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Abstract: Agricultural production is influenced by the water content in the soil and the availability
of nutrients. Recently, changes in the quantity and seasonal water availability are expected to impact
agriculture due to climate change. This study aimed to test an agricultural product with promising
properties to improve soil quality and water-holding capacity during agricultural application. Most of
the traditional hydrogels are low-biodegradable synthetic materials with under-researched long-term
fate in field soil conditions. The novel, biodegradable hydrogel made from acid whey and cellulose
derivatives cross-linked with citric acid was used. The soil-improving effects were tested under
controlled experimental conditions with the sandy artificial soil consisting of 10% finely ground
sphagnum peat, 20% kaolinite clay, and 70% quartz sand. Soil pH, the content of organic carbon
(Cox), total nitrogen (N), available forms of the essential macronutrients (P, K, Ca, and Mg), the cation
exchange capacity (CEC), the maximum water capacity (MWC) and water holding capacity (WHC)
were determined. The results showed a positive effect on water retention and basic soil properties
after the different levels of hydrogel had been introduced into the soil. Generally, the addition of
whey-based hydrogel increases the available nutrients concentration and water retention in soil.

Keywords: hydrogel; soil quality; chemico-physical properties; sustainability

1. Introduction

The concept of agricultural sustainability spans both a way of thinking as well as of
farming practices towards an environmentally sound, productive, economical, and socially
needed agriculture [1]. The use of absorbent hydrogels in the field of agriculture presents
several benefits for soil—conservation of water, reducing the usage of soil nutrients, and
lowering the negative effects of dehydration and moisture stress in crop plants [2].

Hydrogels are a special part of gels, obtained by the chemical stabilization of hy-
drophilic polymers in a tridimensional network [3], having a remarkable ability to absorb
water [4,5]. They show desirable physical and mechanical properties, and also economical
reasonability in some cases. Polymer technology has provided a massive contribution to
the development of novel cross-linking methods to design hydrogels. Various hydrogel
preparation methods have been published for the formation of materials with various
compositions, structures, and properties [6]. Due to their properties, they have been
widely used in various fields ranging from industry and tissue engineering to pharmacy,
medicine, cosmetics, and grocery [7]. Hydrogels are also widely utilized in forestry [8],
reclamation [9], and agriculture where their good water retention and slow-release capacity
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showed promising results for the improvement of soil properties, reduction of fertilizer
loss [10,11], or ameliorative advance fertilization [3].

An ideal hydrogel/superabsorbent for agricultural or industrial use must meet several
requirements, including high capacity for absorption water and absorption rate, reasonable
economy, stability after swelling and during storage, rewetting capability, and nontox-
icity [12]. Most of the traditional hydrogels on the market are acrylate-based products,
thus low-biodegradable materials with complicated fate in soils [13]. Whilst industrial
utilization may profit from the high stability of (semi)-synthetic hydrogels with an effect of
long service life, the same property may turn undesirable for environmentally friendly use
in agriculture. With regard to the growing attention to environmental issues, biodegrad-
able hydrogels are of particular interest for potential commercial use in agriculture [14].
Hydrogels derived from natural sources offer advantages over synthetic forms, owing to
their biocompatibility, physicochemical, physico-mechanical, and environmentally friendly
properties.

Numerous studies have reported the potential for increasing water retention properties
after the use of synthetic polyacrylicacid [15] and polyacrylamide [16] hydrogel with a
proven large capacity for water retention [8,15]. These acrylate-based products have
been successfully used as soil conditioners to increase water holding capacity or nutrient
retention of soils during practical agricultural testing [17–19].

Recently, various natural ingredients were effectively incorporated into hydrogels
to increase their biocompatibility and biodegradability and resulted in novel hydrogels
for agricultural applications—i.e., biodegradable cellulose-based superabsorbent [3,20,21]
hydrogels based on pectin, cashew gum, starch, Arabic gum [22], kernel gum [23], natural
and semi-synthetic chitosan [12], various proteins, polysaccharides and their combinations
with different cross-linking methods [6], and casein [24]. Nevertheless, the practical
agricultural testing of their behavior under field conditions has been applied to few studies
only. Practical use was presented e.g., by Demitri et al. [20] or Montesano et al. [3] who
conducted pilot studies of the cellulose-based hydrogel with special attention to the changes
in the water absorption capacity of the soil.

Acid whey is a dairy industry waste obtained from cheese production [25] for which
the industry has long tried to find a sustainable utilization [26]. The increased demand for
dairy products creates an excessive supply of acid whey (approximately 9 kg of whey per
kilogram of cheese) that must be either disposed of or repurposed [27]. The worldwide
production of whey is approx. 115 MM tons annually which involves both sweet whey
(pH cca 6.0) with numerous utilizations in the food production and less beneficial acid
whey (pH cca 4.6) [28]. Applying the recent trends toward eliminating waste and keeping
products in circulation, the various ways of acid whey valorization are investigated [29].
The whey is typically compound from proteins, lactose, milk fat, minerals, lactic acids, and
amino acids [30]. The chemical properties of whey give it the potential to be used as a
direct source of nutrients (N, P, K, S, Ca, Na, and Mg) [29,31,32], and as potential biological
fertilizer for plant growth [27,33].

