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A B S T R A C T

In the face of an extensive literature on the use of zeolites for the removal of metals from water for environmental
purposes, it is seldom considered that some metals are also essential nutrients for life and that zeolites could be
profitably used to dose their release. Among these, Zn is a key micronutrient, and when its demand by crop is not
fully balanced by adequate accessibility, fertilization must be provided using Zn salts that can be, however, easily
leached and partly wasted in the environment.
In an attempt to solve this critical problem, a new controlled-release formulation of Zn using zeolite-

containing geomaterials was designed, prepared, characterized, and tested by applying a sequential, multi-
method approach. Different formulations were trialed, and the most effective included 30 wt% pumice by-
product and 70 wt% clinoptilolite-rich zeolitized tuff, with about 20 mg/g of exchangeable Zn2+. The enrich-
ment process reached equilibrium after about 8 h, a timing well-tuned with technology transfer. Desorption
kinetic tests in a weekly acid environment revealed gradual Zn release, with about 4.28 wt% released after 6 h.
When tested as a foliar fertilizer on Vitis vinifera, this formulation demonstrated superior resistance to leaching
under simulated rainfall conditions compared to conventional ZnSO4⋅6H2O fertilizer, maintaining the initial
level of Zn (130 mg/kg of dry leaves), while about 22 % of the Zn applied with ZnSO4⋅6H2O was loss. This
outcome was plausibly due to mineral particle adhesion to leaf. Preliminary cost estimates suggest that the
product designed here can be placed in the market with competitive sales prices.

1. Introduction

To supply fertilizers to the aerial part of plants, the use of cation-
exchanging microporous materials could be a viable option [1–6].
Among them, zeolites are very promising geomaterials [7–11]. In fact,
zeolites are characterized by properties such as high and selective cati-
on–exchange capacity (CEC), reversible hydration and molecular
sieving, which give them a high agronomic value [12–14]. This success
is confirmed by several studies and applications regarding their use as
soil amendments [15–28], for nutrient recovery from wastewaters and
livestock manure [26,29–35] and, more recently, as corroborants for
foliar treatments, also due to their persistence on leaf surfaces when
applied in micronized form [17,36–44].

Although recent studies show that zeolites synthesized from wastes
such as fly and bottom ash can be used in a variety of application con-
texts [45–47], almost just volcanic tuffs are currently used in agriculture

[48]. Volcanic tuffs are rocks that may contain up to 70–80 wt% of
zeolitic species such as clinoptilolite, mordenite, phillipsite and chaba-
zite in varying amounts depending on the genetic conditions and
geological history of the area. It is important to emphasize that using
zeolitized tuffs in agriculture does not necessarily involve the opening of
new quarries, but rather the exploitation of by–products from already
existing ones. In fact, in the past (and largely even today), zeolitized tuffs
were used to obtain natural stone for construction; over the years,
considerable amounts of zeolite-rich scraps have accumulated
(Fig. SOM-1 in Supplementary Online Material, SOM here after, in Ap-
pendix A) that can be profitably used in various large-scale applications
[17,22,23,26], becoming a core business for many quarries.

On the other hand, there are more problematic quarrying by-
products, such as those resulting from the mining and processing of
pumices and lapilli, highly porous rocks originating from explosive
volcanic events. Nevertheless, both pumice and lapillus, like tuffs, may
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contain nonnegligible amounts of zeolitic species (up to 15 wt%),
possibly making these geomaterials effective cation exchangers. Unfor-
tunately, according to regulations currently in force in Italy [49], and
indirectly applied in other nations as well, only geomaterials that
contain at least 50 wt% of zeolitic species, whether or not they are
by–products, can be classified and traded as soil improvers, which are
the major source of consumption of these by-products in agriculture.
Therefore, finding additional ways to use geomaterials with modest
zeolitic content is undoubtedly a timely challenge, with not only envi-
ronmental, but also managerial and economic implications, considering
that the mining sector produces more than 100 billion tons of solid waste
per year globally [50].

