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Quarry waste and by-products pose significant environmental and economic challenges for the mining industry.
This study investigates the potential of pumice scraps as carriers for Mn?" to crops for foliar fertilization. Kinetic
and Isotherm modelling were performed for Mn?*-enrichment and release, and Mn?* saturation level was
compared to theoretical cation exchange capacity (CEC). Synthetic groundwater was used to simulate agricul-
tural conditions in spraying machines. Pumice scraps were compared with more commonly studied zeolitized tuff
(chabazite-rich). Despite its higher amorphous content (87.5 wt%) and lower zeolitic mineral content (analcime,
0.80 wt%), pumice exhibited greater affinity for Mn?*, achieving higher saturation percentage of the theoretical

CEC than the zeolitized tuff. Pumice also demonstrated a more stable enrichment and release, making it a
promising material for delivering Mn®" to crops. The use of pumice scraps in foliar fertilization could therefore
represent a new way to valorise quarry waste materials.

1. Introduction

Water, soil, and air are essential resources for human life quality.
However, their excessive exploitation often leads to environmental
degradation. To mitigate anthropogenic impacts, many countries are
adopting strategic plans for conservation, best practices in resource
utilization, prevention of resource degradation, and initiatives for
reusing and recycling waste materials. For instance, the Agenda 2030 for
Sustainable Development is a comprehensive action program aimed at
achieving specific environmental, economic, social, and institutional
objectives by 2030 [1]. Consequently, the sustainable use of resources —
which limits the use of virgin materials in favour of waste — is universally
perceived as virtuous.

Mining is largely involved in waste and by-products generation,
globally making over 100 billion of tons of solid material in the form of
rock fragments each year [2]. Therefore, applying these materials in new
technological fields will mean revaluing waste and by-products that are
currently difficult to manage. Pumice scraps are a clear example.

Pumices are aluminosilicate rocks with a volcanic origin, mainly
composed of feldspars, quartz, cristobalite, mica, and varying amount of
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glass, which may constitute up to 80-90 wt% of the material [3-5]. The
porous structure of pumices results from the degassing of volatile com-
pounds and rapid expansion, leading to rocks with low bulk densities [6,
7]. Pumices are primarily used for scouring, scrubbing, and as polishing
material. However, debris smaller than 3 mm is largely unsold and is
therefore considered a by-product. Moreover, while it is partially used to
fill quarry voids, the excess must be stored in the mining area as a waste,
constituting additional costs for mining companies [8-11].

Many attempts have been made to find application for pumice
scraps. Fine aggregates have proved to be a promising alternative to
sand in the production of lightweight cement mortar [12]. The incor-
poration of pumice into the cement matrix has been shown to improve
thermal and acoustic insulation, as well as resistance to fire, abrasion,
and degradation from prolonged contact with seawater; however, this
resulted in decreased mechanical strength of the cement [13]. The po-
tential of pumices for water and wastewater treatment has only recently
been recognized by the scientific community. Indeed, natural or suitably
modified pumice, have been successfully used for removing heavy
metals from aqueous solutions. Pumice has proven to be efficient in
coagulation and flocculation processes for removing hydrocarbons from
refinery wastewater [14], and it has substantially reduced the biological
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Abbreviations

CHA CHAbazite-rich zeolitized tuff

Mn?"-EC Mn?" enrichment capacity of the materials. Namely, a
fraction of the t.CEC which is available for Mn?>* (mmol
(+)Mn*" g1

Mn?*-sat Percentage of the t.CEC available for Mn?* enrichment
(%)

PUM Pumice scraps

t.CEC Theoretical cation exchange capacity. The maximum
exchange capacity of the materials, measured by
complete displacement of the exchangeable cations
(mmol(+) g™

and chemical oxygen demand (BOD and COD, respectively) of municipal
wastewaters [15].

The presence of small amount of minerals belonging to the zeolite
family has been linked to the reactivity of some pumiceous materials
toward specific chemical species, and their adsorption properties. Zeo-
lites are aluminosilicates composed of structural [Si04]4' tetrahedra
arranged in a three-dimensional framework that forms a microporous
structure of interconnected channels and cages [16,17]. Due to the
partial substitution of Si** with AI>* in the tetrahedra, the resulting
[AlO4]% provide zeolites with net negative surface charges, which are
weakly balanced by loosely bound cations. This characteristic imparts
several properties to zeolites, such as high cation exchange capacity
(CEQ), molecular sieving and reversible hydration. CEC is arguably the
most well-known and exploited property of zeolites, allowing cations in
aqueous solutions to diffuse from the external environment into the
extraframework spaces, while cations originally present on the internal
surfaces diffuse outward [18-22].

Zeolites are found in both hydrothermal and diagenetic environ-
ments, but economically viable deposits are primarily associated with
diagenetic deposits [23,24]. Despite the possible presence of significant
amounts of zeolites in pumiceous rocks that have undergone diagenetic
processes — sometimes reaching up to 15 wt% [4,5,8,15,25] — these
minerals are more commonly and abundantly found, occasionally over
50 wt%, in diagenized volcano-sedimentary deposits, which are gener-
ally referred as zeolitized tuffs [21,23]. The CEC of zeolitized tuffs de-
pends not only on the amount and zeolitic species present (the primary
ones in diagenetic environments are chabazite, phillipsite, clinoptilolite,
and mordenite), but also on other properties such as grain size, porosity
and the presence of non-zeolitic phases. As a result, zeolitized tuffs are
used in various fields of application, including wastewater treatment,
construction, gas adsorption, moisture and odour control, and agricul-
ture [6,12,19-21,26-30].

Agricultural applications are receiving increasing interest. When
added to soil as an amendment, zeolitized tuffs may increase soil water-
holding capacity, potentially counteracting drought stress and related
damage in plants [23,24,31-38]. Zeolitized tuffs suggested to decrease
fertilizer-related CO, emissions from agricultural soil [39]; moreover,
zeolites enriched with NH-N from livestock waste, used as soil
amendment have shown reduced leaching compared to traditional
organic and synthetic N- fertilizers ([40-43], 2022; [33,44]). N-enriched
zeolite also temporarily altered the soil pH, resembling a liming effect
with potentials for nutrient mobilization [42].

