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Synthesis and characterization of novel adsorbents and catalysts based on natural
zeolite, applicable in use of biomass

ABSTRACT

The thesis has two interconnected general goals. The first one was to develop novel,
environmentally friendly and cost-efficient soil supplements using natural zeolite
(clinoptilolite, CLI) which will retain plant nutrients (nitrogen, potassium and
phosphorus) in different soil types and accordingly increase biomass production. The
second one was to develop effective clinoptilolite-based catalysts for biomass
conversion into industrial valuable chemicals.

To achieve the first aim, nitrate and phosphate adsorption onto CLI modified with
several oxides were studied. The obtained results showed that the oxide coverage of CLI
surface makes it accessible for effective binding of nitrate and phosphate ions. The best
adsorption ability was obtained for Fe(lll)-enriched CLI (FeCLIl). FeCLI shows
significantly better retention effect than CLI but the leaching depends on soil types.
Nitrate retention increases by the zeolite addition only for silty loam and silty clay soils
whereas potassium retention increases in the following order: silty loam < silty clay <<
sandy soil. FeCLI shows a retention effect in phosphate leaching only from sandy soil.
The second goal was development of a CLI-based catalyst effective in the esterification
of levulinic acid (LA) which can be obtained from biomass. The catalysts were prepared
from CLI and SnO2 or sulfated SnO2. Sulfated catalysts are more active than nonsulfated
ones. Nonsulfated catalysts showed a high activity in the conversion of LA into octyl
levulinate (55%) and moderate activity in the conversion into ethyl levulinate (22%),

whereas sulfated catalysts led to a total conversion of LA to esters.

Keywords: clinoptilolite, natural zeolite, oxide-modified clinoptilolite, adsorption, soil

supplements, leaching, biomass, catalysts, levulinic acid, esterification.

Scientific field: Scince of Chemistry

Scientific subfield: Inorganic Chemistry



Sinteza i karakterizacija novih adsorbenasa i katalizatora na bazi

prirodnog zeolita primenljivih u procesu koriS¢enja biomase

SAZETAK

Teza ima dva medusobno povezana opsta cilja. Prvi cilj je dobijanje novog, ekoloski
prihvatljivog 1 jeftinog zemljiSnog suplementa koris¢enjem prirodnog zeolita
(klinoptilolit, CLI) koji ¢e zadrzati biljne nutrijente (azot, kalijum i fosfor) u razli¢itim
vrstama zemlji$ta i shodno tome povecati proizvodnju biomase. Drugi cilj je dobijanje
efikasnog katalizatora na bazi klinoptilolita za konverziju biomase u industrijski vazne
hemikalije.

Za postizanje prvog cilja, proucavana je adsorpcija nitrata i fosfata na CLI koji je bio
modifikovan sa nekoliko oksida. Dobijeni rezultati pokazali su da oksidna prevlaka na
povrsini CLI omoguc¢ava efikasno vezanje nitrata i fosfata. Najbolja adsorpciona
sposobnost dobijena je za Fe(lll)-oboga¢en CLI (FeCLI). FeCLI pokazuje znacajno
bolji efekat zadrzavanja ispitivanih jona u odnosu na CLI, ali izluzivanje zavisi od vrste
zemljiSta. ZadrZavanje nitrata povecava se dodatkom zeolita u praskastu glinu i
praskastu ilovacu, dok se zadrzavanje kalijuma povecava slede¢im redosledom:
praskasta ilovaca < praSkasta glina << peskusa. FeCLI pokazuje efekat zadrzavanja
fosfata samo za peskuse.

Drugi cilj teze bio je razvoj efikasnog katalizatora zasnovanog na CLI, za primenu u
esterifikaciji levulinske kiseline (LA) koja se moze dobiti iz biomase. Katalizator je
pripremljen iz CLI i SnOz ili sulfatiranog SnO2. Sulfatirani katalizatori pokazali su vecu
aktivnost u odnosu na nesulfatirane. Nesulfatirani katalizatori pokazali su aktivnost u
konverziji LA u oktil levulinat (55%) i umerenu aktivnost u konverziji u etil levulinat

(22%), dok su sulfatirani katalizatori LA u potpunosti konvertovali u estre.

