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Abstract
The recovery of nitrogen (N) and phosphorus (P) from alternative sources and their reuse to
increase soil fertility is of paramount importance due to the increased demand for food
resulting from the growing world population and the depletion and unbalanced global
distribution of phosphorus mines. Zeolites are suitable materials for the adsorption of
nutrients from treated municipal wastewater. Zeolites are microporous crystalline
tectosilicates with a net negative charge balanced by exchangeable cations. They are
commonly used for ammonium recovery, although several studies have shown simultaneous
recovery of ammonium and phosphate from wastewater using modified zeolites. Once the
zeolites are exhausted, they can be regenerated thus being reused for ammonium recovery, or

to be applied to the soil as slow-release fertilizers.
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1. Introduction

To meet the growing food demand of the world population, excessive use of chemical
fertilisers is occurring to improve soil fertility and crop production. The excessive use of
chemical fertilisers is not economically and environmentally sustainable. Indeed, from one
hand, due to the increasing demand of fertilisers is rising their costs whereas, on the other
hand, the accumulation of fertilisers in wastewaters is altering the homeostasis of the
ecosystems thus causing serious damages to human health [1,2]. The recovery of nutrients,
such as nitrogen (N) and phosphorus (P), from wastewaters is a good option to counteract
both economic and environmental issues raised by the excessive use of fertilisers [3].
Adsorption is among the most widely used methods for nutrient recovery from wastewaters
due to its efficiency and simplicity. The choice of appropriate adsorbent materials is a key
issue for ensuring high performance and low costs of the process [4]. Over the years, several
materials have been studied to absorb nutrients from wastewaters. Zeolites, both natural and
modified, have attracted great attention due to their relevant specific capacity, selectivity,
safety, and stability [5]. However, considering that in municipal effluents the inorganic P
exists as the anionic forms of dihydrogen or monohydrogen phosphates (H2PO4™ and HPO4%;
respectively) and N in both cationic (ammonium, NH4") and anionic (nitrate, NO3") form [6],
natural zeolites can be only used for the direct recovery of NH4*. This derives from the
chemical properties of zeolites, which consist of an aluminosilicate structure comprising a
tridimensional tetrahedral arrangement of silicon cations (Sis*) or aluminium cations (Als")
each surrounded by four oxygen anions (O2). Some Sis* ions are substituted by AI** ions,

resulting in the imbalance of net negative charges in the structure of the tectosilicate [7].



Thus, thanks to their negative charges, zeolites can adsorb cations from the surrounding
environment. In recent years, also P recovery by zeolites has been studied, focusing on the
possibility of simultaneous N and P recovery. In fact, being the NH4* adsorption from
wastewaters by zeolites mainly based on exchange reactions, other cations are released into
the solution, thus potentially leading to synchronous phosphate (PO4>) precipitation [8]. The
simultaneous recovery of N and P by zeolites can be also obtained by improving their affinity
for PO4* through their activation by aluminium salt solution [9]. Once recovered, the
nutrients can be reused as a soil fertiliser within a circular economy vision [10]. In fact, it is
possible to reuse both the nutrients desorbed from the zeolites after regeneration through the
production of fertilisers or by applying the enriched zeolites directly to the soil. This second
option of reusing the recovered nutrients is possible because zeolites are considered one of
the natural inorganic soil conditioners widely used to improve the physical and chemical
properties of the soil; moreover, when enriched, they are able to retain the most important
nutrients for plants, making them available when they are required by the plants themselves

thus acting as a slow-release fertilizer (De Campos Bernardi et al., 2013).

In the present chapter, firstly, the chemical composition, structure and properties of zeolites
are reported and, thereafter the differences between natural and synthetic zeolites and their
main fields of use are discussed. Finally, the possibility of using zeolites for the recovery of
nutrients from wastewaters, the mechanisms that allow the nutrient adsorption, the methods
of regeneration and reuse of recovered nutrients and enriched zeolites in agriculture are

discussed.
2. Structure and chemical composition of zeolites

2.1 Chemical composition and structure of Zeolites



The name "zeolite” was proposed by the Swedish mineralogist Cronstedt in 1756. He observed
that these minerals (especially stilbite) emit bubbles due to the release of interstitial water when
heated, without changing the aluminosilicate structure. This characteristic gives rise to the

name Zeolite from (éw (boil) e AiBog (stone) in Greek [12].

Zeolite is a crystalline hydrated aluminosilicate. Its basic structure consists of an interconnected
tetrahedral arrangement in which silicon (Si**) and aluminium (AI**) cations placed in the
centre of each tetrahedron coordinate four oxygen anions (O%) placed at the vertexes. Each
oxygen atom is shared by two tetrahedra thus connecting them and resulting in inorganic
macromolecules with a unique three-dimensional framework. The resulting Si (or Al) to O ratio
is 1:2. The isomorphic substitutions of some Si** by AI** ions determine a net negative charge
in the structure of the zeolites, arising from the difference in formal valence between the
tetrahedra (AlO4)*> and (SiO4)* and normally found on one of the oxygen anions connected to
an aluminium cation. Such negative charges are balanced by alkaline earth metals, such as
sodium (Na*), potassium (K*) or calcium (Ca?*); also, lithium (Li*), magnesium (Mg?*),
strontium (Sr?*) and barium (Ba?*) can be found in some zeolites [13], beyond water. These
ions are found on the external surface of zeolite, bound with the aluminosilicate structure by
weaker electrostatic bonds [14,15]. The zeolite framework contains open cavities in the form
of pores, channels and cages that host the water molecules and cations, but only those of
appropriate molecular size to fit into the pores are admitted. The framework can be interrupted
by (OH, F) groups; these occupy the vertexes of a tetrahedron and are not shared with adjacent

tetrahedra [16].