For our experimental testing, acid whey was used as a base together with car-
boxymethylcellulose sodium salt and hydroxyethylcellulose cross-linked with citric acid to
develop novel biodegradable hydrogel with the aim to obtain an effective soil conditioner
with a high swelling capacity enabling optimal conditions to improve the soil quality in
terms of water conservation and nutrients supply. In order to minimize the effects other
than the dose and duration connected to the hydrogel application, the artificial soil was
used as a standard soil medium and reference matrix [34]. Especially, the advantage is that
the natural soil-inherent diversity can be reduced under strictly controlled experimental
conditions of a simple artificial soil system. The artificial soil mixture was prepared with
sandy textures since the sandy soils are highly permeable with poor water retention capac-
ity and nutrient deficiency [35]; hence, suitable candidates to examine the efficacy of the
hydrogel application.
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Since the laboratory characterization of the novel whey/cellulose hydrogel cross-
linked by citric acid showed a decent capacity for water uptake together with desirable
properties of thermal stability and viscoelasticity [36], the objective of this study was to
explore the effects of different soil–hydrogel mixtures on several critical soil parameters
under controlled experimental conditions. The investigated soil parameters were chosen
to cover the basic desirable properties (water retention characteristics), synergic amelio-
rative effects (nutritional status of soil), and the potentially adverse effects (undue pH
drop, excessive mobilization of soil macro-elements). The main aim of this research is
to determine the suitability of whey-based hydrogel for application in agriculture with
benefits for environment and waste management by testing soil quality improvement after
hydrogel application. The purpose of presented research was to prove the synergic effect
of whey-based hydrogel amendment on soil water-holding capacity and the availability of
nutrients under controlled conditions of artificial soil.

2. Materials and Methods
2.1. Hydrogel Preparation and Analysis

Carboxymethylcellulose sodium (Sigma Aldrich No.C5013, St. Louis, MO, USA)
salt and 2-hydroxyethylcellulose (Sigma Aldrich No. 434973) (3%) at a weight ratio of
3:1 were dissolved in the acid whey (a by-product of the milk processing) to yield the
solution for hydrogel preparation. The citric acid in anhydrous form (Lach-Ner, Neratovice,
Czech Republic) was added at concentrations equal to 10% wt as a cross-linking agent.
The hydrogel samples were prepared according to the procedure detailed by Durpekova
et al. [36]. The hydrogel samples were analyzed by accredited methods (Table 1) in the
Research Institute for Soil and Water Conservation.

2.2. Artificial Soil Mixture

Soil composition was fixed by using artificial soil mixtures that cover the typical sandy
soils, which are assumed to preferentially benefit from the hydrogel supplementation. It
reduces both the variability of initial soil physio-chemical properties and the effects of field
management effects of field soils (e.g., possible post-harvest residue input to cropland,
the uncertainties of former fertilizing). The artificial soil (standard soil) was prepared
according to the standard guidelines of ISO 11268-1:2012 [37]. Artificial soil consists of
10% finely ground sphagnum peat, 20% kaolinite clay, and 70% quartz sand. Quartz sand
of 0.05–0.2 mm grain size from Střeleč, kaolinite clay (30% kaolinite) from Sedlec and
commercially available sphagnum peat were used. The individual components were mixed
with an electric mixer, dried spontaneously, and incubated for one month before use.

2.3. Hydrogel Application in a Pot Experiment

A pot experiment was set up with four variants in three replicates: the pure artificial
soil as a control soil, artificial soil mixed with three variants of the hydrogel supply (Figure 1.
Plastic planting containers with a volume equal to 3.2 L were filled with 3.6 kg of artificial
soil with a bulk density of 1.22 g·cm−3. The prepared hydrogel was weighed and mixed
with artificial soil in a particular amount (Figure 1). The soil–hydrogel mixtures were
homogenized in the entire volume and irrigated immediately. Pots were watered with
0.5 L of pure water three times a week for a period of four weeks. Soils were sampled
24 h, 7 days, and over the next 3 weeks after the experimental setup and basic chemical
properties were determined.

Soil samples for physical soil properties were prepared for saturation (part physi-
cal properties). Presented values resulted from six independent measurements for each
variant—i.e., control experiment with pure artificial soil without hydrogel and variants
with a dose escalation of whey-based hydrogel in three soil–hydrogel mixtures.
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Figure 1. Pot experiment variants.

2.4. Soil Analysis

The purpose of the analyses was to evaluate the effect of the hydrogel amendment
on the chemical properties of the soil. The analyses were performed in the accredited
laboratory of the Research Institute for Soil and Water Conservation, Prague. The quality
assurance of analytical data is guaranteed by the control process and certified methods of
the analyses. For the soils from experiments, a stable set of chemical soil properties was
determined, as given in Table 1.

2.4.1. Chemical Properties

Soil pH was determined by using the instrumental method [38] for the routine de-
termination of pH using a glass electrode in a 1:5 (volume fraction) suspension of soil
in water (pHH2O); the content of organic carbon by sulfochromic oxidation according to
ISO 14235 [39] and total nitrogen according to ISO 11261 [40] by the modified Kjeldahl
method. The nutritional status of soil was explored using the available forms of the es-
sential macronutrients (P, K, Ca, and Mg) after the common extraction in the Mehlich III
solution [41]. Mehlich III is a weak acid soil extraction used worldwide for extracting
bioavailable nutrients in soils and is standardized as a combination of five reagents at
a dilution ratio of 1:10 (0.2 mol·L−1 glacial acetic acid, 0.25 mol·L−1 ammonium nitrate,
0.015 mol·L−1 ammonium fluoride, 0.013 mol·L−1 nitric acid, and 0.001 mol·L−1 ethylene
diamine tetra acetic acid). The inductively coupled plasma optical emission spectrometry
(ICP-OES) was used to analyze the extractions from the soil samples. As the complementary
soil property for the potential of available nutrients, the cation exchange capacity (CEC) was
measured by a barium chloride solution buffered at pH = 8.1 using triethanolamine [42].

Table 1. Overview of the studied chemical soil properties and used methods.

