝐸𝑅𝑠 is the 

evaporation rate at the saturated stage (equilibrium swollen WAP); a, n, and m are curve fitting 

parameters. 

 The fitting parameter (𝐸𝑅𝑠) presented in Table 5 also indicates a higher ER of Com-

WAP than FA-WAP in the saturated state. The rate of water release parameter (n) is higher for 

Com-WAP indicating a higher desaturation rate of Com-WAP than FA-WAP to the 

atmosphere. The results suggest that these curve-fitting parameters of ELCC can be used for 

comparing the performance of hydrated WAPs exposed to the atmosphere. The comparison 

can be used for initial screening and selection of WAP for further application in the soil.  

Water release from hydrated WAP to dry soil 

Water movement through the horizontal soil column 
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The variation of wetting front distance (𝑥𝑓) from the WAP-soil interface was acquired 

by visual inspection at various interval of time and presented in Fig. 5. There is a specific and 

consistent trend for wetting front advancement in soils corresponding to both the WAPs. For 

Com-WAP and FS interaction, the time taken for the wetting front to advance 7.6 cm was 32 

hrs whereas for FA-WAP and FS interaction, it was 7.7 cm in 12 hrs. It can be noted that water 

movement through soil layer is influenced by both soil type and composition of WAP. The 

influence of soil texture on the wetting front advancement rate observed in this study agreed 

well with the trends reported in the literature (Liu et al. 2009; Villarreal et al. 2019). The higher 

wetting front advancement rate in coarse-grained soils is due to its high permeability associated 

with larger pore structure and low tortuous flow path. It was found that the water entry and 

redistribution through initially dry soil is faster for FA-WAP than Com-WAP, which may be 

attributed to the better release characteristics of the former. These results suggest that the 

addition of WAP in soil can increase the wetting front advancement rate in the horizontal 

direction. This observation is in line with the field study conducted by Yang et al. (2015) that 

reported WAP can effectively contribute to the moisture distribution in point source drip 

irrigation system due to the higher wetting front advancement rate. 

A power curve (Eq. 5) was fitted to the measured wetting front advancement data for 

quantifying the time duration at which the wetting front touches the farthest end of the cell. 

The time taken for the wetting front to reach the farthest end of the column was estimated as 

shown in Fig. 5. It can be noted that in all the cases, the time taken by the wetting front to reach 

farthest end was faster for FA-WAP compared to Com-WAP.  

𝑥𝑓 = 𝑝𝑡𝑞                (5) 

In Eq. (5), p and q are two empirical constants, which can be obtained from the regression 

analysis as indicated in Fig. 5. It was observed that the p parameter is dependent on both WAP 
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type and soil texture, whereas the q value (=0.5) is constant for the case of water flow through 

porous medium. A higher value of p parameter denotes a faster wetting front advancement rate. 

It can be observed that the p value was consistently higher for FA-WAP than Com-WAP. 

Similarly, the coarse-textured soil exhibited a higher p value than the fine-textured soil 

considered in this study.  

 The VWC variation of the soil column with time and distance from the WAP-soil 

interface is presented in Fig. 6. It is clearly visible that the VWC near the interface quickly 

increases in the initial stage and approaches a near steady-state value. The results help to affirm 

that there is continuous water entry and replenishment at the interface (from WAP to soil) even 

when the wetting front was advancing through the soil. This establishes a continuous release 

of water from WAP to soil. Irrespective of soil texture, the hydrated FA-WAP resulted in higher 

VWC at every distance and time compared to Com-WAP. The degree of saturation of the 

WAP-soil interface remains much below 100% in the case of Com-WAP compared to FA-

WAP. This can happen when the outflow of water from the interface is faster than the inflow 

from WAP. This confirms that the water release from FA-WAP to the soil is faster than Com-

WAP. The difference between saturated water content and interface water content reduces with 

an increase in soil plasticity and clay percentage (Table 1). The degree of saturation of interface 

is also governed by the difference in negative pore-water pressure between the hydrated WAP 

and the soil. As the soil plasticity and clay content increase, the soil suction increases. This 

results in a higher negative pore water pressure of RS as compared to BS and FS. Due to this 

reason, RS is able to draw water faster from the Com-WAP as compared to the other two soils 

and reached up to 90% saturation. On the other hand, the WAP-soil interface of all soil textures 

reached the near-saturated state (Degree of saturation > 95%) in the case of FA-WAP, which 

proves the effectiveness of synthesized FA-WAP for quick release and restoration of water 

content in the soil compared to Com-WAP. 
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Water release characteristics (WRC) of WAP 

 The water release kinetics from hydrated WAP of initial thickness of 30 mm in contact 

with initial dry soil are presented in Fig. 7(a) and (b). The change in GWCs of WAPs were 

recorded by dismantling the horizontal columns at different time intervals. The WRCs of 

hydrated WAP to dry soil is different from the kinetics of hydrated WAP to the atmosphere 