The chemical composition of a zeolite can hence be represented by a formula of the type:

IM xin, (H20) 2| [AIO2)x (Si02)y] (1)



where M is an extra-framework cation with valence n, and x, y are pertinent values of molar

concentrations of Al and Si in the zeolite framework, and z is molar concentration of H20 [17].

2.1.1 Primary and Secondary Building Units of Zeolites

The crystal structure of zeolite is usually divided into Primary Building Unit (PBU) and
Secondary Building Unit (SBU). The PBU framework is a TO4 tetrahedron, where the central

T-atom is usually Si or Al, and the outer atoms are O.

**Insert Fig. 5-1. HERE**

The simple geometric shape is formed by the interconnection between two or more tetrahedra.
Therefore, the formed link is called the Secondary Building Unit (SBU). The complexity of
SBU starts with simple rings, double rings, polyhedra, and even more complex units linked

together. The unit cell of zeolite always contains an integer number of SBUs [18].

**Insert Fig. 5-2.HERE**

In addition to the above-mentioned PBU and SBU, the zeolite can also contain other
components, such as prisms and cages, which are called Composite Building Units (CBU). The
cage is defined as a polyhedron whose largest ring is not enough to allow molecules larger than
water to pass through. They appear in several different framework structures and can be useful
in identifying relationships between framework types [7]. CBUs are therefore a grouping of
finite and infinite building units and involve various forms, such as SBUs, polyhedra such as
the sodalite unit (P cavity) and chains of tetrahedra [18,19]. To date, 253 different zeolite
framework types have been identified in natural or synthetic zeolites, and the International
Zeolite Association (IZA) has assigned a three-letter code for each; this short note is used to
describe the pore system [20]. Each porous network is characterized by the direction of the
channel, the number of atoms in the pore, and the crystallographic free diameter of the pore (in
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A), the number of asterisks indicating whether the system is one-, two- or three- dimensional

[21].

2.1.2 Pores, cages, and channels

The structure of zeolites is characterised by tetrahedra bond in different ways thus producing
different types of tetrahedral structures. Each tetrahedron is composed of TO4 (T=Si, Al and P,
among others). This structure contains open cavities in the form of pores, channels, and cages.
These are usually occupied by H20 molecules, and by extra-framework alkali metal ions or
organic amines which can be removed during the ion exchange process. The pores in zeolites
are classified according to their diameter into micropores, mesopores or macropores (Table 1).
A cage is a polyhedral pore whose faces are so narrow that cannot host species larger than a
water molecule, while a cavity is the pore with at least one face large enough to host a water
molecule. In practice, a cage has no face larger than 6 rings (a ring is usually referred to as a
cycle of tetrahedrally coordinated silicon or aluminium and oxygen atoms), whereas a cavity
has at least one. Channels, that are infinitely large in one dimension, are large enough to allow
the spread of host species (i.e., larger than six rings).

The internal cages and channels of zeolites depend on the specific arrangement of the SBUs
and are organised according to a hierarchical structure, which gives zeolites adsorption,

catalysis, and ion exchange properties [22-26].

**Table 1**

2.1.3 Cation Exchange Capacity of Zeolites

Natural zeolites have different properties, one of these is the cation exchange capacity (CEC),
that represents the theoretical quantity of cations that can be exchanged per mass of zeolite at a

given pH. The CEC is reported to range between 60 and 230 cmol) kg and depends on the



amount of negative charge resulting from the isomorphic substitution of Si by Al
[27]. Generally, the process takes place with the uptake of one or more cationic species, that in
the natural zeolites are usually represented by: Na*, K*, Mg?*, and Ca?* [7], and the

simultaneous displacement of an equivalent amount of one or more other cationic species [28].

The cation exchange process may be presented by the following equation:

ZaBE)"" + ZpAly ™" o Z,BE"" + 745" (2)
where: za and zg represent the A and B exchangeable ion charges and the coefficients (z) and
(s) refer to zeolite and to aqueous solution, respectively. The reaction proceeds until
equilibrium is attained [29]. Due to such property, zeolites have been found to be a good
adsorbent of gases and liquids materials thus being useful to separate them from the
surrounding environment. Furthermore, the cation exchange has been identified as the

mechanism for NH," adsorption.
2.1.4 Selectivity of Zeolites

Selectivity is defined as the affinity or preference of certain types of materials for certain ions
[30]. It depends on the interaction of materials and ions in relation to ionic radius (molecular

sieve), ion hydration energy and electrostatic bond energy [31].

Shape selective adsorption is a process that separates molecules based on inclusion or exclusion
from specific zeolite pores. This phenomenon is possible because the large structural cavities
and the entry channels leading into them contain water molecules, which form hydration
spheres around exchangeable cations. On removal of water by heating at 350-400°C, small
molecules can pass through entry channels, but larger molecules are excluded—the so called
““molecular sieve’’ property of crystalline zeolites [32]. The ion exchange selectivity usually

depends on the hydrated ionic radius of cations, i.e. on the number of water molecules that



surrounds the cations. An example of cation selective sequence in natural zeolite is, as reported

by Sarioglu [33]:

K*> NH4*> Na*> Ca®* > Fe** > A" > Mg?* (3)

3. Natural Zeolites and Synthetic Zeolites

Many zeolites are found naturally as minerals and are mined extensively in many parts of the
world. Others are synthetic and manufactured commercially for specific uses or produced by

scientists trying to improve their chemistry.

