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Abstract

Global water scarcity and increasing amount of polymer waste pose two major environmen-
tal challenges that require urgent attention. One approach to addressing both these issues 
consists of the reuse of superabsorbent polymer (SAP) gels derived from baby diaper waste 
for water retention in agriculture. The present study aims to compare the water retention 
properties of three types of diaper SAP gels soaked with artificial urine with agrogel Aqua-
sorb on two different soil substrates: sand and light loam. The soil hydrological constants 
were estimated using water retention curves obtained by equilibrium centrifugation of 
soil/gel mixtures containing 0.5 vol% gel. It was observed that the diaper gels soaked with 
artificial urine have almost the same degree of swelling and provide the same range of water 
available to plants as agricultural gel Aquasorb treated with the same urine—the effect 
of all the studied gels being more pronounced in a sand substrate. Washing from urine 
followed by sterilization enhances the gel swelling and water range available for plants, 
making these characteristics higher than those of agrogel. The water-retention properties of 
the sand/gel mixtures were maintained during several wetting/drying cycles. Moreover, 
the sterilized diaper gels similar to Aquasorb can restructure the sand substrate, reducing 
the pore volume, which makes them have potential to improve the erosion resistance of soil. 
The addition of GooN diaper gel to loamy soil improved the seedling growth of mustard 
(Brassica juncea L.) in a similar way to the agricultural gel Aquasorb and did not cause 
phytotoxic effects. Furthermore, the impact of diaper gels on seed germination was even 
greater than that of Aquasorb. Given these properties, diaper gels hold high potential 
for improving soil water retention and plant water availability, making them a promising 
alternative to traditional agricultural SAP products like Aquasorb.

Keywords: hydrogels; cross-linked polymers; superabsorbent polymers; swelling; water 
retention capacity

1.  Introduction
The production of synthetic polymers has been increasing steadily over the years [1,2], 

as they are extensively used in various industrial applications significantly affecting ev-
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ery aspect of our daily lives. In the last two decades, plastic production has more than 
doubled [3], reaching 430.9 million tons in 2024 [4], which is roughly equivalent to the 
weight of 1200 Empire State Buildings [1,5]. This rapid growth, however, has led to serious 
environmental concerns, as only 9% of plastic waste is recycled [3], and this is mainly due 
to the widespread use of single-use products such as diapers. Cleaning up the planet’s 
environment from polymer waste has been identified as one of the most urgent global 
challenges of our time [6]. To address this problem, one approach is to find ways to give 
second life to single-use polymer materials.

Another major issue today is water scarcity. Agriculture is one of the main areas 
responsible for water shortage. Nearly 70% of water usage comes from farming, and in 
some developing countries, it increases to 95% [7]. Overall, water scarcity affects 40% of 
the world’s population, and this number is on the rise [8].

To diminish water consumption in agriculture, superabsorbent polymer (SAP) gels 
are used. They reduce water loss through drainage and evaporation and act as reservoirs 
that slowly release water to plant roots [9–16]. Additionally, hydrogels may improve soil 
structure by affecting porosity [15,17–19]. Agriculture SAP uses, supported by precision 
irrigation programs, can reduce water use by 35% [20].

Around 280,000 tons of SAP gels are produced annually for agricultural purposes [21,22]. 
From an ecological perspective, it would be more beneficial to use naturally derived, 
biodegradable SAPs. However, at present, most SAPs on the market are synthetic [20]. The 
agricultural gels are made from copolymers of potassium acrylate and acrylamide [8,9] 
and have close composition to diaper SAP gels, which are typically composed of sodium 
polyacrylate crosslinked with poly(ethylene glycol) diacrylate [23]. Annually, 2.4 million 
tons of disposable diaper SAPs are wasted after a single use, while agriculture only requires 
12% of this amount [21,22]. Therefore, reusing only 12% of the diaper SAPs in agriculture 
could address two pressing issues at once: the environmental impact of diaper waste and 
water scarcity in agriculture.

By now, there are only a few studies [24–27] demonstrating the possibility of using 
SAP from baby diapers to retain water in soil. They show that sandy [24] and red [25] 
soils mixed with diaper SAP gels lose water more slowly than untreated soil, and the 
water holding capacity of soil with recovered SAP only slightly decreases during several 
wetting/drying cycles, allowing their efficient use over long periods of time [26,27]. Also, 
the addition of recovered SAP to soil enhances the growth of seedlings of bean (Phaseolus 
vulgaris L.), pumpkin (C. pepo) [24] and mustard (Brassica juncea L.) [27] and favors tomato 
plant growth [25].

