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Abstract: Zeolites can be extensively employed in agricultural activities because they improve soil
properties such as infiltration rates, saturated hydraulic conductivity, water holding capacity, and
cation exchange capacity. Natural and synthetic zeolites can efficiently hold water. Zeolites are also
believed to have the ability to lose and gain water reversibly, without changing their crystal structure.
In the present study, several laboratory tests were carried out using: (i) zeolite synthesized from
coal fly ash (a waste product from burning coal in thermoelectric power plants), (ii) a silty loam
soil, typically found in Southern Italy, and (iii) sunflower as a reference plant. The selected soil
was amended with different percentages of zeolite (1, 2, 5, and 10%) and the effects of the synthetic
mineral addition on the hydrophysical properties of the soil and plant growth were evaluated. The
results indicated that soil–zeolite mixtures retained water more efficiently by pore radius modification.
However, this causes a variation in the range of plant-available water towards higher soil humidity
values, as the amount of added zeolite increases. These data confirm that zeolite addition modifies the
selected hydrophysical properties of the soil with the effect of decreasing the soil drainage capacity,
making the soil less habitable for plant growth.

Keywords: zeolites; waste; fly ash; water scarcity; irrigation; water holding capacity; soil
hydrophysical properties

1. Introduction

More than two-thirds of renewable water resources are used in agricultural activi-
ties [1,2]. Water resources are becoming inadequate, particularly in arid and semi-arid
regions, where such scarcity represents one of the most important issues that can affect
the development of agriculture [3–7]. In recent years, several agronomic strategies (e.g.,
drip-irrigation, partial root zone drying, deficit irrigation) and innovative materials (e.g.,
biochar and superabsorbent polymers) have been widely shown to improve soil capacity
to retain water with ensuing positive effects on plant growth and production [8–12].

Due to their high cation exchange capacity (CEC) and high water adsorption, zeolites
have also been used in agriculture [13,14]. Zeolites are aluminosilicate minerals occurring
in nature or synthesized using different raw materials including pure sources, other min-
erals, and wastes [15–23]. The efficiency of zeolites in improving plant growth due to the
positive effect on the long-term availability of both water and nutrients has been extensively
analyzed [24–29]. In their review, Nakhli et al. [30] summarized and discussed the recent
findings concerning the impact of zeolites on water retention in soil. The authors analyzed
the effects of zeolites on infiltration rate, hydraulic conductivity, soil water content and
nutrient retention, concluding that both natural and synthetic zeolites affect the above soil
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properties. Zeolites may also change the physical properties of soil such as total porosity,
bulk density, and structure [31]. Moreover, due to their porous structure characterized by
open pore network channels, zeolites can enhance the water holding capacity in soils [32,33]
and increase the amount of available water in sandy soils [34].

The action of zeolites in both leaching reduction and the adsorption amount of NH4
+

in soil has also been explored [35–38]. Shahsavari [22] analyzed the positive effects on
plant growth resulting from the application of natural zeolites combined with zinc in soil
under drought stress conditions. The efficiency of zeolites in agriculture was also described
by Polat et al. [39] who displayed the positive role of clinoptilolite in reducing N and K
fertilizer rates due to its ability to retain these nutrients and make them available to the
plant when needed. Ozbahce et al. [40] tested the efficiency of natural zeolite clinoptilolite
combined with different irrigation levels on potato growth, showing the positive effects of
different zeolite doses on tuber yield and quality under water deficit conditions. Bahador
and Tadayon [41] demonstrated that zeolite application reduces the negative impact of
water deficit on industrial plants such as hemp. The authors showed that under different
water deficit conditions, zeolite has effects on antioxidant enzymes in leaves and carotenoid
content. Moreover, when used at a rate of 10 t ha−1, zeolite addition compensates for the
negative impact of water deficiency on defense systems in hemp.