3.1. Natural Zeolites

Natural zeolite is found all over the world. Although there are no accurate data on the total
amount of zeolites, it is reported that they occur on all continents with different mineral
concentrations and types [34]. Natural zeolites are produced by the interaction of volcanic rock
and volcanic ash with alkaline groundwater, usually related to mountainous areas such as the
Caucasus and Balkans. Deposits have also been found in the Himalayas, near the Gulf of
Mexico, Switzerland, and the United States [29,35]. They can occur in the crystalline form
found in igneous and metamorphic rocks, as well as in smaller-diameter crystal grains
accumulated in sedimentary rocks [30,36]. Indeed, the performance of a natural zeolite depends
on several factors including structure, size and shape, the charge density of the anionic

framework, and the ionic charge and concentration of the external electrolyte solution [31].

Among all the natural zeolites discovered (over 60), only six are abundant in natural deposits
worldwide: Analcime (ANA), Chabazite (CHA), Clinoptilolite (HEU), Erionite (ERI),
Mordenite (MOR) and Phillipsite (PHI). The most common natural zeolite can be purchased at

very low cost, making it an economical alternative to synthetic zeolite [32].



Due to its characteristics, natural zeolite is used as soil amendment, animal feed additives, ion
exchangers in industrial, agricultural, and municipal wastewater treatment, Sr and Cs
radioisotope absorbents in the nuclear industry, and nuclear accident clean-up (Chernobyl), soil
replacement in horticulture, veterinary and medical applications [33]. Natural zeolites are used
for wide applications due to its low cost and availability, on the other hand, the industrial
application of natural zeolite is limited because, as mentioned above, its properties strictly
depend on its crystal structure. The main disadvantage is that the channel diameter is too small
to absorb larger gas molecules and organic compounds [34]. Furthermore, zeolites, due to the
very different conditions under which they are formed in nature, are rarely pure but
contaminated to varying degrees by other minerals, metals, quartz, or other zeolites

[7]. Therefore, natural zeolite is excluded from many important commercial applications where
uniformity and purity are essential [35]. It is important to clarify that zeolite deposits are non-

renewable resources.

3.1.1  Most important Natural Zeolites

Clinoptilolite-Heulandite

Clinoptilolite is one of the most common natural zeolites. It is easily obtained from mines and
is suitable for use as an adsorbent due to its characteristics. Although many researchers classify
it as Heulandite, its Si/Al ratio and thermal stability make it different from Heulandite (4 <
Si/Al < 5.2 and Si/Al < 4 at 750-800 and 450-550 °C, respectively [35,37]. The Heulandite
group minerals are classified according to the main exchangeable cations as follows: K-, Na-,
Ca- and Sr-heulandite and K-, Na- and Ca-clinoptilolite [18,38]. The IZA identification code is

HEU and the chemical formula is (Na,K,Ca)2-3Al3(Al,Si)2Si13036-12(H20).

Chabazite



Chabazite is a zeolite with the chemical formula CaAl.SisO12 . 6H20, which consists of a
hydrated calcium and aluminium silicate contained in white to yellow or red creamy glass
crystals. It has small pores with an effective pore size of about 4 A and a good cation exchange
capacity. Nowadays, due to their unique properties, chabazites are widely used to remove trace

gases and as a water softener [39,40]

Phillipsite

The name Phillipsite is derived from the name of the English mineralogist William Phillips. It
is a mineral belonging to the group of zeolites, potassium and calcium silicate, with the formula
(K,Na,Ca)1-2(Si,Al)s016-6(H20). It crystallizes in the monoclinic system and forms pseudo-
rhombic, colourless, brittle and twin crystals. It is often found in leucitic and tefritic rocks, and
less frequently in basalts. Major deposits of phillipsite occur at Aci Castello in Sicily and at

Capo di Bove near Rome in Italy [41].

3.2 Synthetic Zeolites

Synthetic zeolites, like natural zeolites, have different structures and properties. However, in
contrast to the natural zeolites, the synthetic ones being obtained under controlled conditions,
have standardized and pure form (e.g., pores diameters are known), and better adsorption
performance and cation exchange capacity thus being more useful for industrial
applications[42]. Synthetic zeolite properties can be improved by physical and chemical
treatments (hydrothermal synthesis, molten salt method, fusion method, alkali activation,
microwave-assisted synthesis, synthesis by dialysis [42] thus increasing the
hydrophilicity/hydrophobicity towards many ions or organic adsorbents [36,43]. Considering
the industrial importance of zeolite, and due to its structural complexity and inherent scientific
interest in its chemistry, a lot of effort has been made for zeolite synthesis [44]. The history of

artificial zeolite can be traced back to the levynite produced in the laboratory claimed by St.
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Claire Deville in 1862. However, the zeolite synthesis as known today originated from Richard
Barrer and Robert Milton. They showed that the final product can be obtained by heating the
aluminosilicate raw material in the presence of an alkaline solution within a few hours or days,

depending on the type of raw material and the process conditions (temperature, pressure) [45].