All studied water retention characteristics of diaper SAPs were shown to be comparable 
to those of typical agricultural gel Aquasorb, including the degree of swelling and the 
available water range (AWR) for plants. For instance, for SAP gels removed from three 
types of diapers: Huggies, GooN, and Merries, the AWR values range from 11 to 16 wt%, 
while for Aquasorb it is 13 wt%. Furthermore, diaper gels expand more rapidly in the pores 
of sand compared to agricultural gel, which is particularly beneficial for sandy soils that 
have a high rate of infiltration and therefore need rapid water retention by the gel [27,28]. 
However, the comparison with agrogel was only performed with diaper gels that had never 
come into contact with urine. At the same time, reusing diaper SAP waste is suggested to 
involve washing it with water and sterilization [24,25]. These processes can affect the water 
retention characteristics of SAP. However, the effect of washing and sterilization on gel swelling 
capacity and water retention has never been studied before. Hydrogels have the potential to 
improve not only the water-holding capacity of soil but also its porosity [29,30], which can 
help protect soil from wind erosion [31,32]. To the best of our knowledge, no experiments 
determining the effect of diaper gels on soil porosity have been conducted by now.
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The aim of this study is to compare the water retention capacity and porosity of soil 
substrates mixed with diaper SAP gels treated with artificial urine with those of a typical 
agricultural gel Aquasorb. Artificial urine was used to eliminate the variability in composition 
that naturally occurs in real human urine, and to ensure more reliable and comparable results. 
Two types of model soil substrates were used: sand and light loam. In the first part of the paper, 
gels that had been preliminarily swollen with artificial urine and then dried were examined. 
Diaper gels thus prepared have a similar degree of swelling and provide similar AWR as 
agrogel Aquasorb treated with the same urine. In the second part, gels washed from urine 
and then sterilized and dried were investigated. These gels have a higher degree of swelling 
than Aquasorb and provide higher AWR, which may be due to their partial destruction at 
high temperature during sterilization. Also, they reduce the pore volume of sand substrate, 
which is promising for protecting soil from wind erosion. Finally, seed germination and seed 
growth tests are presented. They show that compared to agrogel, diaper gels have the same 
effect on seed growth but are more effective at enhancing seed germination.

2.  Results and Discussion
2.1.  Gels Without Washing from Urine and Sterilization

In the first set of experiments, we used dried SAP gels that were removed from diapers 
and soaked in artificial urine. Table 1 shows the degree of swelling of these gels by water, 
including free swelling without any external mechanical constraint and restricted swelling 
in sand and soil pores. It is seen that at free swelling, diaper gels absorb a large amount of 
water (300–480 g/g). Figure 1 shows the photographs of gels before and after free swelling. 
Such extensive swelling is due to the electrostatic repulsion between charged groups on the 
network chains and the osmotic pressure exerted by their counterions [33].

Table 1. The equilibrium degree of swelling of hydrogels by water in different media including free 
swelling without constraints and the confined swelling within sand and light loamy soil pores *.

Gel Sample Free
Swelling

Swelling
in Sand Pores

Swelling
in Loamy Soil Pores

Huggies 480 ± 20 85 ± 5 23 ± 2
Merries 300 ± 20 78 ± 5 21 ± 2
GooN 340 ± 20 88 ± 5 18 ± 1

Aquasorb 300 ± 15 72 ± 5 25 ± 2
* 0.5 vol% of gels in sand or soil.

Figure 1. Photographs of dry (a) and swollen (b) diaper gel Huggies. Inserts: optical microscopy 
images of individual gel particles.
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Note that the degree of swelling in water for gels preliminarily soaked in artificial 
urine is rather close to that of naked gels previously reported [27]. At the same time, 
it can be expected that the salt released from gels swollen in artificial urine would limit 
their swelling due to the screening of electrostatic repulsion and the reduction in osmotic 
pressure of the counterions. However, since the volume of water was 1000-fold higher 
compared to the gel volume, the salts released from the gel do not appreciably increase 
the ionic strength of the solution. One can estimate that, if the salt ions were distributed 
evenly between the gel and the solution, the ionic strength of the solution would be as 
low as 0.0001 M. Such small ionic strength does not affect the degree of swelling of SAP 
gels. The degree of free swelling of Huggies and GooN diaper gels is higher than that of 
agricultural gel Aquasorb (Table 1). The highest degree of free swelling is observed for 
Huggies gel. It absorbs 480 g of water per 1 g of dry polymer, while Aquasorb absorbs 
1.6 times less water. The degree of free swelling for Merries diaper gel (300 g/g) is the same 
as that of Aquasorb (Table 1). A similar degree of swelling (310 g/g) was observed for SAP 
gels collected from diaper waste in Ref. [26]. These high degrees of swelling are observed 
at free swelling in distilled water. Salts and water hardness always reduce swelling, as has 
been demonstrated numerous times [27,33–37]. Monovalent salt ions screen electrostatic 
repulsion and decrease the osmotic pressure of counterions, whereas multivalent ions 
(such as Ca2+ , Mg2+  ions responsible for water hardness) can additionally crosslink the 
gel by binding to carboxylate groups belonging to different subchains [27,33–37]. Note 
that in monovalent salt solutions, the degree of free swelling of polyelectrolyte gels still 
remains very pronounced. For the diaper SAP gels studied (Huggies, Merries, and GooN) 
and the Aquasorb gel, the degree of swelling in NaCl solution does not decrease below 
42–47 g/g [27].

Compared to free swelling, confined swelling within sand or soil pores is significantly 
smaller (Table 1). This can be explained by two factors: first, the limited space available for 
swelling, as well as the mechanical constraints imposed by sand or soil particles that sur-
round the gel species [38,39]; second, the presence of urine salts within the gel, which screen 
the electrostatic repulsion and reduce the osmotic pressure of the counterions (Figure 2). 
During swelling in sand/soil pores, some of the urine salts are expected to remain within 
the gel because much less water is used for swelling as compared to free swelling. One can 
discriminate between the contributions of these two factors by comparing the swelling of 
naked and urine-containing gels. For instance, the degree of swelling of naked GooN gel in 
sand is 250 g/g, while that of GooN gel containing urine is 88 g/g. Therefore, the decrease in 
swelling from 340 g/g (free swelling without urine) to 250 g/g (confined swelling without 
urine) is due to the limited space and the mechanical constraints, while the decrease from 
250 g/g (confined swelling without urine) to 88 g/g (confined swelling with urine) is due 
to urine salts (Figure 3a). A similar situation is observed for Aquasorb. The decrease in 
swelling from 300 g/g (free swelling without urine) to 200 g/g (confined swelling without 
urine) is due to the limited space and the mechanical constraints, while the decrease from 
200 g/g (confined swelling without urine) to 72 g/g (confined swelling with urine) is due 
to urine salts (Figure 3b).