Another application of natural zeolitized tuffs, when finely ground to
powder, is their use as foliar coaters [31,45-52]. For instance, in cases of
micronutrient deficiencies, zeolitized tuffs may be enriched in micro-
nutrients and sprayed on plant leaves, acting as a foliar corroborant
potentially outperforming conventional products due to their better
resistance to rain leaching [4,5]. Foliar treatments with powdered zeo-
litized tuffs proved also effective against pathogenic insects, namely the
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olive fruit fly (Bactrocera oleae, Rossi 1790) in olive groves [53]. In
wastewater treatment, zeolitized tuffs have been used in combination
with struvite precipitation technology to recover N, P, and K from
livestock and industrial effluents, therefore obtaining valuable fertilizers
[4,5].

Due to the aforementioned wide range of applications, solid by-
products generated from zeolitized tuffs quarrying is generally negli-
gible. However, as previously discussed, this cannot be said for pumice
deposits, for which it is necessary to investigate new fields of applica-
tion. Therefore, in this study we evaluated pumice by-product for Mn%*
enrichment from aqueous solutions and investigated its release capacity
in simulated soil water to assess its potential use as a plant biofortifying.
The activity of pumice scraps, with respect to Mn?*, was compared with
that of a more well-known and applied zeolitized tuff. Manganese has
been chosen because it is an essential micronutrient for plants, and the
possible slow release by the Mn?*-enriched pumice and Mn®"-enriched
zeolitized tuff hold potential for agricultural applications.

Moreover, Mn plays a critical roles in soil ecosystems. In fact, Mn is
directly involved in plant litter decomposition and soil organic carbon
cycling, as demonstrated by recent studies (e.g., Ref. [54]). It has been
shown that the addition of Mn accelerates the decomposition of organic
substrates, increasing soil respiration (microbial-driven CO, emissions),
as well as the transformation of organic carbon from plant residues into
protected carbon within mineral-associated organic matter [55]. Ni-
trogen fertilization may increase soil acidity after long-term applica-
tions, thereby enhancing the bioavailability of Mn and other
micronutrients in the soil, with significant effects on microbial activity
and carbon cycling processes; however, intensive fertilization regimes
may lead to soil Mn depletion toward the subsoil [56]. Mn can also in-
fluence soil structure. Indeed, certain bacteria have been shown to play a
key role in catalysing the oxidation of Mn(II) to Mn(III) and Mn(IV),
contributing to the formation of soil aggregates stabilized by Mn oxide
binders [57].

Mn is present in biostimulants mainly in the form of MnSO4-H50, a
soluble form that provides readily available Mn?*. When soluble Mn?* is
provided through soil fertilization, excessive availability may either
exceed roots absorption capacity or lead to plant toxicity, potentially
interfering with the absorption of other essential nutrients and causing
oxidative stress [58,59]. The main disadvantage of applying Mn directly
to the soil, in fact, is the tendency to precipitate in insoluble forms,
especially in alkaline soils, where free Mn is represented by cationic
species prone to precipitation as Mn>* and Mn** [58]. For these reasons,
foliar fertilization and the use of products that ensure slow release are
commonly adopted.

One of the most widely used product is manganese ethylenedi-
aminetetraacetate (Mn-EDTA). In this compound, Mn is chelated by
EDTA, forming a stable complex which ensures slow release, as well as
greater Mn bioavailability in limited soils, as highly alkaline and
calcareous soils [60]. Another important feature of Mn-EDTA fertilizer is
the reduced risk of leaching [61]. However, there are also significant
disadvantages. Mn-EDTA, as well as EDTA fertilizers in general, are
expensive (i.e., 20-22 € kg~ for Mn-EDTA, compared to approximately
6€ kg~ ! for MnSO,). Moreover, the prolonged use of synthetic chelators
can have long-term negative effects on the soil by binding other essential
micronutrients, therefore altering nutrient balance in soils [62]. Finally,
the efficacy of Mn-EDTA may also be limited in very acidic soils or in the
presence of competing ions [63].

With the aim of finding an alternative to the currently used Mn-based
agricultural products by involving the recycling of quarry material, this
research investigated the possibility of reusing pumice-based quarry by-
product for the formulation of a particulate Mn-fertilizer with potential
for slow release, comparing it with a more studied zeolitized tuff. Based
on this premise a pumice by-product and a chabazite rich zeolitized tuff
were selected and comparatively analysed. Micronized forms were
investigated, therefore potentially useable in spraying machines i.e., for
foliar treatments.
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The theoretical cation exchange capacities (t.CEC; mmol(+) gfl),
namely the maximum achievable CEC, were measured by complete
displacement of the exchangeable cations. The t.CEC were then
compared with the respective Mn?-enrichment capacity (Mn?*-EC),
therefore the fraction of t.CEC available for Mn?* under the experi-
mental conditions, to estimate absolute and relative efficiencies in Mn2*
enrichment from a liquid solution of MnSO4-H20. Kinetic modelling and
equilibrium isotherms were assessed with respect to Mn?" enrichment,
allowing the definition of optimal operating conditions for the process.
To evaluate the slow-release potential of the materials, kinetic tests were
conducted on the Mn?*-enriched pumice and zeolitized tuff in simulated
groundwater, therefore representing a typical irrigation water used in
agricultural sprayer machines i.e., in foliar treatments.

We also provide a preliminary cost outlook, by comparing Mn-
fertilizers with the investigated pumice and zeolite formulations.