Zeolites synthesized from coal fly ash (FA), a waste product of burning coal in thermo-
electric power plants, have also been successfully applied in agriculture [42]. Ayan et al. [43]
studied the positive effects of zeolites from FA in enhancing plant nutrient retention as well
as in regulating the water supply when amended in soil. Additionally, Flores et al. [44]
demonstrated that merlinoite, formed from coal fly ash, can be positively used as potassium
fertilizer in agriculture

However, despite the fairly large number of research studies describing the positive
effects of natural zeolites in agricultural practices, few studies have investigated the ability
of zeolite formed from waste materials to affect the water holding capacity linked to plant
growth, and most of these studies concern sandy soils. In our study, several experiments
were carried out using different amounts of zeolite synthesized from coal fly ash and a silty
loam soil, typically found in Southern Italy. Sunflower was chosen as a reference plant. The
objective was to evaluate the effects of different soil–zeolite mixtures (1, 2, 5, and 10% of
zeolite was added to the soil) on the hydrophysical properties of the soil and plant growth
starting from the hypothesis that the addition of an increasing amount of zeolite impacts
soil porosity, saturated hydraulic conductivity, and the water holding capacity of soils.

2. Materials and Methods
2.1. Soil and Zeolite Characterization

The soil used in the present study was collected at the experimental agricultural farm
“Pantano di Pignola” (40◦33′31” N and 15◦45′31” E; 800 m above sea level) of ALSIA
(Agency for the Agricultural Development and Innovation of Lucania) in Basilicata Region,
Southern Italy, characterized by a warm summer Mediterranean climate (Koppen climate
classification Csb) [45]. The main physicochemical properties of the soil are shown in Table 1.
All the properties were determined using standard laboratory protocols based on the
methods of chemical and physical analysis described in the Italian Official Gazette [46]. The
soil was classified as a silty loam [47], hereinafter referred to as SiLo. It was characterized
by the large amount of organic matter (34.9 g kg−1), exchangeable Ca2+ (4852 mg kg−1),
and available P (53.02 mg kg−1). The quantity of available Fe was 9.98 mg kg−1 (Table 1).
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Table 1. Main physicochemical properties of the investigated soil.

Property Soil Unit Method

Sand 9.53 %

hydrometer methodSilt 66.18 %
Clay 24.29 %

Texture (USDA classification) Silty loam -
Soil bulk density (ρb) 1.369 g/cm3 core method

Field capacity (FC) 40.5 % retention curve (at h = −0.03 MPa)
Wilting point (WP) 25.5 % retention curve (at h = −1.5 MPa)
pH (in H2O 1:2.5) 7.63 pH meter

Cation exchange capacity 27.85 cmol/kg BaCl2 pH 8.1
Organic matter 34.90 g kg−1 Walkley–Black

Exchangeable K+ 317 mg kg−1 BaCl2 pH 8.1
Exchangeable Mg2+ 277 mg kg−1 BaCl2 pH 8.1
Exchangeable Ca2+ 4852 mg kg−1 BaCl2 pH 8.1

Fe 9.98 mg kg−1 Lindsay–Norwell
Mn 5.81 mg kg−1 Lindsay–Norwell
Zn 1.45 mg kg−1 Lindsay–Norwell
Cu 0.99 mg kg−1 Lindsay–Norwell
P 53.02 mg kg−1 Olsen

The zeolite used in the laboratory experiments was synthesized from an Italian coal
fly ash sample (thermoelectric power plant in Cerano-Brindisi) according to the method
described in our previous papers [48] and based on the pre-fused hydrothermal process
at 60 ◦C. The synthetic product was Ca-exchanged following the method described by
Sun et al. [49]. X-ray diffraction (XRD) analysis was performed on soil, synthetic zeolite,
and soil–zeolite mixtures using a Rigaku Rint 2200 powder diffractometer equipped with a
CuKα radiation source. Data were collected in the 2–70◦ range of 2θ with a 0.02◦ step and
a speed of 3 s/step.