Table 1 shows that in the sand pores, the diaper gels have a degree of swelling of 
72–88 g/g. The highest degree of swelling is observed for GooN gel, which is 1.2 times 
higher than for Aquasorb (Table 1). In light loamy soil pores, the degree of swelling is lower 
than in sand (18–23 g/g for diaper gels and 25 g/g for Aquasorb), indicating that the swelling 
depends on the specific confining environment, which is in agreement with theoretical 
considerations [38]. In light loam, the Aquasorb gel seems to be slightly more effective than 
diaper gels, although the difference is within the margin of error (Table 1). Therefore, the 
diaper gels efficiently absorb water in both water solution and substrate pores. In water 
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solution, some of them absorb even more water than agricultural gel Aquasorb, while in 
sand/soil pores, the absorption ability of both diaper and agricultural gels becomes similar.

Figure 2. Schematic illustration of free swelling of the gel particles in a large volume of water (a) and 
confined swelling of the gel particles in sand or soil substrate (b).

Figure 3. Degree of swelling of the diaper gel GooN (a) and the agricultural gel Aquasorb (b) in 
three different situations: free swelling without urine, confined swelling in sand without urine, and 
confined swelling in sand of the gel that had been soaked with urine.

For agricultural purposes, a more significant factor is not the overall amount of water 
absorbed by the hydrogel, but the amount of water available for plants AWR. To determine 
it, the water retention curves of the sand/soil substrate containing gels are used. Water 
retention curves demonstrate the relationship between the soil water content W and the 
soil water pressure head pF. The pF value is a logarithmic measure of suction or tension 
created by the soil’s solid particles that hold water in the soil. To vary the pF value in our 
studies, equilibrium centrifugation at different rotation rates was employed [40]. The water 
retention curves for sand mixed with different types of gel are presented in Figure 4a. It 
is seen that the curves for sand with gel are strongly shifted toward higher water content 
compared to the curve for pure sand. The greater the water content at a given water pressure 
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head, the more effectively it can retain water. Therefore, all sand samples containing gel 
have a much higher water retention capacity than pure sand. Moreover, diaper gels offer a 
similar enhancement in water retention as the agrogel. 

Figure 4. (a) Water retention curves for sand without additives (stars) and for sand with 0.5 vol% of 
gels that have been preliminarily swollen with artificial urine and dried: diaper gels Huggies (circles), 
Merries (squares), GooN (triangles) and agricultural gel Aquasorb (diamonds). All sand/gel samples 
were preliminarily saturated with water. Full lines on water retention curves depict the fitting of 
the experimental data with the van Genuchten equation [41]. (b) Pore size distribution for the 
same samples.

As the pF value increases, the water retention capacity W becomes smaller (Figure 4a). 
The water retention curve can be divided into three zones based on pF values (Figure 5). In 
the first zone, at pF values below ca.2.48 (−33 kPa), the water pressure head is weak, and 
water can drain freely. This concerns mainly water that is held in larger pores. At pF 2.48, all 
excess rain or irrigation water has been completely drained away from soil by gravity. In the 
second zone, at pF values between 2.48 and 4.18, soil contains water retained by adsorption 
and capillary forces, which can be accessed by plants. This corresponds to water held in 
smaller pores. Finally, in the third zone, at high pF values above 4.18 (−1500 kPa), the water 
pressure head becomes so strong that water is tightly held on the surface of the soil particles, 
making it inaccessible to plants. From the water content corresponding to the transition 
between these three zones for a given system, some soil-hydrophysical characteristics can be 
estimated [18,40,42]. The first of them is the field water capacity (FWC), which represents 
the amount of water that is retained in the soil by adsorption and capillary forces after 
the drainage has stopped [42]. It can be estimated from water content in soil W at the 
point of water retention curve corresponding to pF 2.48. The second characteristic is the 
wilting point (WP), which characterizes the soil water inaccessible to plants as it is firmly 
held at the surface of soil particles [42]. It can be estimated from water content in soil W 
at the point of water retention curve corresponding to pF 4.18. The third characteristic is 
AWR, which represents the range of water available to plants. It can be estimated from the 
difference between FWC and WP values: AWR = FWC − WP. The values thus obtained are 
summarized in Table 2. One can see that after the addition of gels, the FWC increased more 
than 6-fold, reaching 24–27 wt%, which is typical for fertile loamy soils with a high content 
of organic carbon [40,43]. The WP increased by an order of magnitude. At the same time, 
AWR becomes 2.5–3 times higher than for sand. Note that for diaper gels, the available 
water range for plants is the same as for the agricultural gel treated with urine. However, 
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when compared to Aquasorb without urine, the AWR values of diaper gels are half as high. 
Thus, diaper gels containing absorbed urine are less effective in providing water for plants 
than Aquasorb without urine. Therefore, it is desirable to pre-wash these gels to remove 
urine before using them. 