Method Reference Accuracy (% rel.)

pH Determination of pH ISO 10390 [38] 4–5
C Oxidimetric method ISO 14235 [39] 10–15
N Modified Kjeldahl method ISO 11261 [40] 15–20
P Mehlich III solution Mehlich (1984) [41] 20
K Mehlich III solution Mehlich (1984) [41] 20
Ca Mehlich III solution Mehlich (1984) [41] 20
Mg Mehlich III solution Mehlich (1984) [41] 20

CEC Barium chloride solution ISO 13536 [42] 20
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2.4.2. Soil Physical Properties

In this study, the maximum water capacity (MWC, full water capacity) and water
holding capacity (WHC) were used as indicators for the effectiveness of hydrogel in
improving water availability in soil. The soil hydraulic parameters were measured by the
adjusted instrumental method according to EN 13041:2011 [43], ISO 11508:2017 [44], and
ISO 11272:2017 [45]. The soil–hydrogel mixture was placed into a two-part volumetric
stainless-steel ring. The prepared sample rings were placed into a water bath where the
pure water gradually flowed in until it reached the height of 1 cm below the rims. The
samples were then left to saturate for 24 h. The saturated rings are weighed and then
moved into sand tanks. The sand tanks are the PVC boxes with sealed bottom filled with
multi-layered substrates and equipped with the suction cup with height compensator,
allowing to create a partial vacuum where the negative fluid pressure is set as a function
of the depression of the suction cup. The rings were left for suction for 48 h by the
negative pressure of 1 kPa. After the first suction period, the two-part sample rings were
separated—the upper part is removed and weighed, the lower part was given back into
the sand tank and left for suction for the period of 48 h by the negative pressure of 3 kPa.
After the second suction period, the sample rings were oven-dried at 105 ◦C for the period
until successive weighing agrees to ±0.1 mg.

As soon as the sample rings were proceeded using the described instrumentation and
the measured weights were gathered, the maximum water capacity (MWC) and water
holding capacity (WHC) were calculated from the following equations:

MWC = (M1 − M3)/V1 × 100 (% vol.) (1)

WHC = (M2 − M3)/V1 × 100 (% vol.) (2)

where M1 is the mass of saturated sample including ring (g), M2 is the mass of the sample
after the first suction section (−1 kPa, 48 h), M3 is the mass of the sample with the ring after
the second suction section (−3 kPa, 48 h), and V1 is the measured volume of the steel ring.
The first equation (Equation (1)) targets the soil state when practically all pore spaces are
completely filled with fluid and there is plenty of water available to the crop at saturation.
Only a portion of the available water is easily used by the crop, and hence, the second
equation (Equation (2)) targets the available moisture that a given soil can hold for crop
use. In the field conditions, soil texture and organic matter are the crucial determinants for
soil water holding capacity, while in our artificial soil experiment these factors were fixed;
hence, enabling us to observe the effects of hydrogel addition in various application rates.

2.4.3. Statistical Analysis

Soil samples were assayed in three (chemical properties) and six (physical properties)
replicates for each analysis. The data were subjected to a normality analysis using the
Shapiro–Wilk test. One-way ANOVA was conducted to test the significance of differences
in the soil water characteristics among the different soil–hydrogel mixtures using the
Statistica software (Version 10 for Windows; StatSoft, Inc., Tulsa, OK, USA). Statistical
significance was considered at p < 0.05 unless otherwise stated.

3. Results

The whey-based hydrogel was analytically characterized before the experiment. The
chemical properties of hydrogel and artificial soil are given in Table 2. Measured pHH2O
was 4.17. Since both the initial whey additive and cross-linking agent yielded a low pH, the
possible acidification may be a matter of attention due to several adverse effects of the pH
drop on the availability of soil nutrients, and the toxicity or mobility of soil microelements.
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Table 2. Whey-based hydrogel characteristics.

Hydrogel Characteristics

Properties

pHH2O 4.17
C % 40.1
N % 1.26
P mg·kg−1 6683
K mg·kg−1 13,059
Ca mg·kg−1 6093
Mg mg·kg−1 806

CEC mmol·100 g−1 82.2

Direct chemical extraction of nutrients in whey-based hydrogel showed a shift of chem-
ical composition towards higher contents and availability of three elements (K > P~Ca)
and relative depletion of nitrogen.

The artificial soil is characterized as a sandy soil with a near-neutral pH (pHH2O
was 7.6). Since the quartz sand dominates the artificial soil composition, the soil can be
characterized as poor in nutrients (N, P, K) (Table 3) with a low cation change capacity,
typical for sand-textured soils. Nevertheless, the admixture of sphagnum peat resulted in
an above-average Cox content and relatively higher content of Mg or Ca.

Table 3. Artificial soil characteristic.

Artificial Soil Characteristics

Soil Properties

pHH2O 7.65
Cox % 2.54
N % 0.075
P mg·kg−1 18.0
K mg·kg−1 73.5
Ca mg·kg−1 3204
Mg mg·kg−1 487

CEC mmol·100 g−1 9.35

3.1. Effect of Hydrogel on Chemical Soil Properties

There was observed a trend of pH drop with the changing ratios of soil to hydrogel in
mixtures. Soil pH decreased after hydrogel application from 7.65 to 7.56 (H1) and 7.52 (H3)
in a period of 24 h (Table 4). The lowermost pH was detected after the application of the
H3 dose.

Table 4. pHH2O values.

pHH2O

Variant 24 7 3

AFS control 7.65 7.75 7.62
AFS+H1 7.56 ** 7.73 7.57
AFS+H2 7.67 7.62 7.62
AFS+H3 7.52 ** 7.57 7.51

** mean values significantly different at α = 0.05 compared to control. AFS control—artificial soil, AFS+H1—artificial
soil with 1% of hydrogel, AFS+H2—artificial soil with 2% of hydrogel, AFS+H3—artificial soil with 3% of hydrogel.