Klju¢ne reci: klinoptilolit, prirodni zeolit, oksidom-modifikovan klinoptilolit,
adsorpcija, zemljisni suplementi, izluZivanje, biomasa, katalizatori, levulinska kiselina,

esterifikacija.

Naucna oblast: Hemijske nauke

UZa nau¢na oblast: Neorganska hemija
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1. INTRODUCTION

XXI century has been declared a century of Green chemistry. Thus, many efforts have
been devoted to prevent and minimize the adverse effects on the environment and
human health caused primarily by population growth and industrialization progress. A
large amount of hazardous waste has been produced leading to deterioration of water,
air and soil and affecting human health.

Water pollution is a worldwide problem. Both surface and groundwater sources are
severely polluted by various contaminants. An increasing concern is associated with a
high concentration of plant nutrients such as nitrate and phosphate. The most common
sources of these plant nutrients are municipal and industrial wastewater, and wastewater
from landfills. Agricultural activities usually result in the overuse of nitrate and
phosphate fertilizers and improper storage of animal waste. Thus, an excessive use of
nitrate fertilizers does not lead to the increase of soil fertility and crop yields. Due to the
high solubility of nitrate compounds in water and low adsorption onto soil particles,
nitrate ions move freely through soil and readily leach to groundwater. Leaching of
phosphates occurs to a lower extent due to their higher adsorption onto soil particles.
High concentrations of nitrates and phosphates promote not only eutrophication of water
bodies but also deterioration of groundwater quality. This is of a great concern primarily
of countries that use groundwater for drinking water supply. Accordingly, there is an
increasing interest for the uses of soil amendments which not only improve agricultural
production but also prevent degradation of groundwater quality through the reduction
of nutrients leaching.

Moreover, high concentrations of hazardous gases, toxic volatile organic compounds,
particulate matter etc. in the atmosphere, generation of large amounts of solid waste and
their inappropriate disposal, an excessive energy consumption have directed many
scientific investigations towards development of new, green and sustainable materials as
well as to more effective technological processes based on renewable sources of energy. In
this regard, great benefits have been expected through valorization of biomass. Biomass is
organic material origins from plants and animals. Biomass is an ideal, abundantly
available, inexpensive and renewable source that can be converted to either energy or a

variety of valuable chemicals. Several chemicals that can be obtained from biomass are



recognized as platform chemicals. They can be converted to other types of chemicals
that are considered as a replacement for the fossil-based chemicals. One of the twelve
platform chemicals is levulinic acid (LA). LA is a reactive organic acid that can be
converted to valuable industrial chemicals. Thus, great efforts are directed to the
synthesis of esters of levulinic acid. The physicochemical properties of levulinate esters
make them applicable as solvents, plasticizers, fuel additives and biolubricants.

Natural zeolites as abundant, inexpensive, environmentally friendly and harmless
minerals have been recognized as perspective materials for different applications.
Zeolites are crystalline, hydrated aluminosilicates with a porous structure. Due to their
unique structural features, they have been used as ion-exchanger, adsorbents and catalysts.
All of these performances can be improved by a rather simple modification which makes
their use more attractive. Traditionally, zeolites have been used in different areas
including environmental protection, industrial processes, agriculture, veterinary,
pharmacy and medicine. Nowadays, natural zeolites have been studied as starting
materials for green and sustainable processes including biomass production and biomass
conversion to valuable chemicals and biofuels.

The aims of this doctoral thesis are as follows:

1) Development of novel, environmentally friendly and cost-effective soil
supplements based on clinoptilolite as the most abundant natural zeolite. To
achieve this goal natural clinoptilolite from deposits in R. Serbia was modified
with several oxides and obtained products were characterized in detail. Their
adsorption capacity, the influence of the specific parameters on the adsorption
of several plant nutrients were studied in batch experiments. Adsorption
kinetics and mechanism were examined by commonly used adsorption models.
The most efficient products were tested as soil supplements in column systems
using three typical soil types: sandy, silty loam and silty clay soil.