In the face of numerous studies involving zeolites in Zn removal for
various environmental application, only very few researches have
considered them as an efficient geomaterial for Zn fertilization in soil or
plant leaves [51] or to modelling the heavy metals, including Zn,
mobility in zeolite-amended soils, with implication also on their
bioavailability [52,53]. Zn is a fundamental micronutrient for humans,
being responsible of catalytic, structural and regulatory functions in
mammalians [54]. About 33 % of the Zn ingested is effectively absorbed
in the small intestine, where it is then transported to the liver, and finally
to other tissues via the systemic circulation [55]. Cellular Zn pools are
then regulated by the influx or release from intracellular stores of Zn or
supplied by either metallothioneins (proteins that bind Zn and act as an
intracellular reservoir), or heavy-metal ATPases (enzymes that control
Zn in cytosol using the energy of adenosine triphosphate) [56]. The
importance of Zn for human body is evidenced by the many roles of Zn
finger proteins, that control the expression of growth-related genes,
immune response mediators, and steroid receptors [57]. Despite this, Zn
deficiency is a growing threat, especially in poor and developing coun-
tries, often resulting in increased susceptibility to infections, reduced
physical power, growth retardation, as well as neurobehavioral im-
pairments in children [58–61]. The main reasons for low dietary intake
are poor levels of bioaccessible Zn in agricultural soils (about 50 % show
inadequate levels of Zn) and non–diversified diets based on cereals and
cereal-based products [62–64]. The latter, is indeed a common feature
inherited from earliest days of agriculture, around 9 K–years ago, when
only a few species of cereals (wheat, rice and maize) were selected for
cultivation [65]. Because Zn, as well as other essential micronutrients,
increase its concentration within specific trophic levels along terrestrial
food webs (biomagnification), significantly higher levels of Zn are pre-
sent in animal products andmeat than in cereals [66]; consequently, low
or null consumption of meat in developing countries is among the causes
of Zn deficiencies and related pathological disorders [60].

Beyond this, there are other aspects not strictly related to food safety
and accessibility, but still relevant to the economies of many countries.
In fact, an adequate supply of Zn is also crucial in horticulture and
viticulture, as it contributes to plant health [67–70]. For plants, Zn is an
essential component of Zn-binding proteins with structural functions. It
is involved in transcription, translation, photosynthesis, and the meta-
bolism of reactive oxygen species [71]. Zn is also important for
plant–pathogen and pest interactions [72]. Indeed, increased levels have
been associated with heightened immune system response and resis-
tance to pathogenic infections, while deficiencies have been related with
increase susceptibility to fungal diseases [73,74]. Deficiency symptoms
include chlorosis, reduced growth and yield, and reduced micro-
nutrients in cereals grains [71]. Radial transport of Zn to the xylem (and
thus to the shoots) occurs through two main pathways, namely the
symplastic and apoplastic. The former transports Zn (as well as sugars
and other molecules) between cells within the cytoplasmic continuum of
root cells, the latter through extracellular spaces called apoplasts, where
specific barriers (e.g., the Casparian stripe) serve to control nutrient
fluxes [71,75]. In all cases, the presence of Zn in bioavailable form is
critical.

Stimulating Zn bioaccumulation in plants (biofortication) could be a
valid response in contexts where crop demands for Zn is not fully

balanced by adequate Zn accessibility from the soil [76–80]. Never-
theless, the efficacy of Zn fertilization in soils is often limited by several
reasons, including, the high solubility and rapid leaching of mineral Zn
fertilizers, the possible sequestration through cation exchange reactions
with clay minerals and the soil organic matter (formation of
non-bioavailable organometallic complexes), and limited translocation
from root systems to edible parts of plants [81–89]. In addition, its
mobility can be affected, although to a lesser extent than other metals,
just by soil amendment actions with zeolites [52] or other organic and
inorganic amendments [90]. For these reasons, Zn foliar application has
gained momentum as an alternative or supplementary strategy to soil
application [91–93]. Moreover, particularly promising scientific out-
comes [94–96] recently demonstrated with 65Zn isotopic tracing, effi-
cient translocation of Zn from wheat leaves to grains, further validating
foliar fertilization as a preferential technique. The choice of one or the
other strategy should be however weighed against the site-specific
characteristics of the soil [89], the crop [76,80,97], and the type of
Zn-based fertilizer [98].

Based on these premises, this research aims to prepare a new
controlled-release Zn foliar fertilizer [99] composed of a mixture of
zeolites-containing quarry by-products with the purpose of reducing
environmental impacts and quarry costs. This formulation should
release Zn gradually over a longer period than a conventional fertilizer
and, therefore, provide plants with a steady and sustained supply of Zn
for growth while minimizing nutrient loss through leaching. The
possible occurrence of different zeolitic species in the various geo-
materials used, could also provide advantages in terms of differential
release of Zn (i.e., kinetic), as each zeolitic species reacts differently
depending on its crystal chemistry [100–102]. More specifically, Zn
adsorption and desorption and cations diffusivity were investigated in
mixtures with varying amount of a clinoptilolite-rich zeolitized tuff,
pumice and lapillus scraps. The most promising formulation was then
tested as foliar fertilizer on Vitis vinifera to evaluate its resistance to
simulated rain leaching with respect to a commonly used Zn fertilizer
(ZnSO4⋅6H2O). A preliminary cost-benefit analysis was performed as
well.