The maximum pH drop was 1.7%. The addition of whey hydrogel did not cause
the soil pH to drop to a point that would be injurious to plants. Within 7 days there was
perceptible lower pH in all variants with the hydrogel application but without statistical
significance in the linear model. After 4 weeks after the hydrogel application, differences
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between hydrogel variants and control soil decreased (Figure 2) and soil pH stabilized
again due to the buffering capacity of higher Ca content in both artificial soil and whey-
hydrogel. In the artificial soil, the addition of hydrogel in testing doses did not cause a
long-term decrease of soil pH and did not decline more than 3%.
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Figure 2. The effect of whey hydrogel application on soil pHH2O. AFS control—artificial soil,
AFS+H1—artificial soil with 1% of hydrogel, AFS+H2—artificial soil with 2% of hydrogel, AFS+H3—
artificial soil with 3% of hydrogel, pH24—pH measured after 24 h, pH7—pH measured after 7 days,
pH3—pH measured after next 3 weeks.

The nitrogen content in the artificial soil (control) at the beginning of the experiment
was 755 mg·kg−1. As shown in Table 5, concentrations of this element immediately
increased after the hydrogel addition while the highest content after the addition was found
in the H1 variant. Differences between variants were very low and were not statistically
significant. The nitrogen amount in whey hydrogel was very low and soil nitrogen was not
affected by the hydrogel addition. After 7 days (Figure 3) from the hydrogel application,
the amount of nitrogen further increased, and the highest amount of nitrogen contained
variant with the highest amount of hydrogel. After another three weeks, a decreased
content of nitrogen was found in all variants.

Table 5. Nitrogen, phosphorus, and potassium mean values in variants.

Variant 24 7 3

N

AFS control 755 800 700
AFS+H1 785 805 745
AFS+H2 780 885 670
AFS+H3 760 915 740

P

AFS control 18 17 19
AFS+H1 21 24 27 **
AFS+H2 27 ** 28 ** 29 **
AFS+H3 29 ** 35 ** 44 **

K

AFS control 74 82 72
AFS+H1 102 99 ** 101
AFS+H2 114 ** 114 ** 113 **
AFS+H3 135 ** 140 ** 160 **

** mean values significantly different at α = 0.05 compared to control. AFS control—artificial soil, AFS+H1—artificial
soil with 1% of hydrogel, AFS+H2—artificial soil with 2% of hydrogel, AFS+H3—artificial soil with 3% of
hydrogel, 24—measured after 24 h, 7—measured after 7 days, pH3—measured after next 3 weeks.
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Figure 3. The effect of whey hydrogel application on nitrogen (N) and cation exchange capacity (CEC). AFS control—
artificial soil, AFS+H1-artificial soil with 1% of hydrogel, AFS+H2-artificial soil with 2% of hydrogel, AFS+H3-artificial soil
with 3% of hydrogel, N 24-N measured after 24 h, N 7-pH measured after 7 days, N 3-N measured after next 3 weeks.

The phosphorus content increased across all the hydrogel variants and sampling peri-
ods. After the hydrogel application, phosphorus increased immediately. The application
of soil mixed with the highest hydrogel ratio (H3) increased phosphorus by about 50%
compared to control, the same rise caused the mixture with the moderate ratio of hydrogel
(H2). Lowest change (16%) was following the application of the soil–hydrogel mixture H1
(Figure 4). Moreover, the available content of phosphorus increased also along the period
of sampling after the application, and especially a boosting effect was the most radical for
the mixture with the highest hydrogel proportion (H3). Nevertheless, major differences
among soil–hydrogel variants were proved statistically significant (Table 5).

Sustainability 2021, 131, 701 9 of 17 
 

 
Figure 4. The effect of whey hydrogel application on phosphorus (P) content and cation exchange capacity (CEC). AFS 
control-artificial soil, AFS+H1-artificial soil with 1% of hydrogel, AFS+H2-artificial soil with 2% of hydrogel, AFS+H3-
artificial soil with 3% of hydrogel, P 24-P measured after 24 h, P 7-P measured after 7 days, P 3-P measured after next 3 
weeks. 

Potassium showed a similar trend of rapid increase similar to phosphorus after the 
hydrogel application. Application of whey hydrogel in the lowest soil–hydrogel propor-
tion (H1) caused an increase by about 39%, and with the increasing proportion of hydrogel 
to soil in the mixture, the relative enrichment of K increased up to 55% (the middle soil–
hydrogel proportion—H2), resp. 84% (H3 variant). Similar to P, the ameliorative effects of 
hydrogel application were temporally for K contents. In the contrary, the K contents re-
mained stable for variants with lower proportions of hydrogel to soil (H1, H2 variants) 
(Figure 5). The K content significantly exceeded the control variant (up to 122%) after the 
addition of the highest dose of hydrogel (H3). Significant differences in K contents among 
the soil–hydrogel variants were found using one-way ANOVA. (Table 5).  

 
Figure 5. The effect of whey hydrogel application on potassium content in soil and cation exchange capacity. AFS control-
artificial soil, AFS+H1-artificial soil with 1% of hydrogel, AFS+H2-artificial soil with 2% of hydrogel, AFS+H3-artificial soil 
with 3% of hydrogel, K 24-K measured after 24 h, K 7-K measured after 7 days, K 3-K measured after next 3 weeks. 

Generally, the results showed the gradual increase of nutrients’ available pools with 
the changing hydrogel dose. As shown in Figures 3–5, along with the nutrients’ level, cat-
ion exchange capacity (CEC) also significantly changed after hydrogel addition. Since the 
cation exchange capacity measured by a pH 8.1 buffered barium chloride solution usually 
shows a decent correlation with exchangeable cations in soil samples, there was observed 
a similar dose gradient of CEC for various soil–hydrogel mixtures. Differences in soil CEC 
between control and hydrogel application were found evident soon after the application 

0

2

4

6

8

10

12

0
5

10
15
20
25
30
35

AFS
control

AFS+H1 AFS+H2 AFS+H3

P - CEC

P CEC

m
m

ol
+.