Among all the methods, hydrothermal method is effective, cheap, easiest, and commonly
adopted by IZA (International Zeolite Association). It usually takes place in an alkaline (high
pH) medium, in which an amorphous reagent containing silica and aluminium is mixed with a
cation source. This aqueous mixture is then heated in an autoclave at temperatures above
100°C. Initially, after raising the synthesis temperature (induction period), the reactants
maintain an amorphous composition and following this it is possible to detect the products, i.e.
the crystalline zeolites that have formed. Subsequently, all the amorphous materials are
replaced by a single and equal mass of zeolite crystals, which are recovered by a process of

filtration, washing, and drying [46,47].
3.2.1 Most important Synthetic Zeolites

More than 150 zeolites have been synthesized, the most common are zeolites A (commonly
used as a laundry detergent), X and Y (two different types of faujasites, used for catalytic

cracking), ZMS-5 (a branded name for pentasil-zeolite).
Zeolite A

Zeolite A has a framework structure called Linde A (LTA), which consists of sodalite (SOD)
cages connected by four rings and has a Si/Al ratio of 1:1. The SOD units are combined to
produce an alpha cage with a diameter of 11.4 A (a large cavity in the centre of the structure),
and two channel systems are connected to allow movement of Na* ions and water molecules

[45]. It is characterized by the formula |(Nai2"(H20)27|s[ Al12Si12048]s.
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Zeolite X and Zeolite Y

Zeolite X and zeolite Y belong to the family of aluminosilicate molecular sieves with faujasite
type structure (FAU). The chemical formula is |(Ca,Mg,Naz)29 (H20)240|[ AlsSi1340384]— FAU
(1ZA). Faujasite is a rare zeolite, although its synthetic counterparts Linde X and Linde Y are
widely used as adsorbents and catalysts. The difference between zeolite X and zeolite Y is
determined from their Si/Al atomic ratio (usually between 1 and 1.5 for X and higher for Y

zeolite) [48].
Zeolite ZMS-5

ZMS-5 is the prototype high silica zeolite ZSM-5, which was discovered in 1972. ZSM-5
belongs to the molecular pentasil (MFI) family, and its chemical formula is NanAlnSige-
nO192-16H20 (n is between 0 and 27). The catalyst is called ZSM-5 because its pore size is 5A

(Angstroms) and it has a Si/Al ratio of more than five [49].
**Table 2**
4. Applications of Zeolites

Due to its characteristics, zeolite is one of the most important inorganic cation exchangers used
in catalysis, agriculture, water and wastewater treatment, as well as in industrial applications,

nuclear waste, animal feed additives and biochemical applications [50].

Catalysis

In terms of value, the consumption of zeolite catalysts accounts for about 27% of the global
zeolite market, but this percentage may increase [51]. In fact, zeolites are used as catalysts in
the oil refining and petrochemical industry because of their superiority performance, stability

and selectivity in large conversion and upgrade processes compared to their amorphous
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equivalents. The action of catalysts takes place within the pores of zeolites selected on the basis
of their unique characteristics of structure, morphology and composition [52,53]. The
compatibility of the zeolite as a catalyst with the specific reaction can be considered the key to
the economic success of this method [54]. Two important processes involving the use of zeolite
as a refinery catalyst are fluid catalytic cracking (mainly gasoline production process) and

hydrocracking (mainly middle distillate production process) [55].

Agriculture

Zeolite is commonly used in agriculture to improve physical and chemical properties of the
soil, such as water and nutrient retention capacity, electrical conductivity, soil aggregation,
permeability, infiltration rate and saturated hydraulic conductivity [56]. This is because of the
unique characteristics of zeolites such as high pore volume, low bulk density and cation
exchange capacity [57].Ravali et al. [58]found the application of 7.5 t ha* of zeolite, sieved at
2 mm, increases CEC by 37% compared to the untreated soil. CEC increase is of paramount
importance because in turn affects nutrient retention capacity. MacKown and Tucker [59]
found that the application of zeolites reduces nitrate leaching in sandy soils probably due to a
decrease of the nitrification process. Indeed, clinoptilolite is able to slow down the NH4*
oxidation by nitrifying bacteria [56]. With regard to the effect of zeolite on water infiltration
rate in soils, Xiubin and Zhanbin [60], in a study conducted under laboratory and field
conditions, observed that natural mordenite with a particle size lesser than 0.25 mm, increased
infiltration by 7-30% on gentle slope soils and more than 50% on steep slope soils. In addition,
they found that soil moisture could increase by 0.4-1.8% in extreme drought conditions, and by
5-15% in general situation. It is undoubtedly that zeolite ameliorate physical and chemical
properties of soils as demonstrated by the larger number of studies. However, more studies are

needed to elucidate the effect of the soil quality improvement on crop grown and productivity.
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**Fig. 5.1.HERE**

Industrial Wastewater treatment

Heavy metals are classified as metal elements with a relatively high density (> 5 g cm) that
are hazardous and harmful to human health, including impaired growth and development,
cancer, organ damage, nervous system damage, and even, in extreme cases, death. Industrial
wastewaters containing heavy metals comes from different industries [36]. A large number of
elements fall into this category, but the most environmentally relevant elements are Cd, Cr, Cu,
Ni, Zn, Pb and Hg [61]. Natural zeolites as adsorbents for heavy metals have attracted great
interest due to their valuable ion exchange capacity. In fact, they can exchange or adsorb
various cations such as cesium (Cs) and strontium (Sr), and heavy metals such as cadmium
(Cd), lead (Pb), nickel (Ni), manganese (Mn), zinc. (Zn), chromium (Cr), iron (Fe) and copper

(Cu) [62].
5. Use of Zeolite for nutrients recovery

One of the main fields of use for zeolites is the recovery of nutrients from wastewaters. This
capacity depends on the negative charges of the zeolites, which allows them to adsorb the
cations from the surrounding environment. They have been used mainly to recover NH4* from
wastewater as this is one of the cations for which zeolites have the greatest selectivity. In recent
years, the use of zeolites is also being extended to the recovery of PO from wastewaters,

using modified zeolites.