2) Development of an effective, reusable and environmentally friendly catalyst
based on clinoptilolite applicable for esterification of levulinic acid. The
catalyst was prepared from natural clinoptilolite and SnO2 or sulfated SnO2.
Catalytic activity was studied in the esterification of levulinic acid with octanol
and ethanol, by batch method under mild reaction conditions. Applicability of

the obtained catalysts was additionally confirmed in the recyclability tests.



2. THEORETICAL PART

2.1 Structure of zeolites

Zeolites are crystalline, hydrated aluminosilicate minerals. They are composed of three-
dimensional frameworks consisting of [SiO4]* and [AlO4]>" tetrahedral units linked via
oxygen atoms (Figure 1). The lattice of zeolites is negatively charged, and its
electroneutrality is achieved by extraframework cations - alkali and earth alkaline

cations.

Figure 1. [SiO4]* and [AlO4]* tetrahedral units of zeolite lattice.

These cations are present inside cavities and channels of zeolite lattice accompanied
with water molecules. The cations are mobile and can be substituted with other cations
from the solution giving zeolites an ion-exchange property. lon-exchange takes place to
varying degrees depending on nature of zeolites, nature of cations present in zeolite
lattice and solution as well as on experimental conditions (static or dynamic regime,
solid:liquid ratio, contact time, reaction temperature, initial concentration, pH, contact
time). Water molecules can be removed from zeolite lattice reversibly giving zeolites
properties of drying agent.

Since the lattice of zeolites is porous, consisting of channels and cages, its specific
surface area is large being several hundred to thousand square meters per gram.
Consequently, zeolites possess good adsorptive and molecular sieve properties. The
shape and size of apertures on cavities and channels influence the adsorptive behavior.
Thus, only molecules with a diameter less than that of the apertures can enter the zeolite

lattice. This gives to zeolites molecular sieving property.



Moreover, zeolite lattice can accommodate not only metal cations but also hydrogen
ions. Their presence in the zeolite lattice gives to zeolites properties of solid acids with
catalytic activity in various chemical reactions.

The acidity of zeolites is expressed as Bronsted and Lewis acidity (Figure 2). The
Bronsted acid sites originate from the bridging hydroxyl groups (Si—-OH-AI) whereas
the Lewis acid sites are associated with three-coordinate framework Al or/and extra-
framework Al species. The acidity of zeolites can be significantly enriched by chemical

or thermal treatment of zeolites.

S}
?
+
H Al—:
e ~
\S /Os"- / \S/O O\S/
.Si Si
Y &S TN TN

Figure 2. The Bronsted (left) and Lewis (right) acid sites in zeolite lattice.

2.1.1 Clinoptilolite - the most abundant natural zeolite

According to the structural database of the International Zeolite Association (IZA) from
2019, about 60 different zeolite structures belong to natural zeolites and 237 for
synthetic ones (https://europe.iza-structure.org/IZA-SC/ftc_table.php). Among the

natural zeolites, clinoptilolite is the most abundant one. Deposits of zeolitic tuff rich
with clinoptilolite are found in many countries. In R. Serbia, several deposits including
Zlatokop (Vranjska Banja), Igro$ (Brus), Beocin (Fruska gora) and Slanci (Belgrade)
are rich with clinoptilolite making that clinoptilolite is a mineral resource of R. Serbia.
Based on the IZA classification, clinoptilolite (CLI) is a member of the heulandite
(HEU) group of zeolites. However, both Si/Al molar ratio and thermal stability make
CLI different from HEU. The Si/Al ratio of CLI is in the range 4.0-5.3 whereas for HEU
this ratio is lower than 4.0. Additionally, CLI is thermal stable up to 800 °C whereas the
thermal stability of HEU is lower - up to 550 °C.

The framework of the CLI (Figure 3) consists of three types of channels: A - formed
from 10-membered rings, B - formed from 8-membered rings and C - formed from 8-

membered rings. The channels A (0.3 x 0.76 nm) and B (0.33 x 0.46 nm) are parallel to
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the c-axis, while the C channel (0.26 x 0.47 nm) is parallel to the a-axis (Godelitsas and
Armbruster, 2003; Dziedzicka et al., 2016).