2.2. Hydrophysical Characterization of the Soil–Zeolite Mixtures

Laboratory tests were performed on disturbed (i.e., repacked) soil samples to evaluate
the hydrophysical behavior of the soil–zeolite mixtures. The soil was oven-dried at 105 ◦C
and sieved at 2 mm. Known amounts of soil and zeolite were then mixed and shaken
to ensure a uniform distribution. The mixtures were then kept in metallic containers of
cylindrical geometry (8 cm high and 8 cm in diameter) for several steps. The experimental
protocol involved four distinct soil–zeolite mixtures prepared with 1% (in the following
SiLo_Z1), 2% (SiLo_Z2), 5% (SiLo_Z5), and 10% (SiLo_Z10) of zeolite. The analysis was
also performed on a soil sample without zeolite (SiLo_Z0), which was used as a control.
Hydraulic conductivity at saturation, Ks, was measured for each soil sample using the
constant head method [50]. Soil water retention curves (SWRCs) were also determined for
all the soil cores. Water retentions were obtained for the samples by first saturating the
soil, from the bottom, with tap water and then drying it with a Stackman apparatus [51].
Drying was induced gradually by applying decreasing pressure heads in the range from
0–0.0245 MPa at the bottom of the soil cores.

The experimental SWRCs were fitted using the water retention model of van Genuchten [52]:

θ = θr +
θs − θr[

1 + α|h|n
]m (1)

where θ (cm3/cm3) is the volumetric water content, θr (cm3/cm3) and θs (cm3/cm3) are the
residual volumetric water content and the water content at saturation, respectively, h (cm)
is the pressure head, and α (1/cm), n (-) and m (-) (m = 1 − 1/n) are fitting parameters.

The RETC software package [53] was employed to determine van Genuchten’s model
parameters via a nonlinear least squares optimization approach [54]. In the RETC procedure,
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θr is assumed to be zero. Furthermore, following the approach of Durner et al. [55] and
Jensen et al. [56], pore size distribution (PSD) was also determined using the van Genuchten
model by differentiating Equation (1) with respect to h:

f (h) =
dθ

d(log10|h|)
= (θs − θr)

{
αn|αh|(n−1) −m

[
1 + (α|h|)n]−(m+1)

}
|h|ln10 (2)

where f (h), known as the pore capillary pressure distribution function, is obtained on
the basis of the direct correspondence (equation of Young–Laplace) of h and the pore
radius r [57]. The PSD function is the first derivative of the SWRC and expresses the
relative abundance of each pore size in a representative volume of soil, that is the statistical
frequency distribution of pore sizes in the material under study. The function is usually
defined in the θr < θ < θs range [58].

2.3. Plant Growth Experiment

The experiment was carried out at the University of Basilicata (Southern Italy) in
Potenza on sunflower (Helianthus annuus L. cv Talento) grown in a temperature-controlled
glasshouse. The day/night temperatures were 26/23 ◦C and relative humidity was 40%.
Pregerminated sunflower seeds were sown singly in plastic pots (each 10 L) containing
7 kg of soil (air-dried and passed through a 2-mm sieve whose characteristics are shown
in Table 1) treated with different percentages of zeolite (0, 1, 2, 5, and 10%). The plant
growth experiment was a randomized complete block design with six replications and
five treatments for a total of 30 pots. Plants were fertilized with potassium nitrate (1.5 g
of N plant−1) and diammonium phosphate (1.6 g of P2O5 plant−1). During the growing
cycle, plants were irrigated weekly by reestablishing field capacity (Table 1), whose water
requirement was obtained by gravimetric measures. From leaf emergence to the flower
bud stage, plants were monitored by counting the leaf number and measuring plant height
(H). In addition, measurements of the leaf greenness index (SPAD) were made by using
a handheld Soil Plant Analysis Development—SPAD-502 (Konica Minolta Corporation,
Ltd., Osaka, Japan). Average SPAD meter values were calculated from three readings taken
from the tip to the base of the youngest and fully expanded leaf per plant. Moreover, gas
exchange parameters (photosynthesis, transpiration, stomatal conductance, and intercel-
lular CO2 concentration) were measured using a LI-6400 portable photosynthesis system
equipped with a 2 cm2 chamber and 6400-40 LED light source (LI-COR Inc.) operating at
380 ppm ambient CO2 concentration. Measurements were carried out between 12:00 and
14:00 h (solar time) under saturating light conditions (photosynthetic active radiation, PAR
approximately 1500 µmol photons m–2 s–1).

