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Abstract
Natural zeolites have great potential as nutrient carriers to develop eco-efficient materials for massive use in agriculture. Zeolitic
minerals usually contain only one dominant zeolite type. The use of minerals with mixtures of zeolites in similar proportions can
affect the interaction of chemical species with the zeolitic matrix, altering the behaviour of the resulting materials. In this work, a
mineral consisting mainly of a mixture of two zeolites, mordenite (MOR) and clinoptilolite-heulandite (HEU) with equivalent frac-
tions, was used to develop materials carrying nutrients (N, P, and K) for agricultural crops. The mineral matrix provides important
elements such as K and Si, while N and P were incorporated into the material by treatment with ammonium hydrogenphosphate and
urea. The presence of superficially adsorbed PO4

3−, NH4
+ exchanged in zeolites, and urea arranged on the surface so that it covers

the material and interacts with the zeolitic frameworks, was evidenced by Fourier-transform IR spectroscopy, adsorption measure-
ments, scanning electron microscopy, scanning transmission electron microscopy, and other methods, as well as through culture
tests. The complexity of the multiphase zeolitic support leads to changes in the position and intensity of FTIR bands compared to
other similar materials developed using simpler zeolitic carriers dominated by HEU zeolite. The most intense NH4

+ band was ob-
served at 1402 cm−1, while for a HEU zeolite it was at 1540 cm−1. This difference was associated with a higher NH4

+ content in
MOR compared to HEU. Accordingly, the shift experienced by the urea amino group bands when it interacts with the frameworks
of these zeolites is different. The applied treatments did not affect the structures (as evidenced by XRD) and other qualities of these
zeolites, highlighting their ion-exchange and adsorption properties for nutrient release and reversible water retention. This is essen-
tial for the use of this material as a slow-release fertilizer that efficiently provides nutrients for the agroecological development of
plants, as evidenced in the cultivation tests.
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Introduction
Traditional chemical fertilizers, widely used in agriculture,
undergo significant nutrient losses resulting from dissolution
and consequent drag and infiltration under the action of irriga-
tion water and rain [1]. This problem, which is also associated
with volatilization and emission of NO, NH3, and other gases
into the atmosphere, poses severe risks to the environment and
causes serious damage to human health [2]. Minerals rich in
natural zeolites are a viable alternative for the development of
efficient, agroecologically sustainable, and low-cost fertilizer
materials for massive applications [3,4].

Natural zeolites are porous crystalline hydrated aluminosili-
cates. They have a three-dimensional, rigid, negatively charged
structure formed by silicon and aluminium tetrahedra connected
through their vertices by bridging oxygen atoms. This arrange-
ment forms a network of interconnected channels and cavities
with a large surface area, where water molecules and mobile
cations (Na+, K+, Ca2+, Mg2+) are located to neutralize the
excess negative charge of the structure. As a result, these mate-
rials have important intrinsic properties such as ion exchange
and adsorption [5]. These qualities allow them to retain and
carry chemical species of agricultural interest, such as PO4

3−,
NH4

+, NO3
−, and molecular compounds (CO(NH2)2) mini-

mizing losses during dissolution [6-9]; also, more than 30% of
their total weight is water, which provides additional moisture
during hot and dry periods. These characteristics make zeolites
potentially applicable in agriculture for the development
of modern fertilizers with controlled release and increased
nutrient utilization efficiency [3,4]. Several studies report im-
proved growth, yield, and protection against pests and diseases
in a wide range of agronomic and horticultural crops when
zeolitic minerals are applied [10,11]. Also, native cations
present in zeolites (Na+, K+, Ca2+, Mg2+) can be utilized by
crop plants during their development. Furthermore, the silicon
contained in its matrix is considered an important element due
to its role in the physiology and biochemistry of agricultural
crops [12].

The cation exchange and adsorption properties of zeolites form
the basis for the modification of zeolitic materials developed by
our working group. These properties enabled the development
of a technological procedure described in [13,14], which can
enrich natural minerals with essential additional nutrients with-
out significantly affecting their original cationic composition
and without producing environmentally harmful chemical
residues. This procedure has made it possible to develop envi-
ronmentally friendly zeolitic substrates and slow-release fertil-
izers as an agroecological alternative for improving plant devel-
opment. These products have a low nutrient content compared
to conventional fertilizers; to achieve beneficial results, they

provide the minimum amounts necessary for balanced crop
growth.

Several widely available types of natural zeolites have been
used in the development of these modern and economical fertil-
izer materials [2,3,6,8]. Among all the zeolites used, clinoptilo-
lite (CLI) and mordenite (MOR) stand out. Published studies
have outlined that the level of development achieved is influ-
enced by the properties of the specific zeolite type used, which
is valid both for the development of materials and for their use
[15-17]. The nature of the zeolite matrix plays a key role in its
interaction with various chemical species, which affects the be-
haviour of the resulting material.