Figure 5. Illustration of the estimation of the soil-hydrological constants FWC and WP on an example of 
water retention curve for sand with 0.5 vol% of Huggies gel containing artificial urine. pF = log(−P), 
where P is the water pressure head in cm. Dotted lines represent straight lines with pF = 2.48 (line 1) 
and pF = 4.18 (line 2), which limit the zones of drainage water, water available to plants, and water 
inaccessible to plants. The points of intersection of lines 1 and 2 with the water retention curve 
are used to estimate the soil-hydrological constants FWC and WP, respectively. From the difference 
between FWC and WP values, the range of water available to plants, AWR is determined. Full line 
depicts the fitting of the experimental data with the van Genuchten equation [41].

Table 2. Hydrophysical characteristics of sand loaded with 0.5 vol% of different gels that have been 
preliminarily swollen with artificial urine and then dried.

Gel Field Water 
Capacity FWC, %

Wilting Point 
WP, %

Available Water 
Range AWR, %

Huggies 24 ± 1 19 ± 1 6 ± 2
Merries 27 ± 1 21 ± 1 6 ± 2
GooN 25 ± 1 20 ± 1 5 ± 2

Aquasorb 26 ± 1 21 ± 1 5 ± 2
Aquasorb without urine 59 ± 1 46 ± 1 13 ± 2

No gel * 4.0 ± 0.2 1.8 ± 0.1 2.0 ± 0.3
* Control sample (sand without gel).

The pore size distribution curves (Figure 4b) calculated from water retention curve 
show that the dominant pore sizes in pure sand range from 0.0001 to 0.1 mm, with a 
maximum at 0.01 mm. The addition of urine-containing gels leads to a slight widening 
of the pore size distribution, with the maximum shifting toward slightly smaller sizes 
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(0.007–0.008 mm). Therefore, gels do not significantly alter the pore structure. Diaper gels 
act similarly to the agricultural gel.

In light loamy soil, gels also increase water retention capacity (Figure 6a), but the effect 
is less significant than for sand (Figure 4a). This occurs because pure light loamy soil initially 
holds more water than sand at the same tension, which is due to its larger surface area and tiny 
pores [44,45]. Indeed, the maximum on pore size distribution in the light loamy soil is only 
0.0006 mm, instead of 0.01 mm in sand (Figures 6b and 4b). A similar smaller effect of SAP 
gels on loamy soil as compared to sand was previously reported in many papers [29,40,46]. 

Figure 6. (a) Water retention curves for light loamy soil without additives (hexagons) and for 
soil with 0.5 vol% of added gels soaked in artificial urine and then dried: diaper gels Huggies 
(circles), Merries (squares), GooN (triangles) and agricultural gel Aquasorb (diamonds). All samples 
were preliminarily saturated with water. Full lines on water retention curves depict the fitting of 
the experimental data with the van Genuchten equation [41]. (b) Pore size distribution for the 
same samples.

Table 3 shows that in light loam, gels increase the FWC and AWR values by only 
up to 40%. The diaper gels provide even slightly higher FWC and AWR values than the 
agricultural gel with urine, but when compared to Aquasorb without urine, their FWC and 
AWR values are somewhat smaller.

Table 3. Hydrophysical characteristics of light loamy soil loaded with 0.5 vol% of different gels that 
have been preliminarily swollen with artificial urine and then dried.

Gel Field Water 
Capacity FWC, %

Wilting Point 
WP, %

Available Water 
Range AWR, %

Huggies 47 ± 2 20 ± 1 26 ± 3
Merries 46 ± 2 21 ± 1 24 ± 3
GooN 47 ± 2 23 ± 1 24 ± 3

Aquasorb 45 ± 2 22 ± 1 23 ± 3
Aquasorb without urine 52 ± 2 22 ± 1 30 ± 3

No gel * 34 ± 1 16 ± 1 18 ± 2
* Control sample (light loamy soil without gel).

Thus, water-swelling and water-retention studies have shown that diaper gels con-
taining urine increase the water content in sand and light loam, similar to agricultural gel 
treated with urine. However, the increase is less pronounced than for Aquasorb without 
urine. Therefore, it would be advisable to wash these gels before use in order to remove 
any urine. Furthermore, the washing is also an essential step of gel sterilization [24–26,47].
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2.2.  Gels After Washing from Urine and Sterilization
Nowadays, it is recommended that diaper sanitary products be reused after they have 

been washed with water and sterilized to remove pathogens [24–26,47]. Sterilization is often 
done by heating them in an oven for 15 min at 125 °C [24–26]. Such treatment inactivates 
all fungi, bacteria, viruses and also bacterial spores, which can be quite resistant to some 
other methods [48]. Since washing from urine and sterilization represent necessary steps 
in the reuse of diaper waste, it is important to estimate how these processes affect the water 
retention properties of the diaper gels. For these studies, sand was used as a model soil, as 
it allows for more pronounced effects of SAP gels and the need for SAP gels in sandy soils 
is greater than in other types of soil [49].