2. Instruments, materials and methods

2.1. Analytical instruments

Geomaterials were characterized with a consolidated multi-
–analytical protocol [103,104], encompassing particle size analysis,
surface areas measurement with the multi-point Brunauer–Emmett–-
Teller (BET) method, X-ray powder diffraction (XRPD), X–ray fluores-
cence (XRF), scanning electron microscopy equipped with an energy
dispersive X–ray detector (SEM-EDX) and elemental analyses (EA) to
quantify the carbon and nitrogen contents, the latter used to calculate
the CEC in the geomaterials saturated with [NH4]+. Inductively coupled
plasma optical emission spectroscopy (ICP–OES) was used for measuring
the dissolved cations (Zn2+, Al3+, Na+, Mg2+, K+, Ca2+) in liquid sam-
ples. Detailed description of instruments and experimental set up is re-
ported in the SOM–1.

2.2. Geomaterials

The geomaterials used (section 3.1) are a clinoptilolite-rich zeoli-
tized tuff (ZT), pumice (PU) and lapillus (LA) from Bono (Sassari, Sar-
dinia, Italy), Riserva Muraccio (Tessennano, Viterbo, central Italy) and
Monte Cellere (Cellere, Viterbo, central Italy) quarries, respectively. The
analytical methods employed for their characterization are described in
SOM–1 and SOM–2. More information on the properties and applica-
tions of geomaterials like those used in this study are described in the
literature [105–107].
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2.3. Formulations design and preparation

In the following, Zn and Zn2+ will be used to refer to the metal in the
broad sense or the exchangeable cation, respectively. As indicated in the
labels of a wide range of commercial products and also in the literature
[108–110], the recommended doses of Zn for foliar applications range
between 200 and 300 g/ha, depending on various factors such as soil
conditions and specific nutritional requirements of crops. Therefore, a
formulation containing about 20 mg of exchangeable Zn2+ per g of
product (equivalent to 61.2 mEq of Zn2+ per 100 g) was foreseen. Under
these conditions, the amount of product used would be about 10–15
kg/ha, paralleling the dosage usually employed in foliar treatments with
natural powdered corroborants.

Based on the results after described in section 3, four different for-
mulations were prepared, identified hereafter as ZT70PU30, ZT70LA30,
ZT85PU15 and ZT85LA15 composed of 70 or 85 wt% of ZT and 30 or 15 wt
% of PU or LA, respectively. Preparation was done by simultaneously
grinding appropriate amounts of each geomaterial in an agate mill until
a micronized powder was obtained as indicated by the particle size
analyses (Figs. SOM-2-SOM-5).

2.4 The adsorption of Zn2+ by ZT at equilibrium and non–equilibrium
conditions

The CEC of a zeolite depends not only on its crystal chemistry and
exchangeable cations, but also on several other parameters, including
particle size, interaction time, and the solid/solution ratio [100–102].
Therefore, once fixed the particle size, the minimum contact time
required to obtain a near–equilibrium condition, and the optimum sol-
id/solution ratio were accessed by kinetic (time dependent) and equi-
librium (equilibrium concentration dependent) adsorption tests,
respectively, as detailed in SOM–3. Although cation exchange may be
boosted by temperature, it is still a spontaneous reaction and room
temperature (20 ◦C) was used in this research to avoid any waste of
energy.

2.5. Preparation of Zn2+–enriched formulations and release tests

The four formulations (ZT70PU30, ZT70LA30, ZT85PU15 and ZT85LA15)
were enriched in Zn2+, according to the results of adsorption kinetic
tests. The amount of adsorbed Zn2+ was checked through ICP–OES after
conventional nitric–hydrofluoric digestion. Each formulation was
investigated for Zn2+ desorption kinetic in a weakly acid environment,
simulating common rain pH [111], and compared with ZT. Details about
Zn2+ loading and desorption kinetic batches are reported in SOM–4.

2.6. Residence test on Vitis vinifera after a simulated rain event

ZT70PU30 formulation was selected as the most promising option (see
section 3.4 for details) and therefore further investigated as foliar
treatment on Vitis vinifera (Trebbiano Romagnolo cultivar). The test was
performed by a professional agronomist in a greenhouse (Valsamoggia,
Bologna, north Italy) and included a positive control (plant fertilized
with ZnSO4⋅6H2O, as conventional fertilizer) and a negative one (no
treatment) to asses background Zn. Briefly, more details are given in
SOM-5, 15 plants were sprayed, 5 with the formulation (ZT70PU30), 5
with ZnSO4⋅6H2O solution (positive control) and 5 with tap water
(control). Each plant received 3 treatments, each 48 h apart, which
provided, a total of 20 mg Zn per plant (regardless of the source of the
metal, i.e., the ZT70PU30 or ZnSO4⋅6H2O). The aim was to verify the
persistence of Zn (both bioaccessible and its total amounts) on the
leaves, before and after a simulated rain event. To achieve this infor-
mation, sequential extractions were applied (SOM-5). The leachable
fraction was evaluated in water extracts, while the fraction resistant to
the leaching was measured in subsequent extracts of concentrated
HNO3. The former for the purpose of measuring leachable Zn from rain,

the latter the Zn absorbed by leaves or present in the formulation
remaining on the leaves. A further check followed a more conventional
procedure by analysing total Zn in leaves ash.