10
0g

-1

m
g.

kg
-1

0

20

40

P 24 P 7 P 3

P

AFS control AFS+H1

AFS+H2 AFS+H3

m
g.

kg
-1

0

2

4

6

8

10

12

0
20
40
60
80

100
120
140
160

AFS
control

AFS+H1 AFS+H2 AFS+H3

K - CEC

K CEC

m
m

ol
+.

10
0g

-1

m
g.

kg
-1

0

40

80

120

160

K 24 K 7 K 3

K

AFS control AFS+H1

AFS+H2 AFS+H3

m
g.

kg
-1

Figure 4. The effect of whey hydrogel application on phosphorus (P) content and cation exchange capacity (CEC). AFS
control-artificial soil, AFS+H1-artificial soil with 1% of hydrogel, AFS+H2-artificial soil with 2% of hydrogel, AFS+H3-
artificial soil with 3% of hydrogel, P 24-P measured after 24 h, P 7-P measured after 7 days, P 3-P measured after next
3 weeks.

Potassium showed a similar trend of rapid increase similar to phosphorus after the
hydrogel application. Application of whey hydrogel in the lowest soil–hydrogel proportion
(H1) caused an increase by about 39%, and with the increasing proportion of hydrogel
to soil in the mixture, the relative enrichment of K increased up to 55% (the middle soil–
hydrogel proportion—H2), resp. 84% (H3 variant). Similar to P, the ameliorative effects
of hydrogel application were temporally for K contents. In the contrary, the K contents
remained stable for variants with lower proportions of hydrogel to soil (H1, H2 variants)
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(Figure 5). The K content significantly exceeded the control variant (up to 122%) after the
addition of the highest dose of hydrogel (H3). Significant differences in K contents among
the soil–hydrogel variants were found using one-way ANOVA (Table 5).

Sustainability 2021, 131, 701 9 of 17 
 

 
Figure 4. The effect of whey hydrogel application on phosphorus (P) content and cation exchange capacity (CEC). AFS 
control-artificial soil, AFS+H1-artificial soil with 1% of hydrogel, AFS+H2-artificial soil with 2% of hydrogel, AFS+H3-
artificial soil with 3% of hydrogel, P 24-P measured after 24 h, P 7-P measured after 7 days, P 3-P measured after next 3 
weeks. 

Potassium showed a similar trend of rapid increase similar to phosphorus after the 
hydrogel application. Application of whey hydrogel in the lowest soil–hydrogel propor-
tion (H1) caused an increase by about 39%, and with the increasing proportion of hydrogel 
to soil in the mixture, the relative enrichment of K increased up to 55% (the middle soil–
hydrogel proportion—H2), resp. 84% (H3 variant). Similar to P, the ameliorative effects of 
hydrogel application were temporally for K contents. In the contrary, the K contents re-
mained stable for variants with lower proportions of hydrogel to soil (H1, H2 variants) 
(Figure 5). The K content significantly exceeded the control variant (up to 122%) after the 
addition of the highest dose of hydrogel (H3). Significant differences in K contents among 
the soil–hydrogel variants were found using one-way ANOVA. (Table 5).  

 
Figure 5. The effect of whey hydrogel application on potassium content in soil and cation exchange capacity. AFS control-
artificial soil, AFS+H1-artificial soil with 1% of hydrogel, AFS+H2-artificial soil with 2% of hydrogel, AFS+H3-artificial soil 
with 3% of hydrogel, K 24-K measured after 24 h, K 7-K measured after 7 days, K 3-K measured after next 3 weeks. 

Generally, the results showed the gradual increase of nutrients’ available pools with 
the changing hydrogel dose. As shown in Figures 3–5, along with the nutrients’ level, cat-
ion exchange capacity (CEC) also significantly changed after hydrogel addition. Since the 
cation exchange capacity measured by a pH 8.1 buffered barium chloride solution usually 
shows a decent correlation with exchangeable cations in soil samples, there was observed 
a similar dose gradient of CEC for various soil–hydrogel mixtures. Differences in soil CEC 
between control and hydrogel application were found evident soon after the application 

0

2

4

6

8

10

12

0
5

10
15
20
25
30
35

AFS
control

AFS+H1 AFS+H2 AFS+H3

P - CEC

P CEC

m
m

ol
+.

10
0g

-1

m
g.

kg
-1

0

20

40

P 24 P 7 P 3

P

AFS control AFS+H1

AFS+H2 AFS+H3

m
g.

kg
-1

0

2

4

6

8

10

12

0
20
40
60
80

100
120
140
160

AFS
control

AFS+H1 AFS+H2 AFS+H3

K - CEC

K CEC

m
m

ol
+.

10
0g

-1

m
g.

kg
-1

0

40

80

120

160

K 24 K 7 K 3

K

AFS control AFS+H1

AFS+H2 AFS+H3

m
g.

kg
-1

Figure 5. The effect of whey hydrogel application on potassium content in soil and cation exchange capacity. AFS control-
artificial soil, AFS+H1-artificial soil with 1% of hydrogel, AFS+H2-artificial soil with 2% of hydrogel, AFS+H3-artificial soil
with 3% of hydrogel, K 24-K measured after 24 h, K 7-K measured after 7 days, K 3-K measured after next 3 weeks.

Generally, the results showed the gradual increase of nutrients’ available pools with
the changing hydrogel dose. As shown in Figures 3–5, along with the nutrients’ level,
cation exchange capacity (CEC) also significantly changed after hydrogel addition. Since
the cation exchange capacity measured by a pH 8.1 buffered barium chloride solution
usually shows a decent correlation with exchangeable cations in soil samples, there was
observed a similar dose gradient of CEC for various soil–hydrogel mixtures. Differences
in soil CEC between control and hydrogel application were found evident soon after the
application of the H3 dose into artificial soil and then remained relatively stable during the
consecutive sampling periods.