In general, due to the peculiarities of geochemical processes,
only one main zeolitic phase is usually formed during the for-
mation of zeolite deposits. This main phase coexists with other
minor phases, such as other types of zeolite, quartz, and
feldspar; accordingly, zeolitic minerals with mixtures of zeolites
in similar proportions are rare. However, the use of local zeolite
deposits, even with a complex mixture of phases, appears to
be economically feasible. First of all, natural zeolites, unlike
synthetic analogues, do not require expensive chemical raw ma-
terials and energy-intensive stages of hydrothermal synthesis.
The main costs of their exploitation are associated with extrac-
tion and mechanical processing, which significantly reduces the
cost of the final product. At the same time, even multicompo-
nent zeolite-containing rocks (e.g., clinoptilolite, heulandite,
mordenite, quartz, and plagioclase) retain high sorption and ion
exchange activity, sufficient for a wide range of applications.

Local extraction minimizes transportation costs, which is espe-
cially important for regions with significant natural reserves of
zeolite-containing rocks. In addition, the involvement of such
deposits in economic turnover contributes to the development of
local industrial infrastructure and increases added value at the
regional level. Even with a heterogeneous mineral composition,
it is possible to create products with target properties by opti-
mizing modification processes.

FTIR studies on NH4
+ ions supported on various zeolites have

shown changes in the intensity and position of ammonium
bands. The literature [18,19] suggests that there are two
frequency regions associated with the bending vibration of am-
monium ions, namely, a triplet with intense peaks in the
1350–1550 cm−1 range and a less intense doublet in the
1600–1800 cm−1 range, attributed to different types of hydro-
gen-bonded NH4

+ complexes. Studies [20,21] of natural CLI
from the Caimanes deposit, Cuba, and its nickel form (Ni2+-
CLI) treated with ammonium solutions showed FTIR bands at
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about 1400 and 1443 cm−1, respectively, associated with the
N–H bond bending vibration attributed to the NH4

+ ion. Yadav
et al. [22] studied natural CLI from the Amazon (Dolphin
brand, FM-906) using FTIR and reported a high-intensity band
around 1358 cm−1 associated with the deformation vibration of
ammonium. De la Nuez Pantoja et al. [15] detected in the FTIR
spectrum of natural clinoptilolite-heulandite (HEU) from the
Tasajeras deposit (Cuba), exchanged with ammonium hydro-
genhosphate ((NH4)2HPO4, DAP), the presence of a triplet of
adsorption bands around 1403, 1450, and 1540 cm−1 and a less
intense band around 1691 cm−1. All these bands were associat-
ed with N–H bending modes of NH4

+, with different bonding
interactions, with the most intense band measured at 1540 cm−1.
Similar results were obtained by Adriano et al. [23] and Xu et
al. [24] in their studies on a NH4

+-MOR, which showed a broad
and intense band around 1400 cm−1 assigned to the NH bond of
ammonium. Similarly, Wei et al. [25] observed two strong
adsorption bands at 1404 and 1440 cm−1 in the spectra for an
NH4

+-exchanged sodium MOR, associated with N–H bending
modes of NH4

+ arrangements with different bond interactions.
Bonelli et al. [26] reported for an NH4

+-ZSM-5 zeolite the pres-
ence of a triplet of overlapping FTIR bands in the range of
1350–1550 cm−1 (1405, 1465, and 1500 cm−1). For analcime
undergoing NH4

+ exchange, the triplet appears as two weak
shoulders around 1427 and 1442 cm−1 and a strong adsorption
band at 1468 cm−1 [27]. For natural NH4

+-chabazite, a strong
IR band at 1465 cm−1 and a weak shoulder near 1407 cm−1

have been reported [28]. FTIR spectra of NH4
+-SAPO-34,

reported by Liu et al. [29], exposed the formation of bidentate
and tridentate NH4

+ structures stabilized inside the cages and
channels of the framework of this material; a new band around
1400 cm−1 corresponding to the bending vibration of NH4

+ at
Brønsted acid sites was detected. This is consistent with the
results obtained by Putra et al. [30] and Zecchina et al. [18],
which show absorption bands near to 1400 cm−1 corresponding
to the bending vibrations of N–H bonds in NH4

+-modified
natural zeolites.

In general, when ammonium interacts with the oxygen atoms of
the zeolitic structure, various configurations are formed, each of
which exhibits different interaction strength depending on the
type of species present. These features affect the rate at which
cations are delivered to the external environment. This aspect is
relevant for agricultural applications, where zeolites are used
as controlled-release fertilizers [28] for a range of nutrients.
Besides this, most prior work has focused on zeolitic minerals
with HEU-dominant systems, making those with MOR/HEU
mix a distinct and less studied case.