Figure 7a shows that, after washing and sterilization, diaper gels have a much higher 
degree of free swelling in water than the agricultural gel. Just washing (without sterilization) 
does not affect the degree of swelling at all. Therefore, the increased swelling of sterilized 
gels is due to thermal treatment. We believe that this is most likely due to the partial 
destruction of the polymer network during heating. By gravimetric measurements it was 
demonstrated that heating does not cause the leaching of polymer from any of the gels. This 
indicates that partial gel destruction does not lead to the removal of polymer fragments, 
but rather affects the internal structure of the gels, for example by increasing the mesh 
size. Taking into account that diaper gels are typically made from sodium polyacrylate 
crosslinked with poly(ethylene glycol) diacrylate [23], one can suggest that the increase in 
swelling could be caused by the breaking of bonds in the polyacrylate backbone and in the 
poly(ethylene glycol) cross-links, since C-C and C-O bonds have rather close energies [50]: 
83 and 85.5 kJ/mol, respectively. One could also imagine some other reasons for the 
increased gel swelling. For example, this could be due to the release of salt ions from 
the gel, leading to increased electrostatic repulsion within the gel and reduced osmotic 
pressure of counterions. However, in the current gels, salt ions have already been removed 
during washing. Another possible reason is that the degree of charging of the gel may 
increase during heating. However, the gels were already highly charged as follows from 
the potentiometric titration data [27], so additional charged units would not significantly 
contribute to swelling due to counterion condensation on highly charged polymer chains. 
Therefore, partial destruction of the network appears to be the most likely reason for 
the enhanced swelling. It is worth noting that a similar increase in the degree of free 
swelling (from 300 to 390 g/g) occurs when agrogel Aquasorb, soaked with artificial urine, 
is subjected to the same washing and heating conditions.

The increase in swelling of the washed and sterilized gels is more pronounced when they 
are mixed with sand (Figure 7b). Two reasons can be responsible for this effect: (i) partial 
destruction of the polymer network during sterilization, which increases the ability of the 
gel species to squeeze into the pores between sand grains; (ii) the presence of residual urine 
salts before washing, since swelling in sand pores involves a much smaller volume of water 
compared to free swelling. The first reason increases the swelling of the gel after washing and 
sterilization; the second reason decreases the swelling of the gels before washing.

Note that at confined swelling in the mixture with sand, the degree of swelling of the 
washed and sterilized gels (without urine) is higher than for the unsterilized gels (without 
urine). For example, the washed and sterilized GooN gel has a degree of swelling in sand 
of 370 g/g (Figure 7b), while unsterilized GooN gel without urine—250 g/g (Figure 3a). 
This increase may be due to the partial destruction of polymer network. At the same time, 
the degree of swelling of unsterilized GooN gel with urine (88 g/g) is smaller than for 
unsterilized gel without urine (250 g/g), which is due to residual urine salts, decreasing 
swelling. Thus, the effect of residual urine salts limiting gel swelling seems to be more 
pronounced than the effect of network partial destruction.
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Figure 7. Degree of swelling of diaper gels before (shaded) and after (unshaded) washing from urine 
and sterilization at free swelling in water (a) and confined swelling in the mixture with sand (b). 
Dashed line shows the degree of swelling of Aquasorb gel (without urine) not subjected to washing 
and sterilization.

It is important to note that the degree of swelling of sterilized diaper gels in sand is 
1.75–1.85 times greater than that of unsterilized agricultural gel (Figure 7b). Unsterilized 
Aquasorb was taken for comparison as this gel does not need to be sterilized for application 
in agriculture. Figure 8a shows the water retention curves of sterilized diaper gels compared 
to unsterilized Aquasorb. The Aquasorb sample was not preliminarily treated with artificial 
urine, as sterilized diaper gels were washed to remove any traces of urine. One can see that 
the diaper gel curves are strongly shifted to higher water contents, reflecting their greater 
degree of swelling. The sterilized diaper gels have two-fold higher FWC and WP values 
than Aquasorb, and 1.2–1.8 times higher AWR (Table 4). Thus, sterilized gels provide more 
water available for plants than unsterilized agrogel.

Figure 8. (a) Water retention curves for sand with 0.5 vol% of diaper gels that have been preliminarily 
swollen with artificial urine, washed of it and then sterilized for 15 min at 125 °C and dried: Huggies 
(circles), Merries (squares) and GooN (triangles). Unsterilized agricultural gel Aquasorb (diamonds) 
that has not been pre-swollen with artificial urine is taken as a control sample. Full lines on water 
retention curves depict the fitting of the experimental data with the van Genuchten equation [41]. 
(b) Pore size distribution for the same samples.
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Table 4. Hydrophysical characteristics of sand loaded with 0.5 vol% of different gels that have been 
preliminarily swollen with artificial urine and then washed, sterilized and dried.

Gel Field Water 
Capacity FWC, %

Wilting Point 
WP, %

Available Water 
Range AWR, %

Huggies 110 ± 2 91 ± 2 19 ± 4
Merries 110 ± 2 94 ± 2 16 ± 4
GooN 113 ± 2 89 ± 2 24 ± 4

Aquasorb without urine * 59 ± 2 46 ± 1 13 ± 3
No gel ** 4.0 ± 0.2 1.8 ± 0.1 2.0 ± 0.3

* Unsterilized Aquasorb, which was not preliminarily treated with artificial urine. ** Control sample 
(sand without gel).