The contents of available calcium and magnesium were also determined (Figure 6).
In both cases, there was an immediate decline in the available nutrients’ pools. After the
application of hydrogel, the lowest values were determined after the application of the
H3 dose in the first sampling period (24 h). The relative decrease of available Ca pools
was proportional to the hydrogel dose in the mixture and decreased from 5.5% for the low
dose (H1) up to 9 resp. 14% for higher hydrogel doses (H2 resp. H3 dose). During the
consecutive sampling periods, differences between soil–hydrogel variants and the control
soil were still considerable while differences among particular soil–hydrogel variants were
low. A similar trend was found in the case of magnesium, for which the hydrogel dose
gradient in various soil–hydrogel mixtures resulted in an immediate decline by about 5,
10, and 16%. These results confirmed the crucial role of soluble Ca, Mg for buffering the
hydrogel-induced acidification of soil. Since the experimental artificial soil was relatively
rich in Ca and Mg, the soil pH changes were controlled by their pools. The question about
the soil acidification issues remains open for soils with very poor pH buffering capacity.

3.2. Effect of Hydrogel on Physical Soil Properties

In general, the determination of the physical properties of disturbed soils showed
that the hydrogel additions increased the water retention properties in untreated soil
(Figures 7 and 8); hence, the lowermost measured values for maximum water capacity
(MWC, water field capacity, soil saturation) and water holding capacity (WHC) were
mostly detected in control soils without the application of hydrogel. MWC values range
from 44.94% (control) up to 46.75% (H2), 47.67 (H2), and 49.95% (H3). In sandy artificial
soil, the addition of 1% hydrogel (H1) increased maximum water capacity by 4%, compared
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with untreated artificial soil (Figure 7). Amendment of 2% hydrogel (H2) had an increase
of 6% compared to the control. Amending artificial soil by 3% of hydrogel (H3) led to
an increase of maximum water capacity by about 11%. Differences between single doses
of hydrogel were not statistically proved and the highest influence on maximum water
capacity was found after H3 dose application into artificial soil. Statistically proved was
the difference between artificial soil (control variant without hydrogel application) and
artificial soil with 3% of whey–hydrogel.
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Figure 6. The effect of whey hydrogel application on calcium (Ca) and magnesium (Mg) content in soil. AFS control-artificial
soil, AFS+H1artificial soil with 1% of hydrogel, AFS+H2-artificial soil with 2% of hydrogel, AFS+H3-artificial soil with 3%
of hydrogel, Ca 24-Ca measured after 24 h, Ca 7-Ca measured after 7 days, Ca 3-Ca measured after next 3 weeks, Mg 24-Mg
measured after 24 h, Mg 7-Mg measured after 7 days, Mg 3-Mg measured after next 3 weeks.
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Figure 7. Maximum water capacity of single hydrogel variant, control and different doses of hydrogel,
results of ANOVA. AFSC—artificial soil (control), AFS+H1—artificial soil with 1% of hydrogel,
AFS+H2—artificial soil with 2% of hydrogel, AFS+H3—artificial soil with 3% of hydrogel.
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Figure 8. Water holding capacity of single hydrogel variant, control and different doses of hydrogel,
results of ANOVA. AFSC—artificial soil (control), AFS+H1—artificial soil with 1% of hydrogel,
AFS+H2—artificial soil with 2% of hydrogel, AFS+H3—artificial soil with 3% of hydrogel.

Water holding capacity—available water-holding capacity is a key attribute, as it
quantifies the amount of water available for plants. Water retention in the soil is strongly
influenced by the soil composition, as well as the practices of soil use. The sandy artificial
soil used for our experiment dispose of 36.66% WHC. As in the case of maximum water
capacity, values of water holding capacity escalated from control variant up to variants
amended with increasing doses of hydrogel (from 40.19%, 41.03%, up to 42.21%). Our
results (Figure 8) showed an unequivocally positive effect of whey-based hydrogel on WHC.
The addition of 1% of hydrogel into the artificial soil increased WHC by 10% compared to
control soil. Under higher hydrogel doses (H1 resp. H2 dose), the water holding capacity
was measured at the level of 112 resp. 115% of the untreated variant. The mean WHC for
various experimental variants were proved to significantly differ at the significance level
α = 0.05. Statistically proved differences were between artificial soil (control variant) and
all variants with hydrogel amendment and between variants with 1% of hydrogel and 3%
of hydrogel.

4. Discussion

Synthetic hydrogels based on acrylates and acrylamides demonstrate high mechanical
strength and the potential to absorb large amounts of water [46]. Due to the problem
of their lower biodegradability, alternative (semi)natural biopolymers, such as alginate,
agar, cellulose, chitosan, and starch, have been attempted to replace them [3,12,20–23]. In
spite there are plenty of hydrogel formulations developed in laboratory conditions, only
a few materials meet the requirements for effective and safe agricultural utilizations i.e.,
simultaneous nontoxicity and biodegradability with favorable properties for application
(efficiency, applicability in field conditions) [47].

Several different polysaccharides have been used to prepare hydrogels as slow-release
fertilizer hydrogels with both water retention and slow-release properties [22,48]. Although
biopolymers could be used as macro- and micro-elements carriers for fertilization [46], our
research aimed to test the straight use of whey-based hydrogel as nutrients’ source for soil
amelioration.