This work presents a study on the zeolitic mineral CLIM from
the San Andrés deposit (Cuba), consisting mainly of a mixture

of two zeolites, MOR and HEU, in approximately equal propor-
tions. As mentioned above, the use of local zeolite-containing
deposits appears to be economically feasible, despite the com-
plex mixture of phases present. The extracted zeolite ores were
modified with solutions of DAP and urea to obtain materials
containing both carrying essential nutrients (N, P, K) and other
elements (Si) important for agricultural crops. Particular atten-
tion was paid to the analysis of the interaction of nitrogen and
phosphorus species on this complex multiphase zeolitic carrier,
applying Fourier-transform infrared spectroscopy (FTIR), X-ray
diffraction (XRD), scanning electron microscopy (SEM), scan-
ning transmission electron microscopy (STEM), N2 physisorp-
tion, and other research methods.

Results and Discussion
Characterization of DAP-modified zeolite
CLIM
The chemical compositions of natural zeolite (CLIM) from the
San Andrés deposit and its modified forms (CLIMf) with am-
monium hydrogenphosphate are presented in Table 1. These
data show that, in CLIM, the main cation components are Ca2+

and K+, in this order. The potassium content stands out com-
pared to other zeolitic minerals, which is important because the
native element K, as well as P and N incorporated in the modi-
fied samples (CLIMf) are essential macronutrients for agricul-
tural crops [31]. CLIM also contains large amounts of other
beneficial elements, such as Si, whose positive effect on crops
and soil is widely recognized [12].

FTIR studies of natural zeolite modified with
DAP
The FTIR spectra (Figure 1) of CLIM and CLIMf (CLIM
modified with DAP) samples show characteristic zeolite bands
in the 620–1214 cm−1 region, which are associated with the
silicon and aluminium tetrahedral groups (SiO4 and AlO4) of
the crystal lattice of MOR and HEU. The bands in the
3400–3600 cm−1 region are attributed to water molecules coor-
dinated with native charge-compensating cations (Na+, K+,
Ca2+, Mg2+) and the stretching of OH groups, while those ob-
served at 1645 cm−1 are associated with deformation vibrations
related to water [32,33].

The changes obtained as a result of CLIM modifications
with DAP (Figure 1a,b) are best visualized in the expanded
view shown in Figure 1b, a magnification in the range of
600–2000 cm−1 corresponding to the modified material with a
higher DAP content (7.0%). New bands in the modified sam-
ples (CLIMf), observed at 1402, 1464, 1514, and 1554 cm−1 are
related to the N–H bond bending mode, associated with NH4

+

species [18,19,24], while the bands visualized at 640 and
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Table 1: Chemical composition (wt %) of natural zeolite (CLIM) and its modified forms (CLIMf) expressed in elemental form. The numbers after “f” in
the samples labels indicate the percentage of fertilizer (DAP) applied to CLIM in order to obtain CLIMf.

Elements Samples

CLIM CLIMf2 CLIMf3.5 CLIMf7

Si 28.53 ± 1.23 27.98 ± 1.19 27.57 ± 1.19 26.67 ± 1.19
Al 6.19 ± 6 × 10−2 6.08 ± 6 × 10−2 5.99 ± 6 × 10−2 5.79 ± 6 × 10−2

Ca 2.74 ± 1 × 10−3 2.68 ± 1 × 10−3 2.64 ± 1 × 10−3 2.56 ± 1 × 10−3

Mg 0.39 ± 4 × 10−4 0.38 ± 4 × 10−4 0.37 ± 4 × 10−4 0.36 ± 4 × 10−4

Fe 1.40 ± 3 × 10−4 1.37 ± 3 × 10−4 1.35 ± 3 × 10−4 1.31 ± 3 × 10−4

Na 0.99 ± 2 × 10−3 0.97 ± 1 × 10−3 0.96 ± 1 × 10−3 0.93 ± 1 × 10−3

K 1.86 ± 5 × 10−4 1.83 ± 6 × 10−4 1.79 ± 6 × 10−4 1.73 ± 6 × 10−4

P – 0.39 ± 1 × 10−4 0.68 ± 2 × 10−3 1.31 ± 4 × 10−3

N – 0.28 ± 1 × 10−2 0.47 ± 1 × 10−2 0.92 ± 2 × 10−2

Figure 1: FTIR spectra of modified samples (CLIMf) and raw material (CLIM). (a) CLIMf obtained as a result of modification using different amounts of
DAP (2.0%, 3.5% and 7.0% corresponding to CLIMf2, CLIMf3.5 and CLIMf7, respectively). (b) Magnification in the range from 600 to 2000 cm−1 for
spectrum “CLIMf7” of Figure 1a compared to CLIM. (c) CLIM. (d) DAP.
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1142 cm−1 are associated with the asymmetric stretching and
bending modes, respectively, of the P-O bonds in PO4

3− anions
[34,35]. Both ions, NH4

+ and PO4
3−, were the result of modifi-

cations with DAP. It is important to note that the intensity of
these bands increases proportionally to the content of the incor-
porated DAP and that they undergo changes in shape and posi-
tional shift with respect to the DAP spectrum (Figure 1d),
which is associated with the interaction of NH4

+ and PO4
3− ions

with the zeolitic support.