5.1 Nutrients recovery mechanism
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Over the years, several studies have been conducted to evaluate the application of zeolite in
NH4* adsorption, with a particular focus on operational capacity. The ability of zeolite to
adsorb NH4" depends on several factors such as initial NH4™ concentration, medium size,
contact time and temperature [27,63]. Currently, the most used ion exchange media for NH4*
removal is the natural zeolite clinoptilolite (in the activated Na-form) which has been shown to
have NH4* an exchange capacity of 29 mg N-NH4* gt in single NH4* solutions and 23 mg N-
NH4* gt in treated wastewater simulating up-concentration effluent at pH 8 [64]. However,
most of the latest research on NH4* removal in the ion exchange process is limited to
laboratory-scale analyses, and to the best of our knowledge, only one full-scale application has
been performed worldwide in the last half century. This is the Battelle Northwest/South Tahoe
Public Utility District treatment unit, created to protect the quality of the water of the Truckee
River in California. This unit includes a 22,500 m*d* facility in California for the removal of
NH4* from domestic wastewater and is the only industrial facility using natural zeolite in the
world [65]. However, unfortunately no data are available in literature regarding the
performance of such full-scale treatment plant. The transition from batch testing to full testing
is of great importance because allows to assess other parameters in the NH4* adsorption by
zeolite. For example, the mechanical strength of the medium that is considered to be the key
characteristics to prevent the breakdown and disintegration of the medium during the ion
exchange process. The mechanical strength of the zeolites refers to the resistance of the media
to friction and compression. Friction resistance is correlated with turbidity measurements,
following the principle that increasing turbidity was related to media disintegration over time.
This parameter was recently studied by Guida et al.[66]. In their batch study, six synthetics
(named progressively from Zeolitel to Zeolite6), one natural (clinoptiolite), and one engineered
(Zeolite-N) zeolites were analysed. They observed that after the first 2 hours of stirring, the

disintegration values ranged from 17.5 NTU h to 2.7 NTU hL. Clinoptilolite showed the best
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friction resistance together with other two natural zeolites. To evaluate compression, the
different zeolites were subjected to increasing load pressure and recording the force at the
breaking point. Zeolite-N resisted to a pressure up to 7.9 N before fracture, synthetic zeolites 4
and 5 resisted a load up to 11.3 N and 16.5 N, respectively, for the other synthetic zeolites the
average load before fracture was between 3.9-5.7 N. Among all, clinoptilolite showed the
highest compressive strength with a loading pressure of 38.6 N before fracture. This variability
in the mechanical strength of synthetic zeolites was attributed to the difference in the
manufacturing process (temperature, time, and furnace size during calcination), which could

explain the higher strength of natural zeolite.

Recently, zeolites have been investigated also to recover PO* from wastewater. Natural
zeolites usually have little or no affinity for anions such as PO4* because of its net negative
charge [67]. Therefore, natural zeolite may demonstrate only low adsorption capacity for PO4*
[68]. To overcome this limit, several studies have analysed the possibility to modify zeolites to
improve their ability in recovering PO4> from water. Onyango et al. [9] studied the removal of
inorganic PO4* from aqueous solutions by improving the affinity of zeolite for PO4* through
its activation by aluminium salt solution. In their study, they used the synthetic zeolite HSZ 330
HUD (Si/Al ratio: 2.75-3.25) and its Al**-activated form (Al HUD). Equilibrium and kinetic
experiments were performed to investigate the effects of operating conditions such as adsorbent
mass, solution pH, coexisting ions, and initial PO+ concentration on the ability or rate of PO4>
adsorption by zeolites. Activated zeolite was prepared by adding 50 g of HUD to 1 L of 0.075
M aluminium sulphate solution, the mixture was stirred for 2 days and then washed several
times with demineralized water to lower the electrical conductivity. Finally, the AI** -activated
HUD zeolite was air-dried at room temperature for 2 days. The ability of the HUD and Al-
HUD zeolites to remove PO4* was tested by varying the masses of the zeolite at a fixed POs>

concentration of 100 mg L%, at room temperature of 25°C and, pH of 5.7. Zeolite activated
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with AI** (Al-HUD) showed higher removal efficiency; indeed, 150 g of AI-HUD lowered the
PO+ concentration below 10 mg L™, whereas HUD zeolite was not able to low the PO4*
concentration below 20 mg L™ under the same experimental conditions. Furthermore, it was
observed that the efficiency of PO4> removal by zeolite increased by increasing the mass of the
adsorbent and decreasing the pH of the solution. Other studies have focused on the
simultaneous recovery of N and P from wastewater by zeolite. In a study conducted by
Karapinar [69], natural zeolite was studied in lab scale using a batch system to remove NH4"
and PO4% in two steps. Specifically, zeolite with an average particle size of 13 pm was used as
adsorbent for NH4* and then as a seed material for the precipitation of calcium phosphate
[Ca3(PO4)2]. The Author found that zeolite and NH4* did not affect the amount of calcium
phosphate precipitated. On the other hand, phosphate precipitation increased with rising pH and
was achieved at low super saturations (pH 6.9 — 7.5) through secondary nucleation and crystal
growth. Thus, this study pointed out that zeolite can be appropriately used as an adsorbent/seed
material for the removal of both NH4* and PO4* nutrients from wastewater. Lin et al. (2014) in
their study for the first time used natural zeolite in batch and continuous tests to simultaneously
remove P and N from orthophosphate and ammonium-nitrogen laden wastewaters with a pH
range from 3-11. They used an unmodified Chinese natural zeolite formed from clinoptilolite-
Na, heulandite, and quartz, with a specific surface area of 14.33 m? g, sieved to 0.8-1.43 mm,
with a CEC of 0.092 cmol+) g*. They found that P removal was efficient only at pH > 9,
decreasing from 102 to 14.5 mg L. Moreover, when ammonium was also present, P removal
was enhanced by about 60%. They suggested that ammonium was first adsorbed onto the
zeolite via ion exchange to release Ca?* ions from the zeolite lattice [70]. This ion exchange
reaction was independent on the presence of P. Then the released Ca?* ions precipitated the