Figure 3. Schematic view of: a) 3D-structure of clinoptilolite lattice (International

Zeolite Association, 1ZA Structure Commission, https://europe.iza-structure.org/IZA-

SC/framework.php?STC=HEU) and b) Cavities and channels inside the clinoptilolite

lattice (tetrahedra represent the [SiO4]* and [AlO4]° building units); balls show ion-

exchangeable cations (Rajic et al., 2011).

2.2 Use of clinoptilolite

Due to its structural features and availability, CLI has been recognized as a perspective,
cost-effective and environmentally friendly material for the synthesis of different types
of materials that have been used in ion-exchange, adsorption and catalysis.

CLI has been studied for water and wastewater treatments. It can be used in removal of
different cations (Ca?*, Mg?*, Cu?*, Zn?*, Co?*, Cd?*, Ni?*, Pb?*, Fe?* etc.), anions (NO3z"
, PO4>, AsO4*, CrO4%, Cr207%, etc.) as well as different types of organic compounds
(including dyes, phenols, pesticides and different pharmaceuticals) from water and
wastewaters (Raji¢ et al., 2010; Wang and Peng, 2010; Camacho et al., 2011; Hailu et
al., 2019).

CLI and its modified forms have been also investigated for application in medical and
pharmaceutical purposes. Thus, CLI has been studied as a gastric antacid, antidiarrheic

as well as an adjuvant in anticancer therapy (Paveli¢ et al., 2001; Tomeckova et al.,
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2012). It has been tested also as a drug carrier for salicylate anion or diclofenac (Jevti¢
et al., 2012; Gennaro et al., 2015). Antibacterial and antimicrobial activity of metal-
containing CLI have also been reported and explained by slow release of Ag*, Cu?* or
Zn?* from the CLI lattice (Top and Ulkii, 2004; Hrenovi¢ et al., 2013).

CL1I has properties which are beneficial for agriculture and soil chemistry. The addition
of CLI to the soil can improve the physicochemical properties of soils (especially sandy
soil) and contribute to the remediation of the soils contaminated by toxic metals such as
Cd, Ni, Pb, Zn, Co (Andronikashvili, 2012; Yi et al., 2019). Moreover, the addition of
CLI to soil can improve (prolong) the retention of plant nutrients in the soil providing
their better utilization by plant, which leads not only to decrease of the fertilizer usage
but also to prevention of groundwater pollution caused by leaching of usual plant
nutrients (Rehakova et al., 2004).

CLI can be catalytic active in different organic reactions such as isomerization,
hydrocracking, esterification or oxidation (Soylu et al., 2010; Akgul and Karabakan,
2010). The catalytic activity and selectivity of CLI are attributed to its structural features
and acidity as well as to the possibility to adopt its structural features by different
treatments. Nowadays, great efforts are directed to the use of CLI in catalysis for new,
green and sustainable processes. Among others, these processes include biomass
conversion to high-value chemicals and biofuels by using CLI as catalyst or catalyst
support (Akgl et al., 2013; Rajic et al., 2013).

2.2.1 Adsorptive properties

In recent years, the adsorption has been proven to be an effective method in
environmental protection. The process is usually simple, low cost for maintenance and
many available adsorbents can be applied. Thus, naturally occurring materials (chitin,
clays, natural zeolites), different types of agricultural wastes (corncob, fruits stones,
straw, coffee), as well as industrial waste (fly ash, red mud, sugarcane bagasse) have
been recognized as perspective adsorbents (Singh et al., 2018). The main criteria in an
adsorbent selection are cost effectiveness, availability, adsorption capacity as well as its
recyclability. Taking this into account, CLI has been studied as a promising adsorbent.