Significant differences (p < 0.05) were obtained with ANOVA and
Tukey’s HSD tests, that were used for normally distributed, homosce-
dastic populations (as resulted from Shapiro–Wilk and Bartlett’s tests),
whereas Kruskal–Wallis was used for non–normally distributed, non-
–homoscedastic data. Statistical analyses were performed with R Studio
[112], using MASS [113] and Agricolae [114] packages.

3. Results and discussion

3.1. Geomaterials characterization

The XRPD pattern of the considered geomaterials are reported in
Fig. 1. From a strictly qualitative point of view, XRPD results indicate
that mica/illite, plagioclase, quartz and sanidine are present in all
samples in varying amounts.

ZT is characterized by a significantly high amount of clinoptilolite
(Table 1), with Na+, Ca2+ and Mg2+ as the main exchange cations, as
suggested by CEC and chemical analyses (Table 1, Section 3.3). Cha-
bazite and analcime are the zeolitic species found in PU and LA,
respectively (Table 1), but in lower amounts than in ZT, in accordance
with the lower CEC of these two geomaterials (Table 1), a parameter
closely related to the amount of zeolitic species. Hematite and pyroxene
are also present in LA, in agreement with the higher Fe and Mg content
in this sample compared to ZT and PU. All samples are also characterized
by a significant presence of undetectable material in X diffraction (likely

Fig. 1. XRPD patterns of ZT, PU and LA. Symbols identify the main peaks of the
detected phases (Table 1) and of the internal standard NIST SRM 676a (alumina
powder, corundum structure – see SOM 1.1). Open symbols: square, analcime;
circle, chabazite; triangle up, clinoptilolite; triangle down, hematite, diamond,
mica/illite. Filled symbols: square, plagioclase; circle, pyroxene; triangle up,
quartz; triangle down, sanidine, diamond, corundum (standard).
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amorphous), however, typical of geomaterials such as these originating
from explosive volcanic events. This feature is also well evidenced by the
increase in background signal [115] that is observed for all samples
between about 20 and 30 ◦2θ (Fig. 1); in fact, this increase is best evident
in the PU sample, which is the one characterized by the greatest amount
of amorphous (Table 1).

In agreement with its mineralogical composition (about 64 wt% of
clinoptilolite) and as found for other similar geomaterials (clinoptilolite-
rich tuffs) recently described in the literature [118–122] ZT has a spe-
cific surface area of 22.838 ± 0.238 m2/g. This value is close to that of
PU (18.005 ± 0.099 m2/g) and significantly higher than that of LA
(2.106 ± 0.023 m2/g). Although zeolitic tuffs generally have a slightly
higher surface area than pumices due to their crystalline and micropo-
rous structure, a direct comparison between these different materials is
not possible because of the different geological context of origin and the
different processing undergone [123].

3.2. Characterization of Zn2+ adsorption by the ZT

The Zn2+ adsorption equilibrium test on ZT (see SOM–3.1 for
experimental detail) showed a peculiar Ce–qe plot, where Ce (equilib-
rium concentration of Zn2+ in solution, mg/L) and qe (Zn2+ adsorption
capacity at equilibrium, mg/g) were indirectly related (Fig. 2A). Inverse
qe to Ce trends are not possible in cation exchange, as they represent a
condition where the higher the mass/volume ratio, the more exchange
occur per unit mass. Nevertheless, inverse qe to Ce correlations likely
represent a system where fractions of Zn2+ precipitated as low soluble
salt. SEM–EDX analysis (Fig. 3) carried out on ZT powder derived from
batch ≥6 % w/v (SOM 3.1) effectively revealed the occurrence of do-
mains with significative Zn amounts, up to localized 70 wt%. Since ZT
was washed several times with Milli–Q water after the exchange with
Zn2+, and EDX spectra (Fig. 3) did not reveal sulfur–related signals, the
occurrence of residual ZnSO4⋅6H2O is not plausible. Considering that the
tCEC of the ZT was 159 mEq/100g (Table 1), the maximum adsorbable
Zn2+ should not exceed 5.2 wt%. Values significantly higher than 5.2 wt
% (also considering the semiquantitative outreach of EDX measure-
ments) are therefore not explainable with adsorption/exchange re-
actions, supporting instead the occurrence of Zn precipitate (condition

represented by red dots in Fig. 2).
Curves in Fig. 2A shows that the precipitation of Zn phases was ZT