At the end of the experiment, when the sunflower was at the flower bud stage, the
plant was harvested and weighed to determine fresh weight (FW). The leaves were counted
and passed through a surface electronic detector (Model 3100, LI-Cor, Inc., Lincoln, NE,
USA) to measure leaf area. Finally, dry weight (DW), by drying the samples in a ventilated
oven at 75 ◦C until constant weight was reached, and humidity (%) were determined.

2.4. Statistical Analysis

Hydrophysical soil and plant growth parameters were analyzed by one-way ANOVA
statistical test. When significant treatment effects were found, the Duncan Multiple Range
Test (DMRT) was used to compare the obtained mean values among the treatments. These
mean values were considered to be significantly different at p ≤ 0.05 and p ≤ 0.01.

3. Results and Discussion
3.1. Soil and Synthesized Zeolites

The mineralogical composition of the SiLo soil used during the experiments is dis-
played in Figure 1. The XRD pattern indicates that it was characterized by the presence
of quite large amounts of clay minerals represented by kaolinite, chlorite, illite/mica, and
mixed-layer illite/smecite. Other minerals such as quartz, calcite, and a smaller amount of
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dolomite and feldspars were also present. Peaks referable to goethite/hematite, were well
identifiable. Figure 2 shows the XRD profile of synthetic zeolites characterized by the main
presence of sodalite whose addition in treatments with a higher percentage (SiLo_Z5 and
SiLo_Z10) is clearly shown in Figure 3. Zeolite percentages of 1% and 2% (SiLo_Z1 and
SiLo_Z2) were, instead, too low to be determined by X-ray diffraction (Figure 3). The results
indicate that the addition of sodalite, formed from a waste material such as coal fly ash into
silty loam soil, conditions its hydrophysical properties and sunflower growth, although,
the quantity of clay minerals was not negligible and the amount of added synthetic zeolite
was so low it was not detected by XRD analysis (Figure 3).
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The effects determined by the addition of zeolite on the hydrophysical properties
of the soil, mainly discussed in the sections below, are due to the typical and specific
characteristics of these minerals such as the high pore volumes and low bulk density
that modify the soil structure altering bulk density, total porosity, aggregate stability, and
average particle size of the final soil mixtures [30].

3.2. Effects of Zeolite on Hydrophysical Properties of Soil

The water retention data collected from the laboratory tests and modeled Equation (1)
are illustrated in Figure 4. Data reveal that the presence of zeolite influences the θ(h)
relationship. In general, as the zeolite amount increases in the soil, the experimental
SWRCs are shifted upwards with respect to the original (i.e., SiLo_Z0) SWRC. This shift
shows that zeolite gives a higher pressure head (h) value for the same soil water content.

It is worth noting that the SWRCs determined for SiLo_Z1 and SiLo_Z2 samples
were only slightly influenced by the zeolite treatment. In these two cases, SWRCs only
differentiated in the h range between 0 and 0.004 MPa. For h values greater than 0.004 MPa,
the curves in practice overlapped with that of SiLo_Z0.

Starting from a soil sample completely saturated with water (which corresponds to a
pressure head h equal to zero) the volumetric water content at saturation θs grows as the
zeolite percentage increases. The θs values rise from ∼0.610 in the case of the untreated soil
sample to∼0.760 for the case of the soil sample mixed with 10% of zeolite. Moving towards
higher h values, the amount of water present in the soil is higher in the soil–zeolite mixtures
with greater percentages of zeolite. We may infer: “more zeolite, more water”. This
behavior is not negligible at the lowest zeolite values of 1% and 2%, at least (as mentioned
above) in the h range from 0–0.004 MPa, as well as in the other zeolite treatments. From the
hydrological point of view, we may conclude that zeolite enhanced the ability of the soil to
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retain more water, or in other words, zeolite addition increases the water retention capacity
of the soil samples. This is due to high pore volumes and the presence of pore network
channels within the zeolite structure and the subsequent ability to hold more water [32].
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Genuchten, vG model) with reference to the selected soil–zeolite mixtures: SiLo_Z0: soil with-
out zeolite; SiLo_Z1: soil with 1% of zeolite; SiLo_Z2: soil with 2% of zeolite; SiLo_Z5: soil with 5% of
zeolite; SiLo_Z10: soil with 10% of zeolite.