2. Materials and methods
2.1. Materials characterization

The chabazite-rich zeolitized tuff (CHA) and pumice (PUM) were
sourced from quarries in Tessennano (Viterbo, Italy). The mineralogical
composition was determined using a Philips X’Pert PRO diffractometer
(Panalytical, Malvern, UK) equipped with a first-generation Real Time
Multiple Strip detector. Main experimental conditions were: Incident
beam, Cu Ka radiation at 40 kV and 40 mA; Soller slits, 0.02 rad; anti-
scatter and divergence slits, 1/4°. Diffracted beam: anti-scatter mask,
5.0 mm; Soller slits, 0.02 rad; integration time, 240 s in continuous scan
(length of 2.12 °26 corresponding to a step size of 0.0170 °26 per s).
Measurements were collected in the range 5-90 °20. Quantitative phase
analyses were performed using the Rietveld method with the GSAS
software and EXPGUI graphical interface, following the protocol re-
ported in Ref. [64]. NIST SRM 676a (alumina powder, corundum
structure) served as the internal standard and for instrument calibration.
The chemical compositions were measured in electrically fused samples
obtained with an xrFuse (Xrf Scientific, Australia) with an XRF (Zetium,
Panalytical) sequential wavelength dispersive spectrometer (WDS),
operating under vacuum conditions and equipped with 3 kW Rh tube
and 5 analyzer crystals (LiF220, LiF200, Ge, PE, PX1). The quantitative
phase analysis and the chemical compositions of CHA and PUM are re-
ported in Table 1.

The potential release by CHA and PUM of elements possibly critical

Table 1
Mineralogical and chemical composition of CHA and PUM.

Mineralogical composition (wWt%) Chemical composition (wt%)

CHA PUM CHA PUM
analcime - 0.80 (6) LOI 10.1 6.01
chabazite 46.8 (5) - SiOy 53.8 56.2
sanidine 21.4 (3) 4.8 (2) Al,O3 18.2 19.5
orthoclase - 2.4 (1) Fe,03 3.66 3.87
phlogopite 25Q1) - MnO 0.10 0.14
muscovite - 4.5 (1) MgO 1.68 0.69
other 29.3 (5) 87.5(2) NaO 0.68 2.46
TiO, 0.53 0.57
;(2 16.40 1.526 K,O0 5.63 7.63
Ryp 0.0615 0.0447 P>0s 0.12 0.11
R, 0.0432 0.0349 CaO 5.23 2.53

In the mineralogical analyses: i) the standard deviation 6g (values in paren-
thesis) of the weight percent of each phase (Q) was calculated from the values
obtained in the output file after the refinement by GSAS software, and the for-
mula oo = {[(6a a2+ (op b 1?12y Q [65], where a and b are the two var-
iables most affecting Q values and refer, respectively, to the weight fraction of
the phase and the internal standard, whereas ¢, and o}, are their standard de-
viations; ii) “other” identifies phases that are either undetectable because too
small in quantity, or non-crystalline phases. In the chemical analyses LOI refer to
the Loss On Ignition, namely the weight loss (%) at 1050 °C.
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for plant is reported in Table 2. Leaching was evaluated in ultrapure
water and 0.01 M CacCl; solution by soaking 6 g of PUM or CHA powder
in 100 mL of extractant (6 % dosage, m:v) under continuous stirring at
400 rpm for 24 h. The extracts were filtered with ashless filter paper
(Whatman, Maidstone, UK). The resulting clear solutions were analysed
by ICP-OES (Optima 4200 DV, PerkinElmer, Waltham, MA, USA) using a
calibration curve in the 0.1-20 ppm range.

2.2. Characterization of Mn?* enrichment

The degree of Mn®" enrichment in CHA and PUM was tested in a
batch of 0.5 MnSO4-H50 solution, at 6 % dosage (m:v, namely 12 g in
200 mL). Samples were stirred in closed polypropylene tubes for 24 h at
400 rpm. The supernatant was then removed by centrifugation at 6000
rpm for 5 min. Powders were collected and washed 5 times with 100 mL
of ultrapure deionized water (Milli-Q, Millipore, Burlington, MA, USA)
to remove weakly bound and residual Mn?", then dried at 105 °C for 24
h. The Loss On Ignition (LOI) was measured in aliquots of dried samples
by evaluating the percent of mass loss after calcination at 1050 °C for 3
h. The assessment of LOI is necessary as it is needed to correct the data of
XRF not acquired in calcined samples. The total amount of Mn in solid
samples was measured by XRF (section 2.1) and the Mn?" enrichment of
CHA and PUM was then calculated by the difference between total
amounts in Mn?"-enriched samples versus virgin samples.

Localized clusters of Mn in the materials would indicate either the
presence of residual Mn from the washings, or the occurrence of insol-
uble Mn-precipitates. Both these scenarios were not desirable. There-
fore, to ensure that no Mn precipitates occurred during the adsorption
batch, Mn-chemical mappings were performed with SEM-EDX technique
(JSM-6010PLUS/LA, JEOL, Tokyo, Japan).

The t.CEC was accessed with the ammonium acetate (NH4Ac)
method, as modified by ([66,67], p. 22171). Briefly, the exchange sites
were saturated with a high-affinity cation (NHJ), and the displaced
positive charges of exchanged cations (Na*, Mg?t, K* and Ca?") were
then quantified in the solution with ICP-OES technique (Optima 4200
DV, PerkinElmer).

The oxidation state of Mn is pH dependent. In acidic and neutral
aqueous solutions, the most stable form is Mn?*. Mn solubility strongly
decrease in oxidizing systems with neutral or alkaline pH [68], where it
easily precipitates as oxide and hydroxides by reacting with the dis-
solved oxygen and (OH)". To be sure that the effects of adding CHA and
PUM to the solution would be negligible on pH and thus on the possible
precipitation of insoluble species, a 6 % dose (m:v) of CHA or PUM (12 g
in 200 mL) was mixed with a magnetic stirrer, in contact with a 0.5 M
MnSO4-H30 solution, and the pH was monitored at 1, 30, 150 and 240
min of contact, with an Orion 9102BNWP pH-meter (Thermo Fisher
Scientific, Waltham, MA, USA).

2.3. Adsorption kinetic, isotherms and Mn?* release

In the adsorption kinetic tests, a 15 % dose (m:v) of CHA and PUM
was used. Specifically, 6 g of each material were added to 40 mL of

Table 2
Release of possibly undesirable cations from CHA and PUM (mg kg 1).