dose–dependent. The addition of zeolites to a solution can indeed apport
significant differences in chemical properties, not only in terms of cation
exchange, but also concerning pH. More specifically, zeolites may
significantly increase the pH of soils [52] and solutions, possibly
favouring the precipitation of metal oxide and hydroxide [124]. Paral-
leling the procedure described in SOM 3.1, a test was performed for
evaluating the pH variation starting from a 0.1 M ZnSO4⋅6H2O solution,
in contact with different doses of ZT, with solid/liquid ratios ranging
from 1 to 16 % (w/v). Samples were mixed at 400 rpm in closed PVF
flasks for 24 h, then pH was measured (Fig. 2B). The initial pH was 4.8,
slightly lower than the theorical value (5.0) calculated with Equation
(1), considering pKa1 = 9.05 and C(s) = 0.1 M [125], because of the
addition of a few drops of HNO3, used to facilitate the solubilization of
ZnSO4⋅6H2O.

pH=0.5pKa1 − 0.5 log (Cs) (1)

Once in contact with ZT, pH linearly increased with ZT dosage, to a
maximum of 7.8 (reached at 16 %w/v). The condition that first revealed
Zn precipitates in SEM–EDX analysis (6 % w/v) showed a pH of 5.8. It is
therefore likely that pH change by zeolites concurred in the precipitation
of Zn phases [126]. In fact, Fig. 3A shows a grain of ZT material after
ZnSO4⋅6H2O batch, surrounded by smaller tabular or plate–shaped
precipitates and the regions within red dashed lines in Fig. 3B, revealed
Zn concentrations greater than 20 wt%.

3.3. Cation exchange kinetic of ZT during Zn2+ adsorption

Zn2+ adsorption kinetic measurements were performed as described
in SOM–3.2. The cations released by ZT during Zn2+ adsorption are
reported in Table 1. Equilibrium desorption capacities (qe, measured at
28 h) for Na+, Ca2+, K+ and Mg2+ indicate an aCEC of 83.4 mEq/100g
(Fig. 4A; Table 1). As expected, this value was significantly lower than
the tCEC measured using [NH4]+ as the exchange cation (159 mEq/
100g, Table 1) because of the lower affinity of clinoptilolite towards
Zn2+ compared to [NH4]+ [102,127]. However, with respect to ZT, the
value of 83.4 mEq/100g for Zn2+ largely meets the target required for a

Table 1
Mineralogical (weight %) and chemical (oxide weight %) composition of ZT, PU and LA. In the mineralogical analyses (left) the standard deviation σQ (values in
parenthesis) of the weight percentage Q of each phase was calculated using the values obtained in the output file after the quantitative refinement by GSAS software,
and the formula σQ= {[(σa/a)2+ (σb/b)2]1/2} Q [116], where a and b are the two variables most affecting Q values and refer, respectively, to the weight fraction of the
phase and the internal standard, whereas σa and σb are their standard deviations; “Amorphous”may also include very low-amount minor phases non detected through
XRPD. In chemical analysis (right) the LOI (Loss On Ignition) is the weight loss (%) at 1050 ◦C. CEC are reported in mEq/100g as tCEC (theoretical CEC, cations
exchange with [NH4]+ and aCEC (apparent CEC, cations exchange with Zn2+), both as defined in Inglezakis (2005) [117] and detailed in SOM-2. Counterions are
referred to aCEC and were measured only for ZT being the main component of the formulations described in section 3.3.

ZT PU LA ZT PU LA

Analcime – – 7.5(5) LOI 12.7 4.30 1.07
Chabazite – 12.4(2) – SiO2 64.2 60.5 49.8
Clinoptilolite 63.7(8) – – Al2O3 12.2 17.9 17.5
Hematite – – 7.8(3) Fe2O3 2.85 3.23 9.33
Mica/Illite 2.7(2) 4.7(1) 1.8(6) MnO 0.0821 0.143 0.140
Plagioclase 6.3(2) 3.9(2) 22.1(1) MgO 1.47 0.946 3.47
Piroxene – – 14.6(9) Na2O 1.84 2.73 4.37
Quartz 2.0(5) 2.3(1) 0.80(7) TiO2 0.298 0.393 1.08
Sanidine 2.9(3) 24.7(3) 7.6(6) K2O 1.87 7.55 3.36
Amorphous 22.4(9) 52.1(5) 37.8(8) P2O5 0.0611 0.0781 0.346