Table 2 shows a selection of calculated soil hydrophysical properties, namely:
(i) volumetric water content at saturation θs, (ii) water content at field capacity θFC (i.e., the
value of θ at h = −0.03 MPa), (iii) water content at permanent wilting point θWP (i.e., the
value of θ at h =−1.5 MPa), (iv) available water content AWC (i.e., θFC-θWP), (v) air capacity
AC (i.e., θs-θFC), (vi) hydraulic conductivity at saturation Ks, and (vii) the van Genuchten
model parameters α and n. In accordance with Figure 4, the data reported in Table 2 show
that θFC and θWP increase as the amount of zeolite in the soil increases, with values that
vary, respectively, between 0.405 and 0.593, and between 0.255 and 0.456.

Table 2. Soil hydrophysical properties: (i) volumetric water content at saturation (θs), (ii) water
content at field capacity (θFC), (iii) water content at permanent wilting point (θWP), (iv) available
water content (AWC), (v) air capacity (AC), (vi) hydraulic conductivity at saturation (Ks), and (vii)
van Genuchten’s model parameters α and n, obtained from experimental SWRCs and with reference
to the selected soil–zeolite mixtures.

Treatments θs
(cm3/cm3)

θFC
(cm3/cm3)

θWP
(cm3/cm3)

AWC
(cm3/cm3)

AC
(cm3/cm3)

Ks
(cm/min)

α
(1/cm)

n
(-)

SiLo_Z0 0.612 0.405 c 0.255 C 0.150 0.207 0.056 A 0.123 a 1.12
SiLo_Z1 0.652 0.417 c 0.272 C 0.145 0.235 0.045 B 0.182 b 1.11
SiLo_Z2 0.644 0.419 c 0.260 C 0.159 0.225 0.028 C 0.155 c 1.12
SiLo_Z5 0.685 0.504 b 0.362 B 0.142 0.181 0.0079 D 0.100 d 1.11
SiLo_Z10 0.763 0.593 a 0.456 A 0.137 0.170 0.0032 E 0.099 d 1.10

Values are means (n = 3). Data were analyzed using one-way ANOVA followed by Duncan Multiple Range
Test (DMRT). Within columns means with different uppercase and lowercase letters are significantly different at
p < 0.01 and at p < 0.05, respectively; the lack of letters indicates the lack of significance between means.
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For the sake of completeness, we must note that hydraulic conductivity at saturation
also changes due to the addition of zeolite. Ks values decreased from 0.056 cm/min
(SiLo_Z0) to 0.0032 cm/min (SiLo_Z10); only a small percentage addition of zeolite reduced
Ks to 94%. This aspect can be better appreciated with Figure 5, showing the Ks_TR/Ks_UTR
ratios between treated (TR) and untreated (UTR) soil samples.
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Figure 5. Effects of zeolite on soil hydraulic conductivity at saturation, Ks, determined as the ratio
between treated (TR) and untreated (UTR) soil samples. SiLo_Z0: soil without zeolite; SiLo_Z1: soil
with 1% of zeolite; SiLo_Z2: soil with 2% of zeolite; SiLo_Z5: soil with 5% of zeolite; SiLo_Z10: soil
with 10% of zeolite.

Finally, the graphic in Figure 6 shows the PSDs obtained using Equation (2). The PSD
function provides additional information on the mechanisms involved in the soil due to
the addition of zeolite. The PSD trend clearly indicates that zeolite modifies the frequency
distribution of h (or equivalently of the pore sizes). For a fixed h value, the f(h) function
decreases as the zeolite percentage increases; this modification is particularly emphasized
in the h range from ∼0.004 MPa to ∼20 MPa.