Zechina et al. [18] and Bučko et al. [19] studied the infrared
spectra of some zeolites modified with ammonium and con-
cluded that the IR spectrum of NH4

+-zeolite is very complex
since the vibrational characteristics of the incorporated species
are influenced by their interaction with the oxygen atoms of the
zeolitic lattice, which, in turn, depends on their position within
the zeolitic mineral.

NH4
+ species on numerous zeolites have similar FTIR profiles;

in particular, they are characterized by a bending triplet, with
intense peaks in the range of 1350–1550 cm−1, attributed to dif-
ferent types of hydrogen-bonded NH4

+ complexes, indicating
the presence of bidentate and tridentate coordination modes
[18,26,29,36]. The monodentate configuration has one hydro-
gen atom, out of four, that interacts with one oxygen atom of
the framework; the bidentate configuration has two hydrogen
atoms interacting with two different oxygen atoms of the frame-
work, and so on [18,19]. It is the number of these bonds that
affects their stability [19,34]. NH4

+ interacts with Brønsted acid
sites, acting as a hydrogen bond that anchors the NH4

+ ions to
oxygen atoms in zeolite, and forms coordinated bonds only
when interacting with terminal silanol groups [19].

For industrial applications, it is important to understand the
environment surrounding NH4

+ ions within zeolite cavities. In
our case, according to the literature [18,27] and FTIR results,
the interaction between ammonium molecules and the MOR
structure allows for the formation of bidentate and tridentate
species. Studies carried out by Gualtieri et al. [28] led to the
conclusion that, in bidentate structures, hydrogen bonds exhibit
weak interaction with the oxygen atoms of the structure; this
means that the ammonium molecules interact weakly with the
zeolitic lattice and, as a result, can easily exchange with the
external medium. In contrast, in tridentate structures, hydrogen
bonds are more strongly linked with the oxygen atoms of the
structure; therefore, the ammonium molecules interact more
strongly with the zeolitic support and are more difficult to
exchange with the medium. This behaviour is of great impor-
tance for agronomic applications [27] as it allows NH4

+ ions to
gradually exchange with the environment. This ensures that
there are no significant losses of this element as in the case of a

single application of water-soluble fertilizers, which enables
plants to use it for a long time.

Overall, these results are close to those expected for natural
zeolite modified with these chemical species. However, there
are differences with respect to other NH4-zeolites, such as the
HEU from the Tasajeras deposit, Cuba [15], also modified with
DAP. Thus, after modification with DAP, the most intense
ammonium band is revealed at 1402 cm−1 in this natural zeolite
(CLIM), whereas for the natural zeolite of the HEU type from
the Tasajeras deposit [15], the most intense band is at
1540 cm−1. The characteristics of this vibrational band for the
CLIMf7 sample are similar to those found in MORs exchanged
with ammonium, including natural [23] and synthetic [24,25]
ones.

These results may be related to the higher NH4
+ content in the

cation exchange sites in the MOR channels contained in the San
Andres zeolitic mineral. In this natural zeolite (CLIM), the
MOR phase content is much higher than in the natural zeolite
from the Tasajeras deposit, composed mainly of HEU. There
are differences at the structural level between the two types of
zeolites, MOR and HEU. MOR has channels with a higher
number of tetrahedra in the channel cross section and larger
dimensions than HEU, which leads to differences in their struc-
tural charge. The largest channel of HEU has ten tetrahedra and
a size of 3.1 × 7.5 Å [16,35], while, in MOR it has twelve tetra-
hedra with a size of 6.7 × 7.0 Å [37]. Therefore, this observed
difference may be the result of differences in the interaction of
ammonium with the structure of each type of zeolite.

Considering the properties of the ions involved in the exchange,
it can be assumed that the incorporation of NH4

+ occurs mainly
through ion exchange processes (Equation 1) with the native
cations of these zeolites (MOR and HEU).

(1)

where CLIM is the zeolitic phase (a mixture of HEU and MOR)
and Mn+ are their natural cations (Ca2+, Na+, K+, Mg2+). The
subscripts (s) and (aq) denote “in zeolite” and “in solution,” re-
spectively; n can take integer values from 1 to 2.

In contrast, phosphorus is superficially retained in the form of
PO4

3− (hydrated ionic radius of 3.39 Å) [38] by adsorption and
occlusion processes in the porosity of the zeolitic support,
compensating for its charge with cations (K+, Ca2+, etc.)
exchanged from zeolitic phases and some amount of unex-
changed ammonium ions. According to published data [21],
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phosphate anions can form part of an electric double layer with
concurrent cations (Na+, Ca2+, NH4

+, etc.) bound by electro-
static attraction forces.