CaO 2.38 2.42 8.99

χ2 4.428 3.383 5.216 C 0.30 0.10 0.05
Rp 0.0550 0.0524 0.0924
Rwp 0.0805 0.0738 0.0916 tCEC 159 22.3 8.93

aCEC 83.4 of which:
Na+ 52.0
Ca2+ 15.3
K+ 4.55
Mg2+ 11.5
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Zn-fertilizer (61.2 mEq/100g, section 2.3).
For each measured q(t) (time-dependent desorption capacities of

exchangeable cations), the fractional uptake F(t) was calculated as F(t)
= q(t)/qe [128], where F(t) represents the closeness of the system to
equilibrium. Indeed, in kinetic investigations it should be avoided to use
data too close to equilibrium [128], therefore, only data with F(t)< 0.85
were considered. The F(t) values calculated for each exchangeable
cation are shown in Fig. 4B. The ZT released monovalent cations (Na+

and K+) quicker than bivalent ones (Ca2+ and Mg2+) as near equilibrium
conditions (F(t) ≥ 0.85) was reached for Na+ and K+ after about 30 min
of contact, while Ca2+ and Mg2+ showed F(t) ≥ 0.85 after about 4 h of
contact. Cations with higher hydration energy, as Mg2+ and Ca2+, pre-
sent slower exchange kinetic than cations with lower hydration energy,
as Na+ and K+; furthermore, zeolites with high SiO2/Al2O3 ratio as cli-
noptilolite show increase affinity for monovalent exchangeable cations
[102,127,129].

Fig. 2. Zn2+ adsorption equilibrium test. A) Removed Zn2+ at equilibrium per g of ZT, respect to residual Zn2+ dissolved. 2nd grade polynomial and R2 are shown.
The dotted vertical line separates the region where Zn precipitates occurred (ZT ≥ 6 % w/v, at the left) with the one where no precipitates have been observed (ZT <

6 % w/v, at the right); B) pH effect of different w/v ratios of ZT in ZnSO4⋅6H2O 0.1M solution. Percentages (%) are intended as w/v (g of ZT/100 ml).

Fig. 3. SEM–EDX of the ZT treated with ZnSO4⋅6H2O 0.1M solution (at 6 % w/v batch). A) A grain surrounded by smaller tabular crystals; B) particular of a region
with high Zn content (>20 wt%), highlighted by red dotted lines. On the right the EDX spectra of measurements point 1, 2 and 3 indicated in Figs. A and B.

G. Giulio et al.
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Kinetic modelling was performed for Ca2+ and Mg2+ being that only
these cations provided data with F(t) < 0.85. The Pseudo–Second Order
(PSO) [131] showed good correlation with experimental data (Equation
(2)):

q(t)=
q2e k2t

1+ qek2t
(2)

where q(t) (mg/g) is the time-dependent adsorption/desorption capac-
ity, qe (mg/g) is the equilibrium adsorption/desorption capacity, k2 is
the PSO rate constant (g/mg h) and t is time (h). The PSO showed an
optimal correlation with experimental data (R2 > 0.999), however not
all the assumptions were plausibly met [132], briefly: (i) adsorption is
reaction–controlled, (ii) liquid concentration is constant, and (iii) no
desorption occur. To exclude spurious correlations, it has been pointed
out to check the distribution of standardized residuals [132] that, in this
case, were not homogeneously distributed, finally confirming the
inconsistency of the PSO model. Being that ZT and, particularly zeolites
are microporous materials, cations diffusivity could be relevant [133].
The Weber–Morris Intraparticle diffusion model was therefore investi-
gated (Equation (3)):

q(t)= kIDt0.5 + C (3)

where KID is the diffusion rate constant and C (mg/g) is related with the
diffusivity in the boundary layer [134]. The occurrence of multiphase
adsorption could be verified in the q(t) vs t1/2 plot (Fig. 4C), if multiple
lines are present. In the case, the first step (line with intercept C = 0)
represents external diffusion, followed by diffusivity–controlled
adsorption [135]. Sole intraparticle diffusion occurs instead when a
single line is present, intersecting the origin at C = 0, with KID as slope.

The intercept C is also related with the thickness of the boundary
layer (physisorption), whereas monolayer condition (as the case of
chemisorption and cation exchange) is related with C values near zero
[134]. In this case, starting from 30 min of contact, C was 2.15 and
0.993 mg/g for Ca2+ and Mg2+, respectively (Fig. 4C), while kID was
0.238 and 0.101 mg/g h− 1, suggesting that the diffusion of the
exchanged species through extra–framework spaces of zeolite crystals
toward the external environment did not significantly limit Zn2+

adsorption, at least starting from 30 min of contact, also in agreement
with its surface area. The ZT is a micronized material, therefore the
micropores where highly exposed to the external environment facili-
tating cations diffusivity both outside and inside (Zn2+) the zeolitic
channels. This aspect was likely particularly relevant for monovalent
exchangeable cations, where the most present one (Na+) showed an F(t)
= 0.94 just after 30 min of contact, suggesting no significative

limitations in its diffusivity during Zn2+ exchange.