Often, the hydrogel in different forms (granular, particle) is mixed with soil at the 0.1%
concentration ratio [21]. Miller and Naeth [9] tested the applicability of various doses—i.e.,
recommended dose (488 kg·ha−1), under- (one-half), and over-dosed (double) application
of a synthetic acrylic hydrogel cross-linked with polyacrylamide for reclamation of mine-
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impacted soils. They concluded a high effect of applied co-substrates for creating hydrogel-
amended soil substrates for reclamation. Similar to our results, the effects of hydrogel
addition led to initial high effects with application rate dependency on water retention
that faded away with time from the application. Concerning the polyacrylate hydrogel,
the common concentration ratios range between 0.1 and 0.4% [49,50]. When combining
chitosan with polyacrylamide hydrogel, Ritonga et al. [51] used the application rate of
0.1% for soil testing. During our study, the application rates were set to 1, 2, and 3% of
whey-based hydrogel tally with amounts of cellulose-based hydrogels used for agricultural
purposes [3,20]. Song et al. [52] applied 0.375, 0.650, and 0.975% of lignosulfonate and
sodium alginate hydrogel to optimize the soil available water content for tobacco crop
grown in loess soils under drought experimental conditions.

Since the acid whey was the source material for the synthesis of hydrogel, and pH was
recognized as one of the most important factors that control the healthy plant, the direct
sequential measurements of pH changes were conducted after certain time intervals. Whey
source as a mild acid suspension with typical solids concentrations near 8% has a high
content of soluble salts (including Ca, Na, and K salts), and hence, its direct application into
soil decreased soil pH and increases Ca solubility [53]. The mild acidity of whey usually
resulted in soil pH drop by neutralizing soil solution (bi)carbonates and consequently,
increased the solubility of calcium carbonates [54]. Long-term practicing of the land
disposal of acid whey in the field conditions, the benefits of direct whey application were
demonstrated for various soil-crop systems in Scotland [55], New Zealand [56], or the
US [31,32,57]. The pH changes may temporally reach a range of 2 pH units (depending
on application rate, original soil pH, and soil type) [58]. Especially for acid soils, the
pH drop may temporally reach the point beyond the optimal range for crop production.
On the contrary, the land-disposed whey rendered decent plant nutrition for crops on
calcareous soils in the 7.6 to 8.8 pH range under irrigation in an arid climate [54,59]. The
pH drop may impact early plant development, and hence, it is recommended to postpone
planting of sensitive crops to a few days later after whey application to eliminate soil
acidity effect on germination. Analyzing the germination capacity of seeds and plant
growth of three crops (soya, maize, broccoli), Grosu et al. [33] proved an inhibitory effect
of whey over the germination process while the positive influence of whey addition on
plants growth in the later development phase in a pot experiment. After the experimental
synthesis of whey-based hydrogel, pHH2O remained very low (4.17), i.e., with acidification
risk. Similar to previous studies, pH swing was observed in our experiment—i.e., pH
dropped immediately after the whey-based hydrogel application and steadied near the
initial value in the consequent sampling periods. The pH change remained below one pH
unit, probably because of a high Ca-content in the solution. Concerning the acidification
issue, care should be taken to avoid potential mobilization of soil contamination in acid
soils with enhanced contents of pH sensitive trace elements (Cu, Zn, Ni). Trace element
concentrations (Al, Cu, Zn, Mn, and Cr) are typically low in whey [31], and hence, the
soil application should be proceeded with caution to trace elements in target soils. The
temporal pH swing effect together with the ability to stimulate plant growth promotes
open possibilities of using whey-based hydrogels as co-substrates for phytoremediation
purposes. Also, the positive microbial biomass stimulation of whey makes it a candidate
substrate for appropriate in situ bioremediation of different compounds [60]. The pH
swing remains also very important because a significant effect of pH on the swelling ratio
of natural-based hydrogels was observed under laboratory [36] and field conditions [20].

The nutritional benefits and feasibility of direct land disposal of whey were practically
verified [32]. Land application of fresh acid whey does not present an odor issue, but it may
turn problematic with time in storage and when co-stored with manure [58]. Considering
that utilization of many soil conditioners is limited to seasonal application conditions,
preparing stable whey-based hydrogel seems worth the effort. Especially when the nu-
tritional benefits of whey are retained, as was shown in our experimental study with the
artificial soil (Figures 3–6). Levels of nutrients in whey-based hydrogel during our experi-
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ment showed a shift of chemical composition towards higher contents and availability of
three elements (K > P ~ Ca). On the contrary, the results showed hydrogel relative depletion
in nitrogen. However, more detailed research on the chemical composition of whey-based
hydrogel from multiple sources of acid whey is required because the simultaneous ratios
of macro elements play a crucial role when considering the synergic ameliorative effects
of the application of whey-based hydrogels. The typical feature of whey’s composition
is an elevated proportion of P and K. The initial composition of acid whey follows the
technological process of milk processing—especially Ca variability in whey from the cheese
production (Ca-bond with casein within cheese leading to depletion of Ca in whey) and
curd cheese processing (in-soluble Ca-salts enriched the acid whey). Since the nutrient
equilibrium is shifted towards K, Ca, and P, the ameliorative effects rather trend to nutrition
in K-deficit soils and targeting the situation where the optimal root growth is desirable. In
soils with low sorption, K may be extensively pumped off from soils by plants, especially
due to high demands of several crops. This process may be enhanced by the seasonal
water deficit, and hence, the synergic effects of increasing water availability and K sup-
plementation after hydrogel application may be worth considering. The direct positive
nutritional effects were observed for various (semi)natural hydrogels [51] or there were
observed the combined effects of hydrogel mixtures with different types of fertilizers based
on the traditional NPK [61]. Konzen et al. [61] promoted a positive effect on the growth of
Mimosa scabrella seedlings after application of combined hydrogel mixture, probably by
retaining more water and enabling increased nutrient absorption. In our experiments, we
tested both the ability to improve the soil water storing and fertilizing effects under various
application rates of hydrogel. Similarly, the chitosan-coated three-layer compound fertilizer
prepared from granular NPK coated with chitosan and poly(acrylic acid-co-acrylamide)
superabsorbent polymer was used by Wu and Liu [62] and they proved well-controlled re-
lease effect and quantitatively described the slow-release mechanism of nutrients. Another
multilayer-coated compound fertilizer prepared from NPK granules, polyvinyl alcohol,
and chitosan was prepared by Noppakundilograt et al. [63] and they demonstrated in-
creased release of nitrogen, phosphorus, and potassium nutrients. Our results showed
similar trends as presented by Rittonga et al. [51] who observed significant changes in
cation exchange capacity, levels of nitrogen, phosphorus, and potassium in the soil after
introducing hydrogel synthetized by copolymerization of chitosan-TiO2 composite with
polyacrylamide. Various application rates of hydrogel addition led to the differences in soil
CEC among variants and in comparison to the control variant with the peak differences up
to 38% for the hydrogel-rich mixture. Our results showed that the high application rate
(H3 variant) increased immediately CEC by 10% and then remained stable for the duration
of the experimental observation of the soil–hydrogel mixture. The differences among CEC
values after three hydrogel application rates were not proved statistically significant at
α = 0.05.