(Fig. 4a). The water release of WAP to initially dry soil is high in the beginning, which 

progressively decreases. The water release from WAP will continue till the saturation of the 

entire soil layer and at that point the curve becomes asymptotic with time axis. The water 

release rate was observed to be higher in FA-WAP than the Com-WAP, which gives an 

indication that dry soil particles can readily extract water from the former. Among the three 

soils, the coarse-grained soil (FS) column reached the saturated state in lesser time due to higher 

water permeability and less water demand (low saturated water content of FS). On the other 

hand, the fine-grained soil (RS) column absorbed maximum water from hydrated WAP because 

of its high initial soil suction and saturated water content (i.e., high available storage). The 

different combinations of soils and WAPs suggests better efficiency of FA-WAP and clay soil 

for higher WRC if sufficient amount of water is available in WAP.  

 The water release kinetics was quantified by fitting Eq. (1) to the measured data for 

both the WAPs. The fitted parameters, kinetic constant (𝑘1) and characteristic constant (𝑘2) are 

reported in Table 6 for all the experimental combinations. It can be observed that the value of 

kinetic constant (𝑘1) is exclusively dependent on the WAP type and independent of soil textures 

considered in this study. Mathematically, a lower value of 𝑘1 parameter suggests higher water 

release and accordingly FA-WAP has higher water release than Com-WAP. The value of 

characteristic constant (𝑘2) depends on soil type and a higher value of 𝑘2 suggest better release 

of water to the adjacent soil. Moreover, the value of 𝑘2 remains the same for different WAPs 

and not influenced by WAP type. These characteristics were consistent for WAP exposed to 
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the atmosphere as listed in Table 4. Therefore, the kinetic equation parameters serve as unique 

values for quantifying the WRC of a given WAP-soil combination.   

The water release rate from both WAPs to dry soils were further calculated using Eq. 

(2) for a better understanding of WRC and presented in Fig. 7(c)-(e). It can be observed that 

the initial water release rate from Com-WAP is quite less than FA-WAP for all the soil samples. 

This indicates that FA-WAP was able to release water quickly to the WAP-soil interface and 

the released water was further migrated to the remaining part of the soil column. The water 

release rate from both WAPs was found to be almost similar after 8 hrs, 10 hrs, and 10.5 hrs 

from the beginning of the test in the case of FS, BS, and RS, respectively. These observations 

suggested better performance of FA-WAP as compared to Com-WAP in terms of water release 

rate to dry soils.  

The above discussion further indicates that there was adequate water stored in the WAP 

(30 mm thick hydrated WAP) for the soil column to approach near saturation. However, the 

water release curve with 30 mm thick layer of hydrated WAP does not give clear indication 

about the water release into a soil with limited water availability. In case of extreme drying 

conditions, it is important to ensure that maximum amount of stored water inside WAP network 

is released back to soil.  Therefore, it is necessary to understand the performance of both WAPs 

when limited amount of water is available inside the WAP network. For this purpose, the water 

release characteristics of hydrated WAP with initial layer thickness of 20 mm and 10 mm were 

studied and presented in Fig. 8. It is explicit that an initial hydrated WAP layer thickness of 30 

mm is sufficient for all the soils to reach their saturated state. For an initial hydrated Com-

WAP layer thickness of 20 mm, FS was able to reach saturated water content, whereas BS and 

RS exhibited 85% and 74% saturation, respectively. This is expected due to the low porosity 

of FS as listed in Table 3. On the other hand, BS and RS exhibited 91% and 79% saturation, 

respectively in contact with the 20 mm thick layer of FA-WAP. 
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All the soil samples were found to be well below the saturated state for the initial 

hydrated WAP layer thickness of 10 mm due to the lower availability of initial water. It can be 

observed from Fig. 8 that the hydrated Com-WAP achieves a constant GWC of 29 (g/g) from 

an initial GWC of 279 (g/g) for both BS and RS in the case of 20 mm thick Com-WAP layer. 