Releasable fraction in water Releasable fraction in 0.01M CaCl,

CHA PUM CHA PUM
Na 45.5 37.5 43.8 31.3
Al 1.7 0.4 1.0 0.2
\% 1.3 <0.1 0.8 <0.1
Cr <0.1 <0.1 <0.1 <0.1
Co <0.1 <0.1 <0.1 <0.1
Ni <0.1 <0.1 <0.1 <0.1
As <0.1 <0.1 <0.1 <0.1
cd <0.1 <0.1 <0.1 <0.1
Pb <0.1 <0.1 <0.1 <0.1
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MnSO4-H,0 solution containing 1000 ppm of Mn?*. Samples were
closed in polypropylene tubes and mixed with an orbital shaker at 400
rpm. The supernatant was then separated from the solution at 5, 10, 15,
30, 45, 60, 100, 130 min, and 14 h, which was assumed as close to the
equilibrium.

Adsorption isotherms were investigated using the same batch vol-
ume (40 mL) and mixing rate (400 rpm) as in the kinetic tests, but with
different masses of CHA and PUM: 1, 2, 3,4,5,6,7,9,11,13 and 15 g.
Equilibrium was assumed to be reached after 24 h of contact, at which
samples were collected.

The kinetics of Mn?" release from the Mn?*-enriched CHA and PUM
were evaluated. To simulate agricultural applications (foliar film tech-
nology), a synthetic groundwater was used, designed to mimic the
properties of water used with spraying machines. Therefore, to prepare
the synthetic groundwater, the following reagents were used, with
concentrations (mg/L) indicated in parentheses: CaSO4-2H20 (150),
NaCl (150), NaHCO3 (250), MgS04-7H,0 (500), KNO3 (13), MgCl,, (65),
CaCly (100). The resulting concentrations of dissolved ions were
consistent with the composition of real non-saline groundwaters [69,
701, namely (mg L1 in parentheses): Ca%* (71), Mg?" (43), Na* (127),
K' (5), SO%~ (224), CI~ (178), HCO3 (182), NO3 (8).

CHA and PUM used in the desorption tests were previously enriched
in Mn%" as described below. A 13 % dosage (m:v) was added to a
MnSO4-H,0 solution containing 1000 ppm of Mn?* and mixed at 400
rpm with an orbital shaker for 180 min, which, according to the results
of the kinetic tests (Section 3), was sufficient to reach near equilibrium.
Afterward, CHA and PUM were allowed to decant for 24 h and then
separated using a vacuum filtration system consisting of a Buchner
funnel with Whatman filter paper on top. Suction was provided by a
water-jet vacuum pump connected to a tailed flask as a receiver. CHA
and PUM were then washed twice by mixing approximately 200 g (dry
weight) of each with 2 L of ultrapure deionized water (Milli-Q, Milli-
pore), stirred with a magnetic stirrer for 30 min and separated using the
same vacuum filtration system. The effectiveness of the washes in
removing the reagent remained in solution (MnSO4-H20) was evaluated
by comparing the sulfur content in virgin versus treated samples through
XRF measurements, which showed negligible differences.

Desorption kinetics were investigated by preparing polypropylene
tubes containing 3 g of Mn?"-enriched CHA or PUM and 50 mL of
simulated groundwater (6 % dosage, m:v). The samples were mixed at
400 rpm with an orbital shaker, and aliquots were collected at various
time intervals: 15, 30, 60, 120, 180, 240, 360 min; 1, 2, and 5 days.

For all the tests described in this section, dissolved Mn®" was
measured in liquid samples collected and separated from CHA and PUM
through filtration with Whatman ashless filter paper, followed by
filtration with nylon syringe filters (0.2 pm in diameter). Each sample
consisted of 10 mL of simulated groundwater, acidified with 100 pL of
65 % HNOs. The concentration of dissolved Mn?" was measured by ICP-
OES (Optima 4200 DV, PerkinElmer). Modelling was carried out using R
Studio [71], with isotherm and kinetic modelling performed using the
PUPAIM [72] and PUPAK [73] packages, respectively.

The Mn enrichment was also evaluated in selected solid samples of
CHA and PUM, to monitor the mass balance and assess any potential Mn
loss during the enrichment process.

3. Results and discussion
3.1. Efficiency of materials in Mn?* enrichment

The Mn present in virgin CHA and PUM is 0.077 and 0.11 % (m:m;
calculated from the MnO values in Table 1). The treated materials,
which have a Mn content of 0.83 and 0.42 % for CHA and PUM,
respectively, thus exhibit an enrichment of about ten and three times
compared to virgin materials. The greater enrichment of CHA with
respect to PUM is consistent with its higher zeolite content.

The amount of Mn in CHA was approximately two times higher than
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PUM. Therefore, to obtain the same application in agricultural use, it
should be required about double the amount of PUM with respect to
CHA. However, it should be considered that plant effects are not related
to total amount of Mn, rather to the releasable (phytoavailable) fraction.

As outlined below, the enriched PUM showed higher capacity of
releasing Mn than the enriched CHA (section 3.4). Indeed, the release of
Mn%* by PUM at equilibrium is approximately 1.5 times higher than that
of CHA (section 3.4). Therefore, to obtain with the enriched PUM the
same amount of released Mn available for plant biofortification, it is
necessary less material than CHA. In addition, using less material to
achieve the same result also results in fewer potentially agronomically
undesirable elements (Table 2).

PUM has a t.CEC approximately one order of magnitude lower (0.173
vs. 1.487 mmol(+) g_l) compared to CHA (Table 3). However, PUM
demonstrated a higher affinity for Mn?* compared to CHA, as indicated
by the percent of saturation (Mn?* sat.), which represent the percentage
of the t.CEC (charge density) that can be occupied by Mn?* charges
(Table 3). As described in section 2.2, this parameter was derived by
saturating the materials with 0.5 M MnSO4-H,0. While Mn?* sat. Was
approximately 18 % in CHA (therefore, 18 % of the exchangeable
charges were represented by Mn®"), it reached 65 % for PUM. Thus,
despite its lower CEC, PUM exhibited nearly four times greater affinity
for Mn?* than CHA.

The active mineral present in PUM is analcime, belonging to the
zeolite family, and is present at 0.80 wt% (Table 1). Considering that the
CEC of analcime is approximately 4.5 mmol(+) g’1 [74], the expected
CEC contribution from analcime alone would be about 0.036 mmol(+)
g%, which is significantly lower than the measured t.CEC (approxi-
mately 0.17 mmol(+) g’l). Therefore, it is plausible that the detectable
zeolites in pumice contributed minimally to the overall activity
regarding Mn* and CEC, suggesting that active sites for Mn?* may have
been present in other phases of PUM, likely including the amorphous
fraction, of the material, which constituted the majority of PUM
(Table 1).