dissolved phosphate, which was greatly dependent on the concentration of ammonium.
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More recently You et al. [71] investigated the performance of three synthetic Na-zeolites,
modified in Ca- and Mg-zeolites, for the simultaneous removal and recovery of NH4" and PO4*
from synthetic solutions, simulating wastewater treatment effluent. The simultaneous removal
of NH4* and PO+ can occur through two mechanisms: 1. ion exchange and formation of
calcium phosphate minerals in the case of Ca-zeolite, and 2. precipitation of struvite
(MgNH4PO.) in the case of Mg-zeolite. Results suggested that the activation of Na-zeolite in
calcium and magnesium forms improved the PO+ adsorption capacity of zeolite. The
maximum adsorption capacities obtained were 123 mg NHs g™ and 119 mg PO4 gt in an
ammonium/phosphate binary system for Ca-zeolite, whereas Mg-zeolite adsorbed while 55 mg
NH4* g~ and 60 mg PO4> g 1. However, the sorption process was faster for Mg-zeolites and

the sorption mechanism that controls the overall process, for both zeolites, was diffusion into

the particle.

5.3 Regeneration of Zeolites

Once saturated, the zeolite can be regenerated or used as slow-release fertilizer. Regeneration is
the biggest obstacle to the widespread use of zeolite-based wastewater treatment on a large
scale; indeed, it is estimated to account for up to 80% of the total operating cost of zeolite use,
which is why it is necessary to develop a method that is economically feasible [65]. For this
reason, it is crucial to assess the potential applicability of a zeolite for industrial or large-scale
applications and to study the possibility of its regeneration in order to consider its use in
multiple cycles. Regeneration allows the zeolite to be reused for several cycles until when the
adsorption capacity decrease towards levels no more sustainable from an economic point of
view. Regeneration can be carried out by various techniques such as chemical, acid, heating
and biological regeneration [72]. However, the most used regeneration methods are chemical

and biological ones. Chemical regeneration is commonly achieved using high strength ionic
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brines, e.g. aqueous sodium chloride (NaCl), where Na* ion replaces the NH4* adsorbed

liberating it into the liquid phase [65,73].

The desorption and regeneration are based on the following cation exchange equation [74]:

NHs-zeolite + Na*—Na-zeolite + NH4" (4)

The concentrated regenerating solution, after increasing its pH above 9.3 (pKa of the NH4*-
NH3 system), can be stripped from the air of its ammonia content and the brine can be
recovered [75]. The NHs gas can be further absorbed into a solution of H2SO4 or HNO:s. In

addition, the H2SO4 solution absorbed by NH3 could be used as a fertilizer.

Widiastuti et al. [15] studied the desorption and regeneration of zeolite in a batch experiment
using a 1% NaCl solution. Their results showed that the NH4" desorption was up to 97%
depending on contact time, zeolite loading, initial NH4*™ concentration and pH of the solution
and that the adsorption and desorption efficiency decreased by increasing the cycle numbers. In
fact, the adsorption of NH4* on the zeolites decreased from 4.49 mg g* in the first cycle to 3.71
mg gt in the third cycle, whereas the desorption decreased from 4.27 mg g* in the first cycle to
and 3.57 mg g* in the third. However, although NH4" is selectively adsorbed by zeolite, its
desorption was sufficiently high following the treatment with NaCl that is the most widely used
method mainly for the low cost of the NaCl. Also, Li et al. [76] carried out column experiments
and batch tests to test the efficiency of Silicate-Carbon Modified Zeolite (SCMZ) in removing
NH." from drinking water with a concentration ranging from 2.5 to 10 mg NH4* L* and how
this efficiency varies when regenerated by NaCl solution. They observed that the NaCl
regeneration method had good regeneration capacities for NH4™ adsorption of SCMZ. Indeed,
NH,* adsorption capacity was 0.1117 mg L™, at the first regeneration cycle and 0.11047 mg L
at the third regeneration cycle, both values close to those of fresh SCMZs (0.1155 mg L1).