The result indicates that this remaining water stored in the WAP, which is about 10% of its 

equilibrium water absorbency, could not be transferred to dry soil. Similarly, the final GWC of 

Com-WAP was close to 28 (g/g) when an initial layer thickness of 10 mm was considered. It 

is quite clear from the results that about 90% of the absorbed water inside the Com-WAP is 

available to dry soil. This may be due to the fact that the residual water molecules inside the 

WAP network are tightly attached to the negatively charged carboxyl group and unavailable 

for release into the soil. This observation is in good agreement with Yang et al. (2014) that 

reported higher water availability inside the WAP network may not result in higher water 

release due to these tightly absorbed water molecules in WAP chain. The final GWC of FA-

WAP (with equilibrium water absorbency of 310 g/g) was found to be 9 (g/g) and 8 (g/g) for 

the layer thickness of 20 mm and 10 mm, respectively, which is only about 3% of its 

equilibrium water absorbency. This indicates that 97% of the absorbed water is available to dry 

soil in case of hydrated FA-WAP. Therefore, FA-WAP not only absorbs higher amount of 

water due to its higher water absorbency but also releases higher percentage of the absorbed 

water into the dry soil. This is an essential parameter for utilization of WAP where sufficient 

amount of water may not be available for full hydration.  Based on these observations on 

limited water availability in WAP, it can be concluded that the laboratory synthesized FA-

WAP is more advantageous than Com-WAP under water stress conditions considering the 

water release characteristics.  

Summary and conclusions 



19 
 

The use of water absorbing polymer (WAP) for preserving soil moisture under extreme 

drought conditions necessitates the quantification of water release characteristics of WAPs to 

initially dry soils. The water release from WAPs to ambient atmosphere was characterized 

through evaporation experiments. The water release behaviour of a commercially available 

WAP (Stockosorb) and a FA-WAP (fly ash modified WAP) were studied in three different 

soils of varying particle size distribution and plasticity. The water release curves of the WAPs 

were established by performing absorption tests using horizontal soil column test setup in two 

different initial conditions of WAPs, including fully hydrated condition (i.e., sufficient water 

available inside WAP to achieve 100% saturation of soil) and limited water availability 

condition. The following conclusions were drawn from the present study, 

i) The rate of evaporation affect the efficiency of WAP when used in soils. The rate of water 

evaporation from FA-WAP to the atmosphere was found to be slower compared to the Com-

WAP due to the lower kinetic constant (𝑘1) of the former.  

ii) In case of the WAPs directly in contact with dry soils and the exposure time remaining the 

same, the wetting front advancement in the soils was faster with FA-WAP compared to the 

Com-WAP. The degree of saturation attained by the soils in contact with the FA-WAP was 

found to be higher (>95%) as compared to that with the Com-WAP, in which case the degree 

of saturation of the soils remained between 74% and 90%. The difference in the wetting front 

advancement is governed by the release characteristics of WAP and the negative pore-water 

pressure of dry soil.  

iii) The water release rate from WAPs to dry soils was found to be higher for the FA-WAP 

irrespective of the soil types considered in this study. The fine-grained soils used in this study 

(silt loam and clay loam) were found to draw more water from the WAPs as compared to the 

sand. The combination of the FA-WAP and the clay loam was found to be more efficient in 

terms of water release rate, particularly so when the WAP was fully saturated.  
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iv) The WAPs studied were found to release water to dry soils even under limited water 

availability conditions. About 90% of the absorbed water from Com-WAP and about 97% of 

the absorbed water from FA-WAP was found to be released to the dry soils. This indicates that 

partially hydrated WAPs can release the stored water to adjacent soils, and the amount depends 

on the characteristics of the WAP and the interacting soil.  

 The present study is the first to examine the water release characteristics (WRCs) of 

WAPs with different compositions when interacting with different soil types (sand, silt loam, 

and clay loam). The findings from the study suggested that the total absorbed water in WAP 

network is not available to dry soil even under water stress conditions, and the amount of water 

released depends on the WAP type. Therefore, the WRC of WAP in both fully hydrated 

condition and limited water availability condition govern the selection of WAPs to mitigate 

water stress in soil. The study is a stepping stone for creating a database of different WAP-soil 

combinations that can serve as a guideline for the selection of suitable WAPs for various 

geoenvironmental and agricultural applications.    
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Table 1. Basic physical properties of the soils 

Physical Properties Fine Sand 
Brahmaputra 

Soil 
Red Soil 

Designation FS BS RS 

Specific Gravity (G) 2.66 2.73 2.69 

G
ra

in
 S

iz
e 

D
is

tr
ib

u
ti

o
n
 (

%
) 

Gravel (> 4.75 mm) 0 0 0 

Coarse sand (2 mm – 4.75 mm) 14 0 0 

Medium sand (0.425 mm – 2 mm) 40 0 6 

Fine sand (0.075 mm – 0.425 mm) 46 32 19 

Silt (0.002 mm – 0.075 mm) 0 58 47 

Clay (< 0.002 mm) 0 10 28 

Uniformity coefficient (Cu) 6.2 2 NA 

Coefficient of curvature (Cc) 1.3 4.1 NA 

Liquid limit (LL) NA 31 40 

Plastic limit (PL) NA 21 19 

Plasticity Index (PI) [%] NA 10 21 

Cation exchange capacity (meq/100 g) NA 3 10 

USCS Classification  SP CL CL 

USDA Classification Sand Silt Loam Clay Loam 

Minerals present (XRD analysis) Quartz  Quartz, Calcite 
Quartz, 

Hematite 

*NA = Not Applicable/Negligible  
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Table 2. Basic properties of water absorbing polymers (WAPs) 