According to the PSDs and the above-mentioned parameters, as well as the α vG-
parameter (that decreases as the zeolite amount increases), we may infer that zeolite favors
the formation of a “clay-like” soil due to an increase in meso-micropores combined with
macropore loss, thus, limiting the transfer of water and solutes within the soil. These results
are consistent with the observed variation in hydrophysical parameters, especially with Ks
reduction, and do not conflict with the observed trend of SWRCs. Indeed, increased water
retention may be associated not only with large particles and, thus, large pores but also
with smaller pores that may contain more water overall but are less conductive [59].

Thus, for the field application of zeolite, these two conflicting effects represented by
high water retention capacity and low hydraulic conductivity, should be considered, as
also suggested by Yasuda et al. [60].

3.3. Effects of Zeolite on Sunflower Growth

The results of selected sunflower growth parameters on the five different treatments
are shown in Figure 7. The data indicate that the treatments with high concentrations of
synthetic zeolite (5% and 10%) drastically reduce sunflower growth (SiLo_Z5 and SiLo_Z10)
while a concentration of zeolite between 1 and 2% seems to cause a slight decrease in
growth (SiLo_Z1 and SiLo_Z2). The variation in plant height of the sunflower is displayed
in Figure 7a. The plants that grew in soil treatment without zeolite (SiLo_Z0) and with
1% and 2% of zeolite (SiLo_Z1 and SiLo_Z2) reached their greatest height. Soil treatment
with a larger amount of zeolite amendment did not allow the sunflowers to develop
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significantly (SiLo_Z5 and SiLo_Z10) since their heights remained quite low. The results
also show that, as expected, a higher value of SPAD (59.2) corresponds to the highest zeolite
concentration treatment (10%—SiLo_Z10), while no significant variation is observed at
lower concentrations (SiLo_Z1 and SiLo_Z2) (Figure 7b). The number of leaves decreased
at low concentrations of zeolite (average value is equal to 12), while it more than halved at
the zeolite concentration of 10% (SiLo_Z10) (Figure 7c). A similar trend is observed for the
leaf area (LA) (Figure 7d). At the end of the experiment, this parameter decreased from
456 cm2 (value measured without zeolite addition, SiLo_Z0) to 212 cm2 in SiLo_Z2 and
SiLo_Z1, to 67 cm2 in SiLo_Z5, and to 24 cm2 in SiLo_Z10. A similar trend also occurred
with fresh weight and dry weight values (Figure 7e,f).
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Figure 6. Pore size distribution (PSD) as a function of the pressure head h with reference to the selected
soil–zeolite mixtures: SiLo_Z0: soil without zeolite; SiLo_Z1: soil with 1% of zeolite; SiLo_Z2: soil
with 2% of zeolite; SiLo_Z5: soil with 5% of zeolite; SiLo_Z10: soil with 10% of zeolite.

The increase in soil porosity due to the addition of zeolite generally brings about an
improvement in soil structure with potential effects on parameters affecting crop production
such as water transport and gas exchange [61]. In contrast to other authors’ observations
of soils with a sandy texture and on other crops [26,35], we observed a generally negative
effect on sunflower growth parameters. There are no data in the literature on crop growth
in silty loam soils amended with zeolite, but only positive results on sandy soils [26,35].

The results indicate a positive effect concerning the addition of synthetic zeolite on
the soil hydrological constants (θFC and θWP) in a silty loam soil. The best conditions for
plant growth of sunflower at low concentrations of zeolite (SiLo_Z1 and SiLo_Z2) are
supported by the gas exchange parameters of these treatments which showed values of
stomatal conductance close to the untreated control (0.37 mol H2O m−2 s−1 on average
for SiLo_Z0, SiLo_Z1, and SiLo_Z2 vs. 0.18 mol H2O m−2 s−1 on average for SiLo_Z5 and
SiLo_Z10; data not shown). Sunflower growth response confirms what was observed on the
SWRC curve modification, especially for treatments amended with 5% and 10% of zeolite
(Figure 4). Modification of the SWRCs determines a variation in the soil’s moisture range
at which water is available for plants (Table 2). At the wilting point, the soil pressure is
usually −1.5 MPa; this is the value where soil’s water is bound to the soil and not available
for plants. As discussed above, treatment with zeolite brings about a modification of
the soil’s porosity and aggregates, with an overall increase in mesopores and micropores
combined with macropore loss. As a consequence, water, especially in the micropores, is
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less available for plants because the pressure becomes more negative as the pore radius
decreases (Figures 4 and 6).
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Figure 7. (a) Plant height, (b) SPAD values, (c) leaf number, (d) leaf area, (e) fresh weight, and (f) dry
weight of sunflower plant at the flower bud stage, grown on soil treated with different percentages of
zeolite (0–10%). Values are means (n = 6). Data presented in each graph were analyzed by one-way
ANOVA followed by DMRT. Different uppercase and lowercase letters above the bars are significantly
different at p < 0.01 and at p < 0.05, respectively. SiLo_Z0: soil without zeolite; SiLo_Z1: soil with 1%
of zeolite; SiLo_Z2: soil with 2% of zeolite; SiLo_Z5: soil with 5% of zeolite; SiLo_Z10: soil with 10%
of zeolite.