Regarding the effect on the pH of the MnSO4-H>0 solution (section
2.2), CHA and PUM increased the pH from the initial value of 5.73, to
6.25 and 6.30, respectively, after 240 min of contact. This increase was
likely due to the release of alkaline counterions such as Na®, Mg?*t, K*
and Ca?*. At room temperature, Mn?" is coordinated by 6 water mole-
cules, and the initial pH of 5.73 in a 0.5 M MnS0O4-H20 solution results
from the speciation of dissolved Mn®" into two singly charged cations
through hydrolysis of water in the hydration shell [75]: Mn2+(H20)6 —
MnOH'(H0)s + H' where Mn?"(H,0)g is the hydration shell in octa-
hedral coordination. At 240 min of contact, equilibrium for pH was not
yet been reached; however, between 180 and 240 min, the increase was
less than 1 %, suggesting that a condition close to equilibrium was
achieved. Nevertheless, the pH was always lower than 7, with the
highest value measured in PUM at 240 min (6.30), therefore no
Mn-precipitates were expected. To validate this hypothesis, semi-
quantitative chemical analyses were conducted using SEM-EDS

Table 3
Amount of exchangeable (exch.) cations by CHA and PUM (mmol(+) g!) and
fraction of the CEC available for Mn2* 9,

exch. exch. exch. exch. t.CEC Mn2t- Mn2*

Na® Mg** K" CaZt EC sat

mmol(+) g~* %
CHA 0.037 0.070 0.402 0.977 1.487 0.273 18.4
PUM 0.001 0.022 0.061 0.089 0.173 0.113 65.2

The t.CEC is the theoretical cation exchange capacity, equal to the sum of the
overall exchangeable positive charges of the counterions per g of material (mmol
(-0 g’l). Mn?*-EC is the enrichment capacity of the materials under saturation
with 0.5 M MnSO,4-H,0. Mn?" sat. Represent the percentage (%) of the t.CEC
available for Mn*" enrichment, namely the maximum enrichment in Mn*"
achievable by the materials under the experimental conditions.
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technique on the Mn?"-enriched materials, as described in section 2.2.
No Mn clusters were observed in the materials, except for a few small,
localized areas in CHA (Fig. 1A and B) that were also associated with Ti
and/or Fe (Fig. 1C and D). The simultaneous presence of Ti and Fe in-
dicates that these phases were already present in the original sample,
and the flat morphology of the observable fragment in the lower right
part of Fig. 1A suggests that it is a phlogopite crystal, in agreement with
mineralogical analyses (Table 1). However, it cannot be ruled out that
clusters with this chemical composition are also present in the amor-
phous fraction without however affecting the results obtained.

Concerning the mechanisms involved in Mn?" adsorption, the pre-
dominant process in CHA was cation exchange, due the high zeolite
content. In zeolites, cation exchange occurs at specific sites with a per-
manent negative charge. Active sites arise because of the isomorphic
replacement of Si** with AI** in the mineral framework, resulting in net
negative charges [16]. Cations as Na™, Mg?", K*, and Ca®" balance the
electrical charges, providing electrical neutrality, but can be involved in
exchange reactions with surrounding counterions. The reaction, which
is commonly reversibility, could be represented as shown below:

=X-Y"" + 2™ =2 =X-Z"" + Y (€}

where = X indicates a structural site with a permanent negative charge
(i.e., =Al-0) or multiple adjacent sites, Y is the exchangeable cation,
and Z is the counterion.

Other minor mechanisms of cation exchange in zeolites involve the
occurrence of silanol (Si-O-H) and hydroxyl groups attached to Al in the
edge of the crystal (=Al-OH), and located in the terminal parts of zeo-
lites as edges, faces and along faults [76].

Cation exchange was likely relevant also in PUM, partly due to the
presence of zeolites with high-CEC (analcime). However, it is likely that
the amorphous fraction (volcanic glass) provided the major contribution
to the CEC [77,78].

Pumices exhibit negative zeta potential values over a broad range of
pH, and the mesoporous structure of pumices offer large specific surface
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area [79]. Industrial grinding play also a key role in increasing the ac-
tivity of pumices. Several studies have demonstrated that the chemical
reactivity of pumice increases significantly through mechanical milling,
which enhances the amorphous (reactive) component at the expense of
crystalline phases (e.g., Ref. [80,81]). The employed material under-
gone mechanical milling in the cave. Its also showed remarkable specific
surface area (18.005 £ 0.099 rnz/g; [4,5]). Taken together, the over-
mentioned aspects (mechanical activation, high specific surface area,
and the presence of negatively charged surfaces throughout the entire
pH range under investigation) may explain the reactivity of pumice to-
ward Mn?*,

3.2. Kinetic of Mn>" enrichment

Once it was assured that Mn-precipitates were absent, it was inves-
tigated the enrichment of Mn?" by CHA and PUM through kinetic and
equilibrium tests (section 3.3). For the kinetic investigations, it is
advisable to avoid linearized models, as they can often induce statistical
biases [82]. Additionally, data points close to equilibrium (i.e., when q;
~ qe) should be avoided as well. This is particularly relevant in the
context of the frequent misuse of the Pseudo-Second-Order (PSO) model
compared to the Pseudo-First-Order (PFO), as highlighted by Ref. [83].
Therefore, kinetic modelling was calculated using only data with a
fractional uptake F(t), defined as F(t) = q; qe 1, that was equal to or less
than 0.95.

F(t) indicated a slower enrichment for CHA compared to PUM.
Specifically, PUM reached an F(t) > 0.85 after just 5 min of contact with
MnSO4-H;0 solution, whereas CHA took 1 h to reach F(t) > 0.85.
Therefore, from a practical standpoint, PUM can be maintained in batch
suspension for a few minutes to achieve a good enrichment in Mn?*,
while CHA requires a longer duration. In PUM, the rapid initial kinetic of
Mn?* enrichment, combined with the high Mn®*-sat previously dis-
cussed (section 3.1), indicates a higher affinity of PUM for Mn>" ions
compared to CHA. Conversely, the adsorption capacity (q; mg Mn?* g1
of CHA was approximately 1.4 times greater than that of PUM, likely due

Fig. 1. SEM-EDS imaging of the Mn?*-enriched chabazite zeolitized tuff (CHA). A) Backscattered electron scanning of CHA, and map distribution of Mn (B), Fe (C)
and Ti (D). Dotted lines mark localized regions with slightly greater concentration of Mn, in association with Ti and/or Fe.
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to its higher content of zeolite minerals, specifically chabazite (Table 1).