Concerning the potential of whey-based hydrogels to increase the efficiency of water
use in soils, synthetic hydrogels proved to be more efficient even under lower doses
necessary for water storage increase. Abdallah et al. [64] reported that an amendment of
the sandy soil with 0.3% of fine-grained polyacrylamide hydrogel significantly increased
the available water capacity. Agaba et al. [49] tested 0.2, and 0.4% w/w polyacrylate
hydrogel for its utilization for improving plant available water by an empirical estimation
of the water content as the initial and terminal weights of pots in a tree survival study
under experimentally induced drought conditions. They found that the addition of either
0.2 or 0.4% hydrogel to the five soil types, prolonged tree survival under water stress
compared to the control variants. The higher hydrogel efficiency was observed for the
sandy soils compared to loamy and clay soils. Johnson [65] denoted that the addition of
super absorbent polymer hydrogel at the dose of 2 g·kg−1 improved the water holding
capacity of sand from 171% up to 402%. Similarly, Abedi-Koupai et al. [66] proved the
effect of hydrogel treatment in the sequence clay < loamy soil < sandy loam soil. On the
contrary, Akhter et al. [50] found no significant differences in the amount of plant-available
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water between loam and sandy loam soil treated with a polyacrylamide–acrylate hydrogel
at three application rates (0.1, 0.2, and 0.3%). The experimental results generally showed
that well-drained soils (sandy loams, loams) are preferable for hydrogel treatment.

Compared to polyacrylic-based hydrogels, the natural-based hydrogels usually showed
a lower yet significant effect on water retention in soil. Song et al. [52] showed that the
addition of lignin/sodium alginate hydrogel can increase the maximum water holding
capacity of soil with varying intensity from the initial 52.66% up to 55.64%, 58.69% resp.
61.63% following the hydrogel composition (0.375%, 0.650%, resp. 0.975% hydrogel). The
whey-based hydrogel used in our study increased maximum water holding capacity from
the initial of 44.94% up to 46.75%, 47.67%, and 49.95% following the application rate of
hydrogel—1, 2 resp. 3% hydrogel. Despite using different methods for establishing the
effects of hydrogel on the soil water holding capacity, Montesano et al. [3] observed the
water retention increase depending on the application rate of cellulose-based hydrogel (0.5,
1, and 2%). The same amounts of hydrogel from cellulose derivatives of pharmaceutical
grade were used by Demitri (2013) [20]. The use of this hydrogel as water reservoir for
the cultivation of vegetables was found to be extremely advantageous for release of water
to the soil. The reason for divergences between various types of biodegradable hydrogel
could be due to the differences in the macromolecular design of the different gels [49]. Nev-
ertheless, the acrylic hydrogels are macromolecule composites with higher compression
strength, which may determine their higher absorption characteristics in comparison to
natural-based materials [67]. Since the novel whey-based hydrogel belongs to biodegrad-
able composites with lower compression strength, the water-holding characteristics were
measured relatively lower in comparison to the reported efficiency of synthetic hydrogels.
According to the chemical compositions, whey-based hydrogels are expected to be higher
biodegradable in comparison to synthetic super absorbents, but further investigations
should be performed to assess the hydrogel degradation chemistry and kinetics in the soil
under various conditions, as well as to evaluate the optimal hydrogel amount to be used for
the cultivation of different plant species. Also, there is still a need for some technological
solutions for the hydrogel delivery systems for broad field applications.

5. Conclusions

Sustainable agriculture strives to develop cropping systems where the soil sustains
the plant productivity for population needs as well as preserves healthy status. Moreover,
sustainable development generally turns the economy from linear to circular production,
and hence, the efficient solution for eliminating waste and keeping products in circulation
has also been developed in crop sciences. The crop vitality highly depends on both
water availability and soil nutrition status. Our results showed the perspective of whey-
based hydrogel for practical use in agriculture because the natural nutritional benefits of
agricultural utilization of whey are enhanced by water retention abilities via the chemical
cross-link of whey with citric acid. In the artificial soil experiment, the positive effects of
1%, 2%, and 3% hydrogel addition on both water-holding properties and the temporal
availability of nutrients were determined. The results show a clear influence of the whey
hydrogel in increasing the water holding capacity with a maximum increase of 15%. At the
same time, no adverse side-effects for basic soil properties were observed after different
levels of hydrogel had been introduced into the artificial soil. The application of 3% whey-
based hydrogel during our experiment increased the available level of phosphorus and
potassium up to 50 and 84%, and the nutritional value of whey-based hydrogel with
significant effects on elemental compositions may be beneficial during the critical phases
in the early crop growth in both agriculture and forestry.
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