Figure 8b demonstrates that sterilized gels significantly affect the sand pore structure. 
The radii of the dominant pores shift toward the micropore region (from 0.01 mm to 
0.002 mm), and the pore size distribution significantly expands. Such effect was previously 
observed, for instance, for the gels of copolymers of acrylamide and acrylic acid salts, filled 
by wastes of biocatalytic production of acrylamide, salts of humic acids and dispersed 
peat with additives of ionic silver [51,52]. It was attributed to the aggregation of mineral 
substrate grains induced by the gel [52]. The observed changes in pore size distribution 
suggest that sterilized gels have the potential not only for water retention, but also for soil 
restructuring, allowing the formation of organo-mineral aggregates that can protect sand 
from wind erosion [31,32]. Erosion resistance is often explained by the stabilization of the 
soil structure and the increased resistance of soil particles to movement by wind due to 
multiple interactions between polymer chains and complementary regions on the surface 
of soil particles [53]. The gel-induced aggregation was only observed for diaper gels after 
washing and sterilization. This can be explained by higher swelling of these gels, when 
the urine is removed (Figure 7). The displacement of the pore size distribution in the 
sand/Aquasorb mixture towards lower pore radii in the case of pure Aquasorb (Figure 8b), 
as compared to Aquasorb treated with urine (Figure 4b), counts in favor of this suggestion. 
Thus, upon removal of urine, the diaper gels affect the pore size distribution of the sand in 
a manner similar to that of pure agrogel.

As the SAP gels in the soil go through repeated wetting/drying cycles [54], it is crucial 
to assess their ability to retain water during these cycles. To achieve this, we measured 
few water retention curves consecutively for the same sand/gel mixture, while removing 
the absorbed water through centrifugation and then allowing water reabsorption under 
ambient conditions. From Figure 9, one can see that after five wetting/drying cycles, the 
water content in the sand loaded with the gels remains relatively stable. All variations 
are within the margin of error, suggesting that all gels, including sterilized diaper gels 
and Aquasorb, maintain their water-holding properties even after multiple wetting/drying 
cycles. A similar negligible effect of cyclic water rewetting was observed previously for 
naked SAP gels from Huggies, Merries and GooN diapers that have not come into contact 
with urine [27], as well as for gels removed from diaper waste containing urine [26]. This 
similar behavior of SAPs from different diaper brands may be due to the similar composition 
and structure of these SAPs.

Thus, washing diaper gels of urine and sterilizing them significantly increase their 
degree of swelling, especially when mixed with sand, causing an increase in water available 
to plants. These results indicate that diaper gels could be a promising option for use in 
agriculture for water retention.
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Figure 9. The variation in the water content W in sand/gel mixtures containing 0.5 vol% of sterilized 
diaper gels Huggies (a), Merries (b) and GooN (c) and unsterilized Aquasorb (d) gel after reswelling 
following the loss of absorbed water due to centrifugation.

2.3.  Germination and Seedling Growth
The effect of diaper gel on mustard (Brassica juncea L.) seed germination and seedling 

growth was investigated. For this aim, sterilized GooN diaper gels and light loamy soil 
were used. The results were characterized by five values: fresh weight per seedling, shoot 
and root lengths, germination percentage and germination index (Figure 10, Table 5). The 
germination percentage is the proportion of seeds that have sprouted out of the total number 
of seeds that were examined [26,55]. Germination index GI integrates both the number of 
germinated seeds and the speed of germination (represented by root length L) [56]:

GI =
𝐺
𝐺0

⋅
𝐿
𝐿0

⋅ 100% (1)

where G0  and L0  refer to the control state in the absence of gel. Thus, the germination index 
provides a comprehensive measure of seed viability and early seedling vigor.

Table 5 shows that the addition of diaper gel to the soil results in an improvement in 
both seed germination and seedling growth. In the presence of diaper gel, the fresh weight 
per seedling doubles, while shoot and root lengths increase by 40% and 28%, respectively. 
The germination percentage increases by ca. 74%. The germination index GI doubles, 
reaching a value of 225% (Table 5). Note that the germination index is a widely used and 
sensitive marker for assessing phytotoxicity [57,58]. The obtained GI value well above 
60% indicates that the diaper gel does not exhibit phytotoxicity and is safe for plants [57]. 
Table 5 shows that the effect of the diaper gel on the fresh weight per seedling, shoot, and 
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root lengths is similar to that of the agrogel Aquasorb, but the germination percentage and 
germination index of plants grown with diaper gel are even higher than those of plants 
grown with Aquasorb.

Figure 10. Illustration of improving mustard (Brassica juncea L.) seed germination and seedling 
development by adding diaper GooN gel and agricultural gel Aquasorb.

Table 5. Growth parameters of the mustard plant Brassica juncea L. in light loamy soil containing 
0.5 vol% dried SAP gels.

Gel Fresh Weight per 
Seedling, mg

Shoot Length,
mm

Root Length,
mm

Germination
Percentage, %

Germination
Index, %

GooN 11.1 ± 1.0 18.4 ± 1.1 41.6 ± 1.4 75 ± 2 225 ± 12
Aquasorb 11.2 ± 1.0 19.5 ± 1.1 41.8 ± 2.7 58 ± 2 174 ± 14
No gel * 5.8 ± 0.6 13.2 ± 0.7 32.5 ± 1.3 43 ± 2 100

* Control sample (soil without gel).

Therefore, using GooN as an example, we demonstrated that while diaper gels promote 
mustard plant growth similarly to Aquasorb gel, their effect on seed germination is even 
more significant. Based on this short-term five-day test, no acute phytotoxicity of diaper gel 
was detected.