CHA exhibited strong correlations with the Weber-Morris Intra-
particle diffusion and Elovich models (Table 4; Fig. 2B and C). The
Weber-Morris model is expressed in Eq. (2) [84]:

g =kpVt+C 2)

where kjp (mg g’1 x min'’?) is the kinetic rate constant, and C (mg g’l)
is a constant associated with the resistance to diffusion. Weber-Morris
Intraparticle diffusion is a multi-linear process in which intraparticle
diffusion limits adsorption or exchange. Each line has its own kyp and C
value, with higher Cindicating a greater thickness of the boundary layer
that hinders the diffusivity of the chemical species (in this case, Mn3t)
within the porous structure of the material (in this case, zeolite mineral).
Consequently, the mass transfer of Mn?* within the porous structure of
chabazite in CHA was likely limited by diffusion kinetic, which was not
the case for PUM. In CHA, two distinct stages were observed; the second
began around 2 h of contact (as shown by the line on the right in
Fig. 2C), where the diffusion through the boundary layer gradually
slowed, approaching equilibrium condition. The first line had a C value
of 2.05 mg Mn?" g1, indicating that also during the first 2 h of contact
with the MnSO4-H20 solution, enrichment was constrained by surface
layer diffusion.
The Elovich model is presented in Eq. (3) [85]:

a :%ln (1-+apt) @

where « is the initial adsorption rate (mg Mn?t g,”1 s’l) and B is a
constant related to the extent of the surface coverage. Elovich kinetic is
an empirical model which is commonly used in chemisorption; however,
it has also been identified as a good predictor for the adsorption of heavy
metals by clay minerals [86] and zeolites [87].

3.3. Isotherm models

Two distinct behaviours were observed in CHA and PUM (Fig. 3A).
As expected, CHA achieved higher q. values compared to PUM due to
the higher amount of zeolite (Table 1). The shape of the isotherm also
differed, as CHA likely exhibited a type II isotherm, while PUM showed a
type I isotherm [88]. The larger variation in q. values in CHA was 2.39
mg Mn** g™}, while in PUM it was just 0.43 mg Mn®" g™}, indicating
that PUM experienced conditions of semi-saturation for each point of the
model. In other words, PUM achieved nearly the same g regardless of
the solid to liquid ratio used, which is remembered to have been applied
between 2.5 and 37.5 % (w:v) in MnSO4-H20 at 1000 ppm of Mn. From
an applicational perspective, this behaviour offers a significant
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advantage, as an industrial plant could utilize nearly any dosage of PUM
relative to the batch volume of solution, achieving similar product
characteristics in terms of Mn?* enrichment. This indicates the good
stability of PUM with respect to Mn?* enrichment and therefore, easi-
ness in process prediction.

The average of the measured g of PUM was 1.46 + 0.18 mg Mn?*
g~ !, which was consistent with the t.CEC (1.57 mg Mn?* g7! = 0.173
mmol(+4) gfl).

While PUM exhibited slight variations in q., CHA demonstrated a
significant increase at the rightmost part of the graph (Fig. 3A). This
indicates that enrichment was facilitated by lower solid-to-liquid ratios
were used. As anticipated, all g values for CHA were higher than those
of PUM, with the maximum g, recorded at 2.5 % w:v dosage (4.25 mg
Mn2t g_l) and the minimum at 37.5 % (1.83 mg Mn?t g_l). In contrast
to PUM, the type II shape of the isotherm of CHA compels to carefully
control the solid/liquid ratio to allow accurate predictions of the
enrichment in Mn?".

It was not possible to perform isotherm modelling on PUM due to the
limited variation in qe.. The Harkins-Jura model showed the best corre-
lation and significance (0 < p-value <0.001) with the experimental data
for CHA (Table 5 and Fig. 3B). The model is expressed in Eq. (4) [89]:

A 1/2
qe:< 2 ) @

By —InC,

where Ay and By are constants, and By is related to the specific surface
area of the material. Harkins-Jura accounts for multilayer adsorption,
and is commonly applied in solids with an heterogeneous pore structure
[90]. The structure of zeolites is ordered in a crystalline lattice, deter-
mining an ordered microporous structure; however, being CHA a natural
material (zeolitized tuff) the presence of heterogeneous regions could be
an option. For instance, the heterogeneity of the porous structure of a
zeolite-rich rock (in this case, clinoptilolite) has been pointed out by
Mansouri et al. [91]. Additionally, Harkins-Jura, as well as other
multilayer isotherm models (i.e., Freundlich, also reported for CHA in
Fig. 3B) have been demonstrated suitable for certain zeolite samples (i.
e., [19,20]).

3.4. The kinetic of Mn*" release

The content of Mn occurring in virgin CHA and PUM was 0.77 and
1.08 mg Mn g1, respectively (Table 1). After the batch with MnSO4-H,0
(section 2.3), their content was 3.72 and 2.97 mg Mn g~ *, therefore the
materials used in the release tests with the synthetic groundwater
(section 2.3) had a content of likely-exchangeable Mn?* of approxi-
mately 2.95 and 1.89 mg Mn g}, respectively. However, despite the