3.4. Zn2+ enrichment of the formulations and released in simulated rain
water

In agreement with the assumptions outlined in section 2.3, and
considering the results of sections 3.2 and 3.3, four formulations were
prepared by mixing different amounts of ZT with PU and LA by-
products, reducing the amount of ZT to a maximum of 30 %, therefore
sufficient to ensure a CEC approximately equal to the fixed target (61.2
mEq Zn2+ per 100 g). The four mixtures were labelled as defined in
section 2.3 and Table 2 where is also reported the amount of Zn2+

adsorbed after the enrichment (SOM–4).
The minor increase of Zn content in the formulations compared to

the values that could be calculated from Zn–exchanged ZT (namely,
− 30 % ZT → 58.4 mEq/100g, and − 15 % ZT → 69.5 mEq/100g) is
consistent with the contribution to cation exchange of zeolites occurring
in LA and, especially, PU (Table 1). Equilibrium was almost reached
after 8 h, a promising timeline for technology transfer.

The interaction with simulated rain water (SOM–4) shows a gradual
Zn2+ release (Fig. 5) for all the formulations; the total amounts of metal
released remained low even after a contact time of 6 h (Table 2). The
initial fast release recorded at 30 min was plausibly due to exchange
process occurred in the outermost part of the zeolitic channels, that was
also facilitated by the reduced grain size. This peak is more pronounced
(higher release) in the ZT70PU30 formulation, even compared to the pure
ZT, plausibly related to the presence in PU of chabazite (Table 1) which
has higher CEC and faster release than clinoptilolite [15,136,137], the
zeolitic specie occurring in ZT, rather than their surface area presenting
similar values. The chabazite contained in PU (i.e., in the ZT70PU30

formulation) therefore increased the initial release rate of Zn2+; subse-
quently, at higher times the release curves of ZT70PU30 and ZT tend to
converge, due to the higher abundance of zeolite (and exchangeable
Zn2+) in ZT than ZT70PU30. Similar considerations apply also to

Fig. 4. Desorption kinetic of Na+, Ca2+, K+ and Mg2+ by the ZT in a ZnSO4⋅6H2O 0.1 M batch. A) q(t) (mg/g) vs Time (h); B) F(t) vs Time (h). The grey region
represents F(t) < 0.85, therefore, the data contained were not considered in kinetic modelling. The curves in A and B are logarithmic regressions with R2 indicated. C)
Intraparticle Diffusion (ID) model for Ca2+ and Mg2+ and relative R2 [130].

Table 2
Zn2+ contained in enriched formulations (left) and percentages released after 6 h
of contact with acidified water (HNO3, pH 5.5) to simulate rain water (right).
Data for pure ZT (label ZT100) are also reported for ease of comparison.

mg/g (mEq/100g) Release 6h (%)

ZT70PU30 19.86 (60.8) 4.28
ZT70LA30 20.16 (61.7) 1.63
ZT85PU15 23.00 (70.4) 2.26
ZT85LA15 22.70 (69.5) 1.85
ZT100 26.71 (81.7) 3.07
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ZT85PU15 and ZT85LA15, although the difference is less pronounced due
to the higher amount of zeolite (clinoptilolite) compared to ZT70PU30.
ZT70LA30 shows instead slower kinetics and lower release due to lower
zeolite content, as the LA provided only minor amounts of analcime and
also has a smaller surface area than ZT, which could limit cation diffu-
sivity. For all the treatments, between 30 and 60 min the released Zn2+

slightly dropped, indicating that re-adsorption and/or precipitation
occurred, however, Zn2+ continue to be slowly released over time.

3.5. Residence of ZT70PU30 formulation on plant leaves following
simulated rain event

For the reasons given in section 3.4, ZT70PU30 was considered the
most suitable formulation among the four tested. Therefore, it was used
to perform residence tests on Vitis vinifera leaves, in comparison with
conventional ZnSO4⋅6H2O foliar fertilizer (see sections 2.6 and SOM-5
for further details).

The amount of Zn in the negative control was significantly lower
(about − 87 % less) than in the treated leaves and, as expected, no
substantial differences were observed before and after the simulated
rain.

Before the rain event (PRE rain columns in Fig. 6A), regarding total
Zn, no differences were observed in the leaves treated with ZT70PU30 or
ZnSO4⋅6H2O fertilizer, as leaves were sprayed with the same amounts of
Zn (SOM-5); significative higher amount of soluble Zn was recorded in
leaves treated with ZnSO4⋅6H2O compared to those treated with
ZT70PU30 (PRE rain columns in Fig. 6B), which is possibly indicative of
faster availability to the plant. On the other hand, ZT70PU30 showed a
significantly better tolerance to the rain leaching, as evidenced by the
higher Zn residuality, both total and soluble forms (POST rain columns
in Fig. 6A and B, compared to ZnSO4⋅6H2O. This positive effect is
plausibly due to the role of active ZT and PU particles, i.e., zeolitic
species, in enhancing the permanence of Zn on leaves compared to the
more mobile ZnSO4⋅6H2O. The increased persistence is also correlated
to the physical interaction between lithoid particles of the formulation
and the rough morphology of the leaf surface, which facilitates its
adhesion, a feature already observed in plants treated with natural
zeolitized tuffs [138]. In other word, ZT70PU30 not only act as a carrier
for Zn, but also as a holder for its residence on leaves.