3.  Conclusions
In this paper, for the first time, the effect of washing and sterilization on the water-

retention ability of urine-containing diaper SAP gels was examined. For this aim, the gels 
collected from three different diaper brands (Huggies, Merries, and GooN) and treated 
with artificial urine were used. The results for diaper gels are compared with those for the 
agricultural gel Aquasorb, which has not undergone washing and sterilization, as such 
treatment is not required for its use in agriculture. It is shown that after washing from urine 
and thermal sterilization, the diaper gels can be more effective at retaining water in soil than 
Aquasorb. They have a higher degree of swelling in both water and sand pores, and they 
provide higher AWR to sand. Similar to Aquasorb, washed and sterilized diaper gels can 
restructure the sand substrate, reducing the pore volume and making the substrate more 
resistant to erosion. Tests on seed germination and seedling growth, performed using GooN 
gel as an example, show that diaper gels are safe for plants, and their ability to promote 
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seedling growth is close to that of the agrogel, but their enhancement of seed germination 
is even more significant.

Thus, gels derived from diapers have similar or even better properties than agricultural 
gels do and therefore, they could be a good alternative to conventional agricultural gels as 
soil additives, providing plants with water.

In future studies, it would be interesting to verify the key findings of this investigation 
using SAPs derived from diaper waste that has been treated with real human urine, which 
has a much more complex and variable composition compared to artificial urine. Addi-
tionally, the potential applications of diaper SAP gel for other agricultural uses, such as 
controlling fertilizer delivery and improving soil texture and aeration, should be explored.

4.  Materials and Methods
4.1.  Materials

The SAP gels from three different diaper brands were used: Huggies Dry Nights, size 
XXXL (Jaromer, Czech Republic), Merries Walker, size L (Tokyo, Japan), GooN Premium 
Soft, size L (Daio Paper Corporation, Fujimi, Japan). The SAP particles were removed from 
the absorbent pads of the diapers by separating them from the cellulose fibers manually. 
The agrogel Aquasorb 3005 KM from SNF (Andrézieux, France) was used for comparison. 
The histograms of the size distribution of both diaper and agricultural gel particles under 
study are presented in [27]. These histograms show that the sizes of all gel particles lie 
between 0.2 and 0.7 mm [27]. The content of charged carboxylate groups in diaper gels 
is 3.5–3.7 mmol per gram of dry gel, while for Aquasorb, it is only 1.8 mmol, as was deter-
mined by potentiometric titration previously [27]. The elemental analysis data show [27] 
that diaper gels do not contain N at all, indicating that N,N′-methylenebisacrylamide was 
not used as a crosslinker.

The loamy soil containing 91% turf, 5% sand, and 4% perlite from Nevatorf (Fornosovo, 
Leningrad region, Russia) was used as a model soil. Its bulk density was 1.27 g/cm3 . The 
monomineralic quartz sand from Polimerpro (Kirov, Russia) was taken as another model 
soil. Its bulk density was 1.57 g/cm3 . The sand grains ranged in size from 1 to 1.6 mm, with 
the volume fraction of pores of 0.42 [27].

Throughout the study, a distilled, deionized water purified by the Millipore Milli-
Q system (Burlington, MA, USA) was used. The artificial urine with the composition 
presented in Table 6 closely mimicking healthy individuals’ urine was prepared following 
the protocol described in [59], except that it did not contain creatinine. The concentrations 
of its components are within the range of those found in human urine [60].

Table 6. Formulation of the artificial urine used in this study.

Chemical Compound Formula Concentration, g/L

Urea CO(NH2 )2 16.67
Sodium chloride NaCl 6
Ammonium chloride NH4 Cl 2
Disodium hydrogen orthophosphate dodecahydrate Na2 HPO4 ·12H2 O 4.22
Potassium dihydrogen orthophosphate KH2 PO4 1.67
Sodium sulfate Na2 SO4 1

4.2.  Free Swelling
To study the free swelling, ca. 60 mg of dried gel particles were placed in 60 mL of 

distilled water and left for one day. After that, the particles were removed and weighed. 
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All experiments were performed three times. The degree of swelling was calculated using 
the following equation [31]:

𝑄 =
𝑚sw − 𝑚dry

𝑚dry
(2)

where msw  and mdry  represent the mass of the swollen and dry gel, respectively.

4.3.  Swelling in Soil Pores
To study the swelling in soil pores, a cylindrical vial with a perforated bottom filled 

with the mixture of soil and gel particles was placed in an aqueous solution until the swelling 
reached equilibrium. All experiments were repeated three times. The degree of swelling of 
the gel particles mixed with the soil Qsoil  was calculated as [13]:

𝑄soil =
𝑚sw_mix − 𝑚sw_soil − 𝑚dry

𝑚dry
(3)

where msw _ mix  and msw _ soil  represent the mass of swollen soil/gel mixture and swollen soil 
without gel particles, respectively.

4.4.  Soaking with Urine, Washing and Sterilization
To simulate used diapers, the gels were preliminarily soaked in artificial urine (Table 6). 

Gel particles were placed in the artificial urine at a ratio of 0.1 g of gel per 200 mL of solution 
and kept for 1 h until swelling reached equilibrium. In the experiments with unwashed gels 
(Section 2.1), the gels were dried after soaking at 40 °C and used without further treatment. 
In the experiments with washed and sterilized gels (Section 2.2), the soaked gels were 
additionally subjected to washing and sterilization as follows. To remove urine, the swollen 
gels were transferred into 5 L of distilled water and left for 12 h. After that, the water was 
replaced with a fresh portion; this procedure was repeated three times. For sterilization, the 
washed gels were placed in Petri dishes and heated at 125 °C for 15 min. After sterilization, 
the gels were dried at 40 °C to constant mass.