Table 4
Statistical parameters of kinetic models and constants respect to Mn**-adsorption from MnSO,-H,0 solution for CHA and PUM.
Models Statistics Kinetic constants
RMSE MAE AIC SE R? param. 1 param. 2 param. 3 param. 4
CHA Avrami 0.092 0.072 —-15.2 0.102 - kay 0.767 n 0.229 - - - -
Elovich 0.089 0.070 —16.1 0.098 - o 1.23-10° B 4.64 - - - -
Fractional Power 0.091 0.072 —-15.6 0.100 - o 0.610 i} 0.080 - - - -
PFO 0.428 0.375 16.5 0.473 - kpro 0.151 - - - - - -
PSO 0.256 0.222 5.25 0.283 - Kpso 0.078 - - - - - -
W&M ID - - —20.8 - 0.957 kipl 0.090 Cl1 2.05 kip2 0.015 Cc2 2.82
PUM Avrami 0.024 0.021 —26.1 0.029 - kay 1.55 n 0.102 - - - -
Elovich 0.023 0.020 -26.8 0.027 - a« 5.47.10"! i 17.8 - - - -
Fractional Power 0.023 0.019 —-27.0 0.027 - o 0.799 i} 0.031 - - - -
PFO 0.212 0.207 2.15 0.251 - kpro 0.309 - - - - - -
PSO 0.133 0.126 —4.37 0.157 - kpso 0.317 - - - - - -
W&M ID - - —20.2 - 0.748 kipl 0.018 Cl 1.75 kip2 0.038 Cc2 1.64

Avrami, Elovich, Fractional Power, Pseudo-First Order, and Pseudo-Second Order are non-linear models, while Weber-Morris Intraparticle Diffusion is linear. The
acronyms of statistical parameters are: RMSE (Root Mean Square Errors), MAE (Mean Absolute Error), AIC (Akaike Information Criterion), SE (Standard Error) and the
coefficient of determination (R?), which is indicated only in the Weber-Morris intraparticle diffusion, representing the overall coefficient of determination of two

distinct lines.
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greater enrichment of CHA compared to PUM, CHA showed a lower
capacity to release Mn?" than PUM (Fig. 4A), whereas PUM released a
higher proportion of Mn2+, and showed superior release capacity (q.rel;
Fig. 4A).

Both CHA and PUM released only a fraction of the Mn?*, equal to
about 13.8 and 30.4 %, respectively. By considering the composition of
the synthetic groundwater, the concentration of positive charges (Na™,
Mg?t, Kt and Ca?") approximatively accounted for 12.7 mmol(+) L 2.
The volume of solution used in each sample was 0.05 L, therefore 0.635
mmol of positive charges, potentially exchangeable with Mn?*, were
present. Three g of CHA and PUM were added, contributing to 8.84 and
5.68 mg of potentially exchangeable Mn?", meaning 0.161 and 0.103
mmol(+) represented by Mn>". Therefore, the number of charges of

Mn?" in CHA and PUM was significantly lower than the charges present
in the solution. However, it is possible that the ionic strength of the
synthetic groundwater was insufficient for allowing complete exchange,
that was also beyond the scope of this study, which indeed aimed at
verify the release of Mn2" in a realistic water intended for agricultural
use.

Another difference was the fastness in the release of PUM against
CHA: after 15 min, PUM reached an F(t) of 0.64 (with q¢.re] = 0.346 mg
Mn?* g71) while CHA had a F(t) of 0.30 (g¢rel = 0.106). In fact, F(t),
which is remembered to be equal to q; qz *, was initially steeper in PUM
than CHA (Fig. 4B); then, CHA slowly converged to the values of PUM,
reaching the same F(t) after about 25-30 h of contact with the synthetic
groundwater.
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Table 5
Statistical parameters and equilibrium constants for the optimal fitting isotherm
models for CHA.

Models Statistics Equilibrium constants
RMSE MAE AIC SE R?

Freundlich 0.271 0.235 827 0.031 0.879 Kp= n=
0.0118 1.17*

Harkins- 0.195 0.172 1.69 0.038 0.939 Ay = By =

Jura 5.79* 7.47*

Henry 0.256  0.223  7.15 0.890 Kpug -

0.00393

Statistical parameters are RMSE (Root Mean Square Errors), MAE (Mean Abso-
lute Error), AIC (Akaike Information Criterion), SE (Standard Error) and the
coefficient of determination (R?). When * is present the p-values is between
0 and 0.001. p-value >0.05 if no * is present.

The slower diffusivity of Mn?* in CHA compared to PUM, should
consider both the processes involved and the characteristics of Mn%" in
aqueous solution at the experimental conditions. Concerning the mate-
rials, the main active fraction in CHA is chabazite (with also possible
minor contribution of the amorphous fraction). The mass transfer of
Mn?" is a multistage process that involve internal diffusion through the
microporous structure of chabazite, boundary layer diffusion, and the
diffusion from the boundary layer to the aqueous solution [92]. In the
case of PUM, it is likely that the most of the Mn?* active sites were in the
amorphous (i.e., glass) or semi-crystalline fractions, which constituted
about 87.5 wt% of the material (Table 1). PUM showed greater affinity
for Mn?" and release capacity, however, for the purpose of this work, the
adsorption and/or exchange processes were not mechanistically inves-
tigated, being the focus on the applicational perspective of PUM,
simulating the environment of spraying machine tanks used in foliar
fertilization.
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Beside for the nature of materials, kinetic also depends on the
chemical form of the Mn?*. In aqueous solutions at room temperature,
Mn?* is coordinated by 6 water molecules, forming the Mn?*-hexahy-
drate cation [Mn(H20)6]2+, from which monovalent cationic species are
partially produced via hydrolysis of water molecules in the hydration
shell, as follows: Mn**(H,0)¢ — (MnOH)*(H,0)s + HT [75]. Mn**,
therefore, diffuses within the aqueous media by continuously
exchanging water molecules with the environment, while maintaining a
6-coordination number. Nevertheless, as chlorides and NaHCO3 were
used to prepare the synthetic groundwater, in this study other ionic
forms of Mn(II) could have developed, such as [Mn(H20)s-Cl]* and [Mn
(H20)6-HCO5]™. In this context, the slower diffusion of Mn?* in CHA
respect to PUM (section 3.2), could have been related to the capacity of
Mn?" to form and disrupt hydrated cationic complexes and, in this case,
with other anionic species present in the groundwater, in relation with
the distinct nature of the materials. For both CHA and PUM, the optimal
fitting kinetic models describing the release of Mn?" in simulated
groundwater were Elovich and Weber-Morris Intraparticle Diffusion.
Statistical parameters and constants are reported in Table 6, while
curves are shown in Fig. 4A-C and D.