Natural zeolite from the San Andres deposit is rich in mixed
zeolite phases of the HEU and MOR type, whose crystal struc-
tures are formed by interconnected channel systems in which
cations are located to compensate for the structural charge.
HEU is formed by three channels, named A, B and C, with
dimensions of 3.1 × 7.5, 3.6 × 4.6 and 2.8 × 4.7 Å, respectively
[16,35]. For MOR, three types of channels are described, distin-
guished as main, secondary, and lateral (“side pocket”) with
dimensions of 6.7 × 7.0, 2.6 × 5.7 and 3.4 × 4.8 Å [37], respec-
tively. In accordance with these dimensions, the NH4

+ cation
(hydrated ionic radius of 3.31 Å) [21] can diffuse through these
zeolitic channels for exchange (Equation 1), which occurs
mainly with Ca2+ and K+. In addition, it should be expected that
the intracrystalline diffusion of ammonium ions is favoured in
MOR since it has channels with a larger diameter. It has been
reported that, in MOR zeolites, Ca2+ and K+ cations are located
in smaller channels (secondary and lateral) [37]. In the case of
HEU, it has been reported that K+ is located in channel C,
while Ca2+ is located in channels A and B, predominantly in the
latter [16,35]. Therefore, it should be expected that the
exchanged NH4

+ will be located, at least temporarily, in the
secondary and lateral channels of MOR, and in the three chan-
nels of HEU.

FTIR study of CLIM consecutively modified
with DAP and urea
Figure 2 and Figure 3 show the FTIR spectra of CLIMf-U mate-
rials obtained from CLIM sequentially modified with DAP and
urea solutions.

Along with the bands associated with ammonium and phos-
phate, the spectra (Figure 2) showed the presence of bands char-
acteristic of urea, whose intensities increase with the concentra-
tion of the modifying solutions. There are differences in the po-
sition of these bands with respect to their location in urea,
which is in agreement with the data reported in [9,15,39].

The spectral region between 600 and 2000 cm−1 (Figure 3) for
the material with a higher DAP and urea content allows for
better visualization of the bands and the resulting differences.
The characteristic symmetric deformation of the amino group,
located at 1678 cm−1 in urea, undergoes a shift towards lower
frequencies, 1672 cm−1 in CLIMf7-U5M, while the asymmetric
deformation of the same group, located at 1620 cm−1 in urea,
appears in CLIMf7-U5M at a higher frequency (1627 cm−1). At
around 1460 cm−1, a vibration associated with the asymmetric
stretching of the C–N bond can be observed [9,39].

According to [9,15,39], the observed shifts in the urea bands are
mainly associated with the weakening of the N–H bond of the
amino group, probably due to interaction with the zeolitic struc-
ture via hydrogen bonding. These shifts were also observed
with natural HEU from the Tasajeras deposit modified with
urea [15]. However, there are differences, mainly in the vibra-
tions associated with the asymmetric bending of the urea amino
group. In the case of HEU from the Tasajeras deposit, a slightly
larger displacement (12 cm−1) was observed compared to the
7 cm−1 shift observed for this natural zeolite (a mixture of MOR
and HEU) from the San Andrés deposit under study.

Urea could have been located outside the material channels,
adhering to the zeolitic surface [9,40]. Therefore, interaction at
the surface level and coating of the mineral material surface can
be assumed. Hydrogen bonds can be established through water
molecules interacting directly and simultaneously with the
zeolitic phase and urea, that is, water molecules in intermediate
positions [9,39]. Given the similarity in size between urea mole-
cules (5.6 × 6.3 × 3.0 Å) [41] and the maximum channel sizes
of HEU (3.1 × 7.5 Å) and MOR (7.0 × 6.5 Å) [5,36,37], it is
possible that urea can be retained in zeolitic channels [9,39],
mainly in MOR with its channels of larger dimensions.
Occluded urea should be retained more firmly than urea
adsorbed in mesopores and on the outer surface of crystals;
consequently, its release process will be slower and more
limited [7,40].

It is important to note in the spectra (Figure 2 and Figure 3) the
persistence of the bands associated with ammonium cations and
phosphate anions. This result allows to conclude that treatment
with urea solutions does not leach out the essential macronutri-
ents nitrogen and phosphorus supported on the zeolitic support
during the first stage of modification. This arrangement of urea
on the surface of the material will modulate the delivery of
nutrients to the soil solution, improving the characteristics of
these materials and allowing for the delivery of nutrients to be
controlled over time. In addition, it should be noted that if urea
is hydrolysed to form NH4

+ and NO3
−, these ionic species can

also be retained by exchange and adsorption on the zeolitic
carrier for use by agricultural crops [15].