4.5.  Water Retention
To construct water retention curves, a 0.5 vol% (v/v) mixture of gel particles with 

sand/soil was used. For sand, the mixture contained 5.23 g of substrate (sand) and 17 mg 
of dry gel. In the case of loamy soil, which has a lower bulk density than sand, the mixture 
included 5.23 g of substrate (loamy soil) and 20 mg of dry gel. The mixtures were placed 
in plastic cylindrical vial with a perforated bottom. The samples were immersed in an 
aqueous solution until the degree of swelling reached equilibrium. To apply an external 
force, we employed the method of equilibrium centrifugation using a Thermo Scientific SL 
16 laboratory centrifuge (Langenselbold, Germany). The centrifugation was conducted 
in a series of steps at the following rotation speeds n: 300, 400, 600, 800, 1000, 1300, 2000, 
3000, and 5000 rpm. Once the equilibrium was achieved at each speed, the soil weight W 
was measured. The pF values were calculated as described in [27]. Four separate samples 
were analyzed for each condition. The error bars on the water retention curves indicate the 
standard errors of the mean.

Pore size of soil samples was assessed using the algebraic differential analysis of the 
water retention curves, approximated by the van Genuchten function [41]:

𝑊 = 𝑊𝑟 +
(𝑊𝑠 − 𝑊𝑟)

(1 + 𝛼|𝑃|𝑛)𝑚 (4)

where P is an absolute value of the soil water pressure, Wr  is the residual water content 
corresponding to tightly bound water, Ws  is the water content in a state of saturation of the 
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soil (full water capacity); 𝛼, n, m = 1 − 1/n are the van-Genuchten empirical constants. The 
values of these constants, which were obtained from the fitting of water retention curves 
for different samples, are listed in Table 7.

Table 7. Fitting parameters 𝛼, n and m of the van Genuchten model (Equation (4)) and the coefficients 
of determination R2  for the approximation of water retention curves in sand and light loamy soil 
containing 0.5 vol% of different gels.

Substrate Gel Gel Treatment 𝜶 n m R2 

Sand Huggies swelling in urine and drying 0.11 1.48 0.33 0.96
Sand Merries swelling in urine and drying 0.11 1.50 0.33 0.99
Sand GooN swelling in urine and drying 0.14 1.45 0.31 0.99
Sand Aquasorb swelling in urine and drying 0.12 1.45 0.31 0.97
Loamy soil Huggies swelling in urine and drying 0.01 1.23 0.19 0.998
Loamy soil Merries swelling in urine and drying 0.01 1.21 0.17 0.998
Loamy soil GooN swelling in urine and drying 0.01 1.20 0.17 0.997
Loamy soil Aquasorb swelling in urine and drying 0.01 1.20 0.16 0.997
Sand Huggies washing from urine, sterilizing and drying 0.29 1.14 0.12 0.98
Sand Merries washing from urine, sterilizing and drying 0.17 1.34 0.25 0.98
Sand GooN washing from urine, sterilizing and drying 0.08 1.22 0.18 0.96
Sand Aquasorb washing from urine, sterilizing and drying 0.08 1.69 0.41 0.998

Water retention curves were then converted to the structural curves pore volume 
distribution by the size of their radii V(r) according to the formula [61]:

𝑉(𝑟) = (𝑛 − 1)(𝑊𝑠 − 𝑊𝑟)𝜌𝑏(1 + (𝛼𝑃)𝑛)−𝑚−1(𝛼𝑃)𝑛 (5)

where 𝜌b  is the soil bulk density.
To study water retention during repeated wetting/drying cycles, a sample of a mixture 

of soil and gel particles was placed in a cylindrical vial and subjected to high pressure 
during centrifugation to expel the absorbed water. Then the sample was allowed to re-swell 
under ambient conditions. The wetting/drying cycles were repeated five times.

4.6.  Germination and Seedling Growth
In the experiments on seed germination and seedling development, Sarepta sideral 

mustard Brassica juncea L. seeds supplied by Gavrish (Moscow, Russia) were used. SAP 
gels (washed and sterilized GooN diaper gel or unsterilized Aquasorb gel) were added 
to dry loamy soil to a final concentration of 0.5 vol%. Samples of 30 mL of the soil/gel 
mixture were placed into dishes, the soil without gel was used as a control. Mustard seeds 
were spread evenly across the soil, and then 10 mL of water was applied. For each variant, 
40 seeds were sown per dish; the experiment was performed once. The dishes were covered 
with plastic film and left in darkness for 24 h. After the film was removed, seedling growth 
was monitored under light. By day 5, the shoots in the gel-free soil had dried out, whereas 
those in the gel-containing soils (both GooN and Aquasorb) had begun to wither. The 
plants were then carefully extracted. For each sample, the total fresh weight of the sprouts 
per seedling, the number of germinated seeds, shoot and root lengths were determined. 
Tukey’s multiple comparison tests (p < 0.05) were used to determine if there is a statistically 
significant difference between the groups under study. It should be noted that the drying 
of control shoots by day 5 may affect fresh weight per seedling. However, this drought 
stress does not affect other measured parameters, such as the number of germinated seeds 
(germination percentage) and the shoot and root lengths. Moreover, the drying of control 
shoots clearly demonstrates the effectiveness of gels in retaining water in the soil and, 
consequently, improving germination and seedling growth in the presence of gels.
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4.7.  Optical Microscopy
Optical microscopy measurements were carried out using a light microscope Nikon 

Eclipse LV100 POL (Tokyo, Japan) with a CFI TU Plan Fluor Epi objective lens (p 5×), at 
room temperature.
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