Finally, Deng et al. [77] conducted both batch and column test to recover NH4* from zeolite
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with NaCl solution at different pH (9-12) and salt concentration (20 to 160 g L™). In the batch
study, they achieved 95% of regeneration efficiency after only 1 h at NaCl concentration of 80
g L. Interestingly, the regeneration efficiency was 96% at the low NaCl at pH 12 in 2 h.
Results from the column study, on the other hand, suggested that an optimum NaCl
concentration for regeneration of exhausted zeolite determined in batch tests cannot represent
that in continuous zeolite columns, due to different volumes. Indeed, at pH 9, the maximum RE
was 76% at NaCl concentration of 160 g L™, while it was only 38% and 13%, respectively, at
NaCl concentration of 80 and 20 g L. The Authors [77] attributed the low regeneration
efficiency of NH4" in the continuous column compared with in batch studies to the small mass
ratio of Na* to Zeolite-NH4"—N in the column during regeneration. Thus, based on results of
Deng et al. [77] the maximum regeneration efficiency (85%) of zeolite in column test can be
achieved within 2 h of reaction time at pH 12 using low NaCl dosages from 10 to 40 g of NaCl
L%, Besides to NaCl, also other salts can be used to recover NH4* from zeolite. Czaran et al.
[78], for example, suggested KCI solution at pH ranging from 9 to 11 to regenerate zeolite.
Indeed, KCI should be preferred to NaCl due to the much higher selectivity of clinoptilolite
toward K* than Na*; on the other hand, it is less used due to its cost. On the other hand, Metcalf
et al. [79] recommended calcium hydroxide for the regeneration of zeolite, although this
method waste time, energy, and chemical reagents, causing secondary pollution that requires

further treatment.

The direct result of zeolite regeneration is the desorption of NH4*, which can be recycled and

used for other purposes, such as fertilizer.

In some cases, however, if the aim is not to reuse the zeolite, it may be possible to desorb the
nutrients without regenerating the zeolite itself. Cyrus and Reddy [80] proved that adsorbed

NH." can be desorbed by washing the zeolite with water for 250 hours; however, a large
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amount of N (> 20%) is retained in the zeolite column. This experiment suggested that NH4*

enriched zeolite can be a suitable medium to slowly release N in the soil.

An alternative to the chemical regeneration is the biological regeneration, a two-mode process
consisting of aerobic nitrification and further processing of NO3™ products [81]. Biological
regeneration occurs putting in contact the NH4-zeolite with nitrifying bacteria. In this system, a
solution containing cations is recirculated through the bed of zeolite to desorb NH4* into the

solution:

Z-NH4" + Na* < Z-Na* + NH4* (5)

The effluent containing the displaced NH4" is then oxidized to NOz™ by nitrifying bacteria in

presence of oxygen.

NH4* + 202 <> NOs + 2H* + H,0 (6)

The NOs brine, after a clarification process, is easy to dispose of or can be mixed with raw

wastewater and denitrified into harmless N gas [82].

5.4. Reuse of enriched Zeolites

Zeolite cannot be regenerated indefinitely. After a certain number of regeneration cycles, they
are exhausted. Several studies have been performed with the purpose of evaluating after how
many cycles of use the ammonium exchange capacity (AEC) of regenerated zeolites is
significantly reduced, compared to virgin zeolite. Deng et al. [77] evaluated the AEC of four
natural zeolites, breakthrough time, in a continuous zeolitic column fed with anaerobic
membrane bioreactors permeates and NH4Cl solution to optimize the operating conditions and
evaluate the effect of competitive cations on the AEC. Regeneration was performed using 1%

NaCl solution at pH 12. They observed that the AEC decreased by 13% after the first cycle
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(from 3.1 to 2.7 mg N g zeolite). After the third and fourth cycles the AEC was reduced by
12.5% compared with virgin zeolite. After the fifth cycle, the AEC started to decrease until it
reaches a plateau of about 1.8 mg N g zeolite after the eighth cycle. Thus, the regeneration
efficiency of the first five cycles were almost constant at 84% and then slowly decreased to
about 70%. In another study, Guida et al. [66] evaluated the regeneration capacity of zeolites
over multiple cycles using wastewater. Of the eight zeolites analysed, including six synthetics
(Zeolitel, Zeolite2, Zeolite3, Zeolite4, Zeolite5, Zeolite6), one natural (clinoptilolite), and one
engineered (Zeolite-N), the latter showed the highest AEC, with a 6% decrease between the
first and tenth cycles. Zeolite-N also presented the highest regeneration capacity which
increased by 7% between the first and tenth cycles, achieving a regeneration efficiency of 90-
100%. For clinoptilolite and Zeolite2, after 10 cycles, the AEC decreased by 15% and 3%,
respectively, and the regeneration capacity also decreased by 11% and 3%, respectively, while

no clear pattern in the variation of AEC and Qreg Was identified for the other zeolites.

Non-regenerated enriched zeolite, however, can be reused for other purposes, such as slow-
release fertilizer in agriculture, in which case, the enriched zeolite is applied directly to the soil.
Based on the high affinity of Ca/Mg zeolites for NHs" and POs* and the slow release of NH4*
and PO4*, especially when removed through the formation of Ca and Mg-phosphate minerals,
You et al. [71] suggested the use of these materials as potential nutrient carriers for soil quality
improvement. Several studies have been conducted to investigate this possible alternative use
of zeolite. Kocatuirk-Schumacher [83] conducted a pot experiment with ryegrass to test the
ability of zeolite clinoptilolite enriched with digestate nutrients to supply nitrogen when used as
fertilizer. Clinoptilolite had particle size of 1-3 mm, pH of 8.5, with 150-210 cmol) kg™* cation
exchange capacity, and 35.5 m? g specific surface area. Nutrient-enriched clinoptilolite, and
quartz sand, was used to fill in pots to have 15 or 45 mg N per pot. Pots with the lowest N

resulted in more than a twofold increase in yield and more than a threefold increase in N uptake
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when compared to the control (untreated) clinoptilolite treatment. The increases were even
greater when nutrient-enriched clinoptilolite was added to reach 45 mg N per pot, with almost a

fourfold and sixfold increase in yield and N uptake.