Based on the above, it can be concluded that these new zeolitic
materials have great potential as agroecological developments.
Studies on cultivation of corn in pots, which are a common
diagnostic test for these purposes [15], confirm the aforesaid.
The results obtained in these studies showed that the plants with
the best response to the evaluated parameters (stem diameter,
leaf area, and plant height) corresponded to the application of
the materials prepared by sequential modification with DAP and
urea solutions with a concentration of 5 M and a treatment time
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Figure 2: FTIR spectra of CLIMf-U materials obtained from CLIM consecutively modified with DAP and urea solutions at different concentrations (1, 2,
and 5 M) for contact times of 12 and 24 h: (a, b) with 2% DAP, (c, d) with 3.5% DAP, and (e, f) with 7% DAP.
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Table 2: Total nitrogen (Nt), phosphorus (P), and potassium (K) contents and textural parameters determined by N2 adsorption isotherms at 77 K for
materials obtained by successive treatments with DAP and urea (CLIMf-U).a

Materials CLIM CLIMf2-U5M CLIMf3.5-U5M

Nt – 2.93 ± 3 × 10−2 3.61 ± 4 × 10−2

P – 0.21 ± 6 × 10−3 0.53 ± 1 × 10−2

K 1.86 ± 5 × 10−4 1.77 ± 2.5 × 10−4 1.73 ± 2.5 × 10−4

AsB (m2·g−1) 80.28 32.63 41.28
Ast (m2·g−1) 24.30 22.28 18.70
VMicrop (cm3·g−1) 0.026 0.0046 0.010

aAsB: surface area according to BET. Ast: external surface area calculated by t-curve. VMicrop: micropore volume.

Figure 3: Enlargement of the FTIR spectrum of the CLIMf7-U5M materi-
al showing differences resulting from successive modifications.

of 24 h. The difference in DAP content did not result in signifi-
cant variation in the results obtained during these cultivation
trials. For more detailed information on these experimental
materials, studies were conducted using XRD, N2 adsorption
isotherms, SEM, TEM, and STEM. However, they will only
be presented for the most interesting materials, namely those
that were modified with 2.0% and 3.5% DAP and then with a
5 M urea solution, that is, the materials CLIMf2-U5M and
CLIMf3.5-U5M, respectively. Detailed potted plant studies will
also be presented for these materials.

Table 2 shows the nitrogen, phosphorus, and potassium contents
in these two materials, which indicate a marked increase in total
N content after treatment with urea (CLIMf-U). This aspect
would avoid the limitations of other zeolitic products de-
veloped [13,14] in terms of nitrogen supply at the beginning of
the growth cycle and controlled supply of nutrients. It should be
noted that there is a slight decrease in P and K contents (Table 1
and Table 2), but these elements are not completely washed out
of the zeolitic mineral. This fact is of great importance for agri-

culture since these elements, along with N, are essential for
plant development and are needed by plants to a greater extent
than other nutrients.

In general, it can be observed that successive modification with
DAP and urea to obtain modified materials leads to a decrease
in the value of these surface parameters. This is a result of the
presence of nitrogen and phosphorus species adsorbed and
occluded on the surface of these materials, as previously shown.
This double treatment can be translated into a reduction in
available space or surface area on this natural zeolite.

X-ray diffraction analysis
Figure 4 shows X-ray diffraction (XRD) patterns of the materi-
als under study, which evidenced that this natural zeolite
(CLIM) is mainly formed by a mixture of HEU (JCPDS Card
25-1349) and MOR (JCPDS Card 11-0155) with accompa-
nying minority phases such as quartz (pdf No. 46-1045).

No indications of significant changes in the structure of these
zeolites, caused by the processes of obtaining fertilizer materi-
als, were revealed in the XRD patterns. The main differences
are in the variation of the relative peak intensity as a conse-
quence of the ion exchange processes (Equation 1) occurring
during treatment of CLIM with DAP solution, which is in
agreement with the data reported in [16,21,42].

Scanning electron microscopy and scanning
transmission electron microscopy
Microphotography (Figure 5) of natural zeolite (CLIM)
revealed an irregular surface with dispersed agglomerates and
single particles with different morphologies, where the mineral
nature with impurities affects the observation of surface details
and obscures crystalline habits [43,44].

MOR crystals can be observed with their characteristic elongat-
ed morphology, some with a fibrous shape (as shown in
Figure 5) and others acicular (as observed more clearly in



Beilstein J. Nanotechnol. 2026, 17, 381–395.

389

Figure 5: SEM micrograph of CLIM showing MOR crystals with a fibrous shape (a) and HEU crystals with a laminar habit (b).

Figure 4: X-ray diffraction patterns of the CLIM (a), CLIMf2-U5M (b) and
CLIMf3.5-U5M (c) samples. Miller indices (hkl) of the main diffraction
planes of HEU (HEU) and MOR (MOR) are shown.

Figure 6b) [45,46]. HEU crystals with laminar habit can also be
distinguished, the morphology of which is associated with the
presence of potassium [43,44].

The SEM images (Figure 6) of the modified materials
(CLIMf2-U5M and CLIMf3.5-U5M) show a cleaner surface as a

consequence of zeolitic mineral processing in solutions. Note
the laminar (Figure 6a) and coffin-shaped (Figure 6b) crystals
of HEU, as well as the presence of agglomerates of elongated
crystals with acicular to fibrous habit of MOR (Figure 6b)
[43,46]. According to [15,47,48], the laminar habit is associat-
ed with K+ cations, while the coffin-shaped habit is associated
with the predominance of both Ca2+ and K+ cations. This corre-
sponds to the elemental composition (Table 1) of this natural
zeolite (CLIM).