Being zeolites alumo–silicates, the Zn/Al ratio could be indicative of

Fig. 5. Release kinetic of the formulation ZT70PU30, ZT70LA30, ZT85PU15 and
ZT85LA15 compared to pure ZT.

Fig. 6. Zn concentration on leaves and residence time before and after a simulated rain event. A) total Zn (mg/kg dry biomass); B) soluble Zn; C) Zn/Al ratio; D) total
Zn vs Zn/Al plot. Two conditions are significantly different if no letter (i.e., a, b, c, d) is in common, as resulted from ANOVA and Tukey’s HSD tests.
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the permanence of ZT70PU30 on plant leaves (Fig. 6C and D). Indeed, the
Zn/Al ratio decreases in ZnSO4⋅6H2O treated leaves after the rain event,
whereas in ZT70PU30 it significantly increased, suggesting that the rain
event did not much affect the persistence of mineral particles on leaves
(Fig. 6C), and the capacity of zeolites in providing Zn in bioaccessible
form (Zn2+) was maintained more efficiently than with conventional
ZnSO4⋅6H2O (Fig. 6D).

3.6. Preliminary cost outlook

Reimplementing PU and LA by-products is generally limited by their
small grain size (often <3 mm). In addition, both are marked by very
high operating costs, up to 1.20 €/m3. Therefore, PU and LA by-products
are mostly reused for quarry restoration, with additional costs for
transportation. Alternatively, according to current Italian [139,140] and
European [141] laws, quarry by-products can be stored in areas within
the quarry’s jurisdiction, authorized as internal landfills, and a fee must
be paid if they are resold.

Although there are no industrial plants dedicated to produce the
ZT70PU30, an estimate of the production cost could be obtained
considering the cost of producing atomized mixtures in ceramic tile
industry. The latter materials, in fact, are produced using wet grinding
plants into which any geomaterial (including zeolitized tuffs) can be
placed in addition to water and a soluble salt (in this case, ZnSO4⋅6H2O).
Given current energy andmaterial costs, the production of a formulation
consisting of 100 % ZT exchanged with Zn2+ is estimated at about 2.70
€/kg (±0.25 €/kg depending on the production capacity of the grinding
plant). Replacing up to 30 wt% of ZT with PU (ZT70PU30) would result in
savings of about 5 % of the total, but without considering the environ-
mental benefit and fees no longer due for storage of PU by-product.
These estimates, although preliminary, would allow ZT70PU30 to be
placed in the current market with sale prices similar, or even lower, to
those of other conventional Zn fertilizers.

4. Conclusions

Zn plant deficiency relates with plant disease, human dietary deficit
and health issues. Therefore, providing Zn to crops in case of inadequate
plant uptake from the soil is necessary. Zn fertilizers are however
generally associated with low efficiency. A new foliar fertilizer formu-
lation based on natural geomaterials rich in zeolites was proposed here,
with the aim of meeting both the demand for efficient Zn-based plant
nutrition and the disposal of problematic quarry by-products.

The best formulation, with unreduced properties respect to pure ZT,
comprised 70 wt% of ZT and 30 wt% of pumice scraps. This formulation,
for the same amount of Zn used, sprayed on plant of Vitis vinifera showed
slower releasing properties and significative adhesion on leaves, proving
better residence than traditional ZnSO4⋅6H2O fertilizer to rain leaching.

From the perspective of economic viability, net of environmental
benefits, preliminary cost estimates suggest that ZT70PU30 can be placed
in the market with competitive sales prices. Although possibly side ef-
fects are expected to be less than those experienced with conventional
fertilizers, medium-to-large-scale agronomic assays will be needed
before trade to demonstrate its true efficacy, absence of phytotoxicity
and medium- and long-term impacts on (micro)organisms. Similarly, a
comparison with other slow-release foliar fertilizers (e.g., coated/
encapsulated/chelated Zn compounds) is necessary both in terms of
efficacy and cost-effectiveness.

Assuming an ever-increasing demand for Zn-based fertilizers, the
development of methodologies for recovering and reusing Zn from
wastewater could be an additional challenge for circularity which could
nicely match with the outcome of this research.
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Saavedra, M. Bernal, U. Krämer, D. Grolimund, M. González-Guerrero, L. Jordá,
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