Guaya et al. [6] activated a natural clinoptilolite in its potassium form with hydrated metal
oxides (Fe, Mn, Al) and used it to recover nutrients from wastewater. Then, the nutrient-
enriched zeolites were used as a soil conditioner in sandy and clay soils for the growth of
sunflower (Helianthus annuus) plants. They observed that enriched zeolites as soil conditioner
improved sunflower production by more than 50% (Table 4), thus confirming the reasonable
use of enriched zeolites as a slow nutrient release avoiding, at the same time, nutrient leaching

and the consequent environmental issue.

**Table 3 **

6. Future perspectives

It should be mentioned that there are still immediate challenges for further successful
environmental applications of this interesting class of natural materials. Future research should
find sustainable methods to increase the operating capacity and mechanical strength of natural
zeolites to enable their use in large-scale plants. Therefore, it is essential to find zeolites with a
good adsorption capacity and capable of maintaining this capacity after several regeneration
cycles, thus ensuring the sustainability of the process. Furthermore, after their depletion,
enriched zeolites can be applied to the soil as slow-release fertilisers. The possible use as large-
scale fertilisers may increase their possibilities for environmental application but has to be

deeply investigated.

7. Conclusions
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Due to its physical and chemical properties, natural abundance and low cost, zeolite is widely
used for its catalytic abilities, cation exchange capacity, and application potential in various
industrial processes. Due to the high CEC, zeolite can be used for the recovery of nutrients,
e.g., NH4*, from treated wastewater. In addition, zeolite can also be modified to recover
negatively charged nutrients such as PO4+%. Furthermore, zeolite can also be used as a soil
conditioner to improve the physic-chemical characteristics of soils, such as nutrient retention
capacity. Finally, the application of nutrient-enriched zeolite can be a suitable option as a
source of nutrients for plants in a circular economy perspective. The use of zeolites is set to

increase significantly due to the various fields in which they can be used.
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Caption for tables

Table 1: Division of zeolites according to pore size, which influences their properties and
fields of use

Table 2: Chemical and physical characteristics of natural and synthetic zeolites.

Table 3: Plant growth indicators take in consideration in the different treatments by Guaya et
al. [6]. NEZ — Nutrient Enriched Zeolite CS — Clay Soil, SS — Sandy Soil.

Tables

Table 1: Division of zeolites according to pore size, which influences their properties and
fields of use

Category Number of rings Diameter
Small-pore < 8 rings nHrz::ving free diameters of 0.30 - 0.4!
Medium-pore 10-ring 0.45 - 0.60 nm in free diameter
Large-pore 12-ring 0.6-0.8 nm
Extra-large-pore zeolites >12-ring more than 8 nm
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Table 2: Chemical and physical characteristics of natural and synthetic zeolites.

Name Chemical Formula Si/Al ratio CEC Structure type Application
(meq g)
Clinoptilolite- (Na,K,Ca)2-3Al3(Al,Si)2Si13036-12(H20) 5 2.2 HEU Different application fields,
heulendite in particularly is used as an

adsorbent due to its natural
characteristics

Chabazite CaAlzSis012 - 6(H20) 2-5 3.9 CHA Widely used to remove trac
gases and as a water softene

Phillipsite (K,Na,Ca)1-2(Si,Al)sO16-6(H20) 2 4.5 PHI Widely used as a water
softener
Zeolite A Na2[(Si02)12(Al02)12]. 27 H20 1 5.3 LTA Laundry detergent
Zeolite X and Y |(Ca,Mg, Naz)29 (H20)240|[AlssSi1340384]— 1.2-25 32-45 FAU Catalytic cracking
FAU
Zeolite ZMS-5 NanAlnSiss—nO192-16H20 (n is between 0 and 20 2 MFI Used to convert alcohols
27) directly into gasoline
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Table 3: Plant growth indicators take in consideration in the different treatments by Guaya et
al. [6]. NEZ — Nutrient Enriched Zeolite CS — Clay Soil, SS — Sandy Soil.

Evapotrans Plant Plant biomass Root/branch ratio Nitrogen and CIN ratio
piration moisture Phosphorus uptake
content
The CS SS CS SS CS SS CS SS
NEZ-Al | The addition of | +269% +77% -47% +34% +19% N +17% N -1% -10%
incorporati | the  NEZ
on of NEZ | system +110%P | +210% P
NEZ-Mn ZYStemS - ;:‘:”gerﬂam +401% | +131% -13% +17% | +44%N | +45% N 21% -38%
i
modify the | water +77%P | +174% P
evapotrans | contents of
NEZ-Fe | piration on | sunflowers +95% +50% -21% -12% +43% N +5% N -24% -10%
both clayey | grown on
amended but for
soils. sandy soils
the water
content
was the
same in all
treatments.
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Caption for Figures
Fig. 5.1.jpg Primary Building Unit of Zeolites
Fig. 5.2.jpg Secondary Building Unit of Zeolites

Fig. 5.3.jpg Mechanism by which zeolites retain nutrients in the soil.
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Fig. 5.2.jpg Secondary Building Unit of Zeolites
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Fig. 5.3.jpg Mechanism by which zeolites retain nutrients in the soil.
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