The images obtained from CLIMf2-U5M (Figure 6a) show small
bright particles on the surface of the HEU crystal, which may be
related to the presence of urea. This is consistent with the previ-
ously stated, that is, that urea could be retained on the surface of
this material. It is also consistent with the observed decrease in
textural parameter values (Table 2). Like all zeolitic minerals,
this natural zeolite possesses both porosity and mesoporosity. In
this regard, note in the SEM images the spacing between the
crystals of the zeolitic phases. It leads to diffusion of DAP and
urea through them (porous and mesoporous) to the interior of
mineral particles, which promotes their distribution over the
material surface and their interaction with HEU and MOR crys-
tals.

The STEM micrographs shown in Figure 7 and Figure 8,
display the elemental mapping of nitrogen and phosphorus dis-
tributed on samples sequentially treated with DAP and urea
(CLIMf-U). The combined mapping of nitrogen (red) and phos-
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Figure 6: Micrographs of CLIM treated consecutively with: 2% DAP and 5 M urea solution (a), and 3.5% DAP and 5 M urea solution (b).

phorus (green) shows a homogeneous distribution of nutrients
in the engineered materials and indicates the prevalence of
nitrogen over phosphorus. These results validate the data ob-
tained by FTIR, SEM, and adsorption isotherms, according to
which urea is deposited on the outer surface of the zeolitic parti-
cles modified in a first stage with DAP.

Pot culture trials
Figure 9 shows the behaviour of controlled experimental param-
eters, namely, stem diameter and height of maize plants, during
the 45 days of the study. In addition to materials sequentially
modified with DAP and urea (CLIMf2-U5M and CLIMf3.5-U5M),
materials modified with DAP alone (CLIMf2 and CLIMf3.5)
were also included to facilitate the analysis. Throughout the
whole study, the values of the sample parameters of these mate-
rials were significantly higher than those of the control, indicat-

ing the great potential of these developed materials for use in
plant cultivations. After the first 15 days, the materials modi-
fied with DAP alone showed the highest average values of stem
height and diameter of cultivated plants.

However, on days 30–45 of the experiments, notable changes
were observed; height and stem diameter of plants fertilized
with CLIMf2-U5M and CLIMf3.5-U5M materials were larger than
in those materials modified with DAP alone. This behaviour is
consistent with the proposed surface coating mechanism of
urea, where it acts as a physical barrier to limit the dispropor-
tionate release of nutrients.

These results validate that there is indeed an interaction be-
tween urea and zeolitic support at the surface level, where urea
can be found coating the surface of the material. This coating
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Figure 9: Average height (a) and stem diameter (b) values of maize plants recorded at 15, 30 and 45 days after planting. The maximum elevation (on
the Y-axis) of each bar corresponds to the height and stem diameter of maize plants. These values correspond only to those recorded at 15, 30, and
45 days after planting; thus, they are grouped according to these times indicated on the X-axis.

Figure 7: STEM micrographs of the CLIMf2-U5M material (a) showing
the combined elemental mapping for nitrogen and phosphorus (b).

Figure 8: STEM micrographs of CLIMf3.5-U5M material (a) showing the
combined elemental mapping for nitrogen and phosphorus (b).
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becomes more permeable over time, facilitating the dissolution
of urea and, therefore, the release of PO4

3− and NH4
+ ions as

well as other essential species (K+) provided by the mineral
matrix. In this way, the delivery of nutrients to the soil in dis-
solved form for plant nutrition throughout the crop cycle is
retarded. Surface-dissolved urea provides a significant input of
nitrogen, which is essential mainly during the early stages of
crop development. This scenario could lead to impeded diffu-
sion and consequent slow release of nutrients from the zeolitic
material into the soil solution. This late delivery of nutrients is
consistent with the concept of slow or controlled release and in-
creases the possibility of developing materials that adequately
meet the requirements of crop nutrition and environmentally
friendly agricultural activity.

Conclusion
An exhaustive study was carried out on a zeolitic mineral
consisting mainly of a mixture of two zeolites, mordenite
(MOR) and clinoptilolite-heulandite (HEU), modified with
aqueous solutions of ammonium hydrogenphosphate (DAP) and
urea to develop materials carrying essential nutrients (N, P, K)
and other elements (Si) important for agricultural crops. The
presence of phosphate ions adsorbed on the zeolitic support,
ammonium cations mainly exchanged in both zeolite phases,
and urea arranged as a layer that covers the material and inter-
acts with the zeolitic frameworks were confirmed by using
FTIR spectroscopy, XRD, nitrogen adsorption measurements,
SEM, STEM and other research methods, as well as culture
tests.