3.5. Potential of CHA and PUM to vehiculate Mn?* to crops and
preliminary cost outlook

The data discussed highlight that CHA and PUM have substantially
different behaviour. However, both the materials have potential for
agronomic application in the case of Mn deficiencies by crops; it cannot
be ruled out that their synergistic application in a combined product
composed of both CHA and PUM could bring significant benefits. The
fast release of Mn?t by PUM could indeed cope with incipient de-
ficiencies, while the slow release by CHA would promote maintenance of
the required nutrient level by preventing damage from excessive

¥
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Fig. 4. Release kinetics of Mn?* in simulated groundwater by Mn?*-enriched CHA and PUM. A) time-dependent capacity of Mn>" release (qq.rer), namely the mass of
Mn?" released per gram of material at time t, against time (h). Non-linear Avrami kinetic models for CHA and PUM are shown; B) Fractional uptake F(t) against time
(h). Lines are logarithm regressions and are merely used for visualizing the trends of F(t). Weber-Morris intraparticle diffusion model of CHA (C) and PUM (D) respect

to Mn2* desorption.
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Table 6
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Statistical parameters and constants of Elovich and Weber-Morris Intraparticle Diffusion kinetic models respect to the release of Mn?* simulated irrigation water for

Mn?*-enriched CHA and PUM.

Models Statistics Kinetic constants
RMSE MAE AIC SE R? param. 1 param. 2 param. 3 param. 4
CHA Elovich 0.010 0.010 —51.5 0.011 - o 3.84 [} 25.3 - - - -
W&M ID - - —50.5 - 0.983 kipl 0.159 C1 0.033 kip2 0.019 Cc2 0.201
PUM Elovich 0.011 0.009 —49.4 0.013 - o 53.6-10% g 35.2 - - - -
W&M ID - - —59.4 - 0.988 kipl 0.148 C1 0.278 kip2 0.013 Cc2 0.428

Statistical parameters are as follows: RMSE (Root Mean Square Errors), MAE (Mean Absolute Error), AIC (Akaike Information Criterion), SE (Standard Error) and the
coefficient of determination (Rz), which is indicated only for the multi-linear Weber-Morris model and represent the overall coefficient of determination.

accumulation. The design of such a mixture would obviously require
additional study and extensive trials in the field. In support of this
consideration, previous studies showed that similar materials are
capable of slow-release of nutrients when employed for foliar treatments
[4,5,31,48,51,52,93] and in the soil [33,39-44].

Pumice by-products are mostly reused for rehabilitation of quarry
areas, but with additional costs for transportation. Pumice scraps can
also be stored in inland landfills, paying a fee when resold (Directive
2008/98/EC, 2008; DL 152/2006, 2006; DPR 120/2017, 2017).

Below is a preliminary cost analysis of PUM- and CHA-based fertil-
izers enriched with Mn?" compared to currently available commercial
Mn-products. The analysis refers mainly to the European market, where
countries such as Italy, Spain, and Germany represent some of the main
consumers of foliar fertilizers.

The cost of Mn-based foliar fertilizers depends on the formulation.
Typically, average prices range from 10 to 22 € L™}, with some products
reaching up to 50 € L™! for Mn-EDTA. This wide range of prices depends
on the quality of the raw materials and the production processes
employed. The cost of MnSOy, one of the most common forms of Mn in
agricultural products, is approximately 6 € kg~1. To estimate a plausible
cost for the formulation, the costs of raw materials and energy con-
sumption are considered.

Natural zeolites and pumice show highly variable prices depending
on the particle size. Zeolitized tuff costs approximately 0.15 € kg ™! for a
particle size of 0-6 mm and about 1.65 € kg ™! for particles smaller than
20 pm. Since the fine fraction (<3 mm) of pumice is currently considered
a by-product of quarrying activities, its cost is even lower than that of
zeolitized tuff. Pumice is priced at 0.015 € kg~ ! for 0-6 mm particles and
0.75 € kg ! for particles smaller than 20 pm. Formulation energy con-
sumption is estimated at 6-7 € kg L.

Given the aforementioned considerations, the Mn-based product
proposed would still be competitively priced, especially compared to
Mn-EDTA products, which typically start at 20-22 € kg~

4. Conclusions

Soil manganese deficiency can lead to plant diseases and reduced
yields, making it essential to provide manganese to crops in certain
situations. To revalorize difficult-to-manage mining by-products, this
study proposes a potential manganese fertilizer based on pumice scraps,
aiming to address both efficient plant nutrition by slow release and the
disposal of problematic quarry by-products. Although this research
certainly needs to be complemented with field trials (e.g. to ascertain
possible phytotoxicity), it explored the potential use of the materials
investigated (especially pumice) by providing kinetic models and
adsorption isotherms and offering a preliminary cost estimate for a hy-
pothetical Mn?*-enriched pumice corroborant.

Pumices, often viewed as inert in the market, may serve as a valuable
resource for supplying manganese to crops through foliar fertilization.
This process involves removing the metal from aqueous solution and
subsequently releasing it onto plant leaves. Compared to the zeolitized
tuff used, pumice demonstrated a greater affinity for manganese,
exhibiting a higher saturation percentage of the cation exchange

capacity, a faster enrichment, and quicker release in simulated
groundwater. Although the overall enrichment of pumice was lower, the
amount of manganese released was significantly higher, suggesting the
potential of using less pumice in agricultural applications, compared to
the zeolitized tuff, while achieving comparable results in terms of
manganese phytoavailability. Both manganese-enriched zeolitized tuff
and pumice hold potential for slow-release applications, and they may
be combined to formulate mixtures with suitable release Kkinetics,
allowing for immediate release to meet urgent plant needs, followed by
gradual release.

Substances commonly applied, such as MnSO4, have been shown to
have potential negative effects on crops, including leaching from leaves
and localized phytotoxicity. If these salts were used to enrich pumice for
foliar treatments, the mother liquors could be reused multiple times in
sequential adsorption batches. This would result in a gradual depletion
of Mn and an enrichment in Ca, K, Mg, and trace amounts of Na. Once
"exhausted," these manganese-rich solutions, with Ca, K, and Mg, could
also be potentially used as foliar treatments, either in liquid form or as a
dry residue.
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