Parameters Com-WAP FA-WAP 

Chemical composition 
Crosslinked potassium 

polyacrylate 

Fly ash-crosslinked 

sodium polyacrylate 

Visual appearance Amorphous granules Amorphous granules 

Particle size (dry) 0.2 mm- 1 mm 0.2 mm- 2 mm 

Functional groups (FTIR 

spectrum) 

Hydroxyl (OH), carboxyl 

(COOH) 

Hydroxyl (OH), carboxyl 

(COOH), Si-O-Si bond 

pH 6.0- 7.0 6.5-7.5 

E
le

m
en

ta
l 

co
m

p
o
si

ti
o
n
s 

(%
) 

 

(F
E

S
E

M
-E

D
X

 a
n
al

y
si

s)
 

C 42.8 ± 1.1 49.8 ± 1.9 

O 36.8 ± 0.9 36.4 ± 1.5 

K 10.1 ± 0.8 0.5 ± 0.4 

N 8.4 ± 0.6 2.1 ± 3.1 

Na 0.8 ± 0.1 4.7 ± 0.3 

Si 0.2 ± 0.3 2.1 ± 0.1 

Ca 0 2.0 ± 0.2 

Al 0 1.1 ± 0.1 

Fe 0 0.9 ± 0.3 

Equilibrium water-absorbing 

capacity (g/g) 
279 310 

Equilibrium swelling time (hrs) 1.5 4 
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Table 3. Details of the initial compaction state of soils packed in column 

Parameters Fine Sand 
Brahmaputra 

Soil 
Red Soil 

Bulk density (g/cc) 1.8 1.75 1.6 

Dry density (g/cc) 1.78 1.7 1.5 

Void ratio (e) 0.49 0.61 0.79 

Porosity (n) 0.33 0.38 0.44 
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Table 4. Details of the desorption kinetic model parameters for WAPs dried at constant 

temperature and humidity (25°C and 50% RH) 

Desorption model parameter Com-WAP FA-WAP 

Kinetic constant (𝑘1) [hr] 0.8 0.95 

Characteristic constant (𝑘2) 0.0014 0.0015 

R2 0.99 0.99 

RMSE (g/g) 6.31 7.53 
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Table 5. Fitting parameters of evaporation loss characteristic curve (ELCC) for WAP-

atmosphere interaction 

Fitting parameters Com-WAP FA-WAP 

𝐸𝑅𝑠 0.124 0.103 

𝐸𝑅𝑟 0.03 0.03 

a (hr-1) 0.004 0.002 

n 7.25 5.32 

m 1.1 5.5 
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Table 6. Details of the desorption kinetic model parameters for WAPs in contact with dry soil column 

Parameters k1 (hr) k2 R2 RMSE (g/g) 

Fine Sand 

Com-WAP 0.06 0.006 0.99 5.31 

FA-WAP 0.024 0.0055 0.99 6.94 

Brahmaputra 

Soil 

Com-WAP 0.06 0.0042 0.99 7.27 

FA-WAP 0.024 0.004 0.99 3.94 

Red Soil 

Com-WAP 0.06 0.0037 0.99 5.97 

FA-WAP 0.024 0.0035 0.99 5.31 
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Fig. 1. Pictorial view of the dry and swollen WAPs with the surface morphology (at 1000X magnification) 
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Fig. 2. (a) Horizontal soil column test (HSCT) set up and soil column (b) at initial state and (c) after 24 hours 
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Fig. 3. Conceptual understanding of water release mechanism from hydrated WAP to initially dry soil 
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 Fig. 4. (a) Water release kinetics and (b) variation of evaporation rate with time for hydrated WAP exposed to atmosphere 
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Fig. 5.  Wetting front advancement through (a) FS, (b) BS, and (c) RS in contact with the hydrated WAP
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Fig. 6. Volumetric water content-time variation at different distances from the WAP-soil interface for (a) FS, (b) BS, (c) RS with Com-WAP 

and (d) FS, (e) BS, (f) RS with FA-WAP 
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Fig. 7. Water release kinetics of for Com-WAP in contact with (a) FS, (b) BS, (c) RS and FA-WAP in contact with (d) FS, (e) BS, (f) RS  
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Fig. 8. WRC (water release characteristics) of (a) 20 mm thick layer of Com-WAP, (b) 

10 mm thick layer of Com-WAP, (c) 20 mm thick layer of FA-WAP and (d) 10 mm 

thick layer FA-WAP 