The complexity of the zeolitic support (a mixture of MOR and
HEU), compared to other similar materials developed on
simpler zeolitic supports, such as those containing only HEU-
type zeolite, leads to the appearance of a variety of types of
applied compounds, which is evident from the change in the po-
sition and intensity of the bands in the FTIR spectra. Among all
NH4

+ bands, the band at 1402 cm−1 was the most intense, while
for Cuban CLI from the Tasajeras deposit (also modified with
DAP) it was located at 1540 cm−1. This difference is related to
the higher NH4

+ content in the MOR with respect to the HEU
phase. Consistent with this, differences in the degree of band
shift of the amino group of urea upon its interaction with the
frameworks of these two different zeolites are also observed.
The performed treatments did not affect the structural (as evi-
denced by XRD) and other qualities of these zeolites, preserv-
ing their porous structure, ion exchange and adsorption proper-
ties for reversible water retention, and slow release of nutrients
(NH4

+, PO4
3−, etc.). This arrangement of urea affects the sur-

face area of the materials, which is in agreement with SEM ob-
servations and elemental mapping (N and P) by STEM. Maize
crop studies have demonstrated the great potential of zeolitic

materials obtained by sequential modification with DAP and
urea for plant development. Their composition allows them to
provide nutrients in the required amounts throughout the crop
cycle and is adequate to the concept of slow or controlled
release. The use of zeolitic minerals in agriculture allows one to
obtain low-cost, eco-efficient materials for massive application,
with rational use of nutrients and agroecological benefits.

Experimental
Materials and methods
In this work, a zeolitic mineral from the San Andrés deposit in
Holguín, Cuba, with a particle size class of +1–4 mm was used,
which was supplied by the Industry Geominera-Holguín UEB,
Cuba. This material basically is a mixture of MOR and HEU-
type zeolites [49,50]; here, it will be referred to as CLIM or
natural zeolite.

CLIM was first treated in solutions with variable amounts (2.0,
3.5, and 7.0%) of ammonium hydrogenphosphate (DAP with
18% N and 46% P) for 24 h, and then with aqueous solutions of
urea with different molar concentrations (0.5, 1.0, 2.0, and
5.0 mol/L) and contact time (4, 8, 12, and 24 h) using a solid/
liquid ratio of 1 g/10 mL and agitation on a shaker with hori-
zontal movement. The treatments were applied following a pro-
cedure similar to that described in [13,14].

Characterization
The elemental composition of CLIM and modified materials re-
sulting from the applied treatments was determined by X-ray
fluorescence analysis (XRF), with the exception of nitrogen,
which was determined by N elemental analysis and the Kjeldahl
method. XRF analysis was performed on an energy-dispersive
spectrometer (Bruker Micro-XRF M4 Tornado, Nano GmbH)
using tablets/briquettes of materials prepared for this purpose as
described in [15]. For elemental analysis of N, a Leco elemental
analyzer model CHNS-932 was used, for which 6 mg of sam-
ple were used, dried before at 60 °C and pulverized in a mortar.
For the determination of N content by Kjeldahl, samples were
dissolved by hydrothermal treatments with HF, HClO4, and
HCl, followed by a procedure similar to that described in [15].

In addition, the samples were examined by Fourier-transform
infrared spectroscopy (FTIR), X-ray diffraction (XRD), scan-
ning electron microscopy (SEM), scanning transmission elec-
tron microscopy (STEM), and adsorption measurements based
on N2 adsorption isotherms. FTIR spectra were recorded on a
Bruker Tensor 27 IR spectrophotometer. The KBr tablet forma-
tion method was used with a KBr/sample ratio of 100:1. Powder
XRD patterns were obtained on a Philips Xpert MPD diffrac-
tometer in the range from 2° to 60° using copper radiation (λ =
1.5406 Å), a speed of 2°/min, and a step of 0.05 s. For SEM
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studies, an FEI Nova Nano SEM 450 electron microscope was
used; prior to measurements, samples were adhered to supports
to coat them with a gold layer. For TEM analysis, samples were
deposited on a 200-mesh copper grid with carbon membrane.
Images were observed on a Talos F200X ThermoScientific
microscope at 44000× magnification in S-MET mode, applying
an accelerating voltage of 200 kV and using a high-angle
annular dark-field detector. N2 adsorption isotherms at 77 K
were obtained on a Micromeritics ASAP 2020 V4.04 (V4.04 H)
instrument. Prior to adsorption measurements, the samples
underwent vacuum thermal degassing for 8 h at 150 °C.

In order to obtain information on the fertilizing potential of the
developed zeolitic materials, potted plant trials were carried out
over a period of 45 days. For this purpose, black nylon bags
were used, in which 700 g of a red ferrallitic soil and 27 g of de-
veloped material were added and mixed. Then, corn seeds were
sown, making four replicates per treatment in a randomized
block distribution. Red ferrallitic soil was used as a control for
comparative purposes.
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