As a result of the variation in the pore size distribution, the wilting point passes from
26% to 46% and the field capacity from 41% to 59% in the SiLo_Z0 and in the SiLo_Z10,
respectively (Table 2). The lower Ks of soil with 5% and 10% of zeolite negatively affects
the growth parameters characterizing SiLo_Z5 and SiLo_Z10 such as leaf number, leaf
area, fresh weight, and dry weight which stand at significantly lower values (Figure 7a–f).
However, leaf number, leaf area, fresh weight, and dry weight of the sunflower plants
also resulted in being significantly lower with 1 and 2% of zeolite than untreated soil
(Figure 7c–f). Interestingly, as also hypothesized in the literature [9], the highest percentage
of zeolite in the soil causes a “self-saturation” effect of the zeolite, which ends up retaining
water within itself rather than releasing it and making it available to plants. Due to the
addition of zeolite, we observed a great increase in the soil water content in correspondence
with the wilting point in the treatment containing 10% of zeolite (SiLo_Z10, see Table 2).
In SiLo_Z2, we also observed the minor shift in soil moisture values in correspondence
with the hydrological constants of untreated soil (i.e., the wilting point and field capacity).
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According to other authors [13,26,35], SWRC modification due to zeolite addition brings
about a change in AWC, particularly in sandy soil. The impact of zeolite on pore radius and
hydrophysical parameters, especially Ks reduction, can result in plant water unavailability,
a condition which negatively impacts crop growth. Other authors have also shown that the
effectiveness of water-retention amendments for improving plant available water varies
in different soils or substrates [62]. In other words, the effect of zeolite on cultivated soils
strongly depends on the amount added but, overall, on the texture of the soil. The negative
outcome of adding zeolite to a silty loam soil on crop growth closely depends on the
reduction of drainage capacity and on the shift of the water availability range towards
higher soil humidity values, especially if zeolite is added in large amounts.

4. Conclusions

In the present research, we investigated the effects of a zeolite, synthesized from an
Italian coal fly ash sample (a waste material), on the hydrophysical properties of soil, a
typical silty loam soil of Southern Italy, and on sunflower growth, which was selected
as a reference plant. To analyze these aspects, several experiments were carried out at
laboratory-scale, on selected soil–zeolite mixtures of 1%, 2%, 5%, and 10%, following the
experimental protocols described in Section 2.

The results indicated that zeolite addition increases the water retention capacity
of soil, and, on the other hand, decreases the drainage capacity (Ks reduces as zeolite
increases). These effects may be mainly attributed to the deviation of the initial pore
size distribution (PSD) of the amended soils that reassembled their internal structure,
promoting the formation of a “clay-like” soil. The conclusion is that PSD modification
causes a variation in the range of available water towards higher values of soil humidity as
the amount of added zeolite increases.

The research in question requires additional experiments and datasets, even at full
field-scale, to extend the observed results in different pedological contexts of agronomic
interest. However, it also yields preliminary insights in terms of policies linked to the
circular economy: the possibility of synthesizing zeolites from fly ash for agricultural
purposes could bring about a substantial reduction in the amounts of this waste product
taken to landfill.
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