a) lon-exchange
Due to the weak electrostatic interactions between hydrated extraframework cations and
aluminosilicate lattice, these cations can be readily exchanged with other cations from
solution through an ion-exchange reaction. Various parameters including chemical
nature of cations both in lattice and in solution, pH of the solution, temperature, as well
as contact time affect the ion-exchange process. High selectivity of CLI has been
reported toward cations such as Cs*, NH4*, K*, Na*, Ca**, Mg?* (Jaskiinas et al., 2015)
but also to heavy metal cations including Pb?*, Cd?*, Zn?*, Cu?*, Ni?* (Inglezakis et al.,
2003; Raji¢ et al., 2010; Wang and Peng, 2010). Moreover, the ion-exchange capacity
of CLI can be significantly enriched by its modification. The most common procedure
includes the preparation of the homoionic-form of CLI (mainly Na-containing form,
NaCLl) by treating CLI with a concentrated solution of NaCl (Tarasevich et al., 2008;
Mozgawa et al., 2009; Rajic et al., 2010; Mihaly-Cozmuta et al., 2014).
Mechanism of ion-exchange usually includes two steps:

1) fast ion-exchange reaction between easily available cations from CLI and

cations present in solution, and
2) cation diffusion within the CLI lattice, which is usually a rate-controlling
step.

Transition metal (TM) cations readily form complexes in water media and accordingly,
mechanism of ion-exchange by TM can include chemisorption or inner-sphere
complexation (Doula and loannou, 2003; Coruh, 2008). In addition, an increasing of the
adsorbed TM amounts on zeolite surface can result in formation of TM complex species
and their surface precipitation.
The regeneration of saturated CLI adsorbent usually includes a reverse ion-exchange
reaction in which CLI reacts with aqueous solution of NaCl, KCI, Na2COs or NaOH.
The regeneration efficiency is affected by the cation concentration, temperature, contact
time and pH (Turan et al., 2005; Gedik and Imamoglu, 2008; Katsou et al., 2011).

Usually, the regeneration process does not influence the CLI crystal structure.

b) Adsorption of anionic species
Due to negatively charged aluminosilicate lattice, CLI does not show an affinity toward

anions. Also, its hydrophilic surface does not attract non polar organic species.



However, surface charge and polarity can be altered by using appropriate modification
procedures.

The most commonly used modification includes the use of different surfactants.
Quaternary ammonium compounds such as tetraethylammonium-,
hexadecyltrimetylammonium-, cetylpyridinium- or octadecyltrimethylammonium-ion
(Guan et al., 2010; Schick et al., 2010) are usually applied. Depending on the surfactant
concentration, modification of CLI can lead to the formation of monolayer or bilayer
surfactant coverage (Figure 4). By bilayer surfactant coverage, negatively charged CLI
surface becomes positively charged and thus available for various anions such as
arsenates, iodide, nitrates, sulfates, chromates, phosphates, etc. as well as organic
species such as pharmaceuticals or pesticides (Rivera and Farias, 2005; Guan et al.,
2010; Schick et al., 2010; Jevti¢ et al., 2012).
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Figure 4. Schematic presentation of surfactant coverage formation on the clinoptilolite

surface: a) monolayer and b) bilayer (modified from Figueiredo and Quintelas, 2017).

Moreover, different oxides present on the CLI surface can also improve or change its
adsorption capacity and affinity. It has been shown that oxide coverage can improve the
CLI adsorption capacity toward cations (such as lead, copper, manganese or zinc), and
also its affinity for different anions (arsenates, selenite and selenate, phosphates)
(Kragovic et al., 2013; Jevtic¢ et al., 2014; Kaplanec et al., 2017).



The most common oxide modification includes modification with Fe(ll). Usually, the
modification included two steps:
1) conversion of CLI to Na-containing form (NaCLI) by using a
concentrated solution of NaCl, and
2) NaCLlI conversion to Fe(lll)-containing CLI (FeCLI) by treating NaCLI
with Fe(ll1)-containing solution (Huo et al., 2012; Guaya et al., 2016).
The addition of NaOH in this step promotes the formation of iron oxides
on the CLI upon dehydration or calcination.
Various Fe(lll) species have been found at the CLI surface after the modification
(Doula, 2007; Kragovic et al., 2013; Jevtic¢ et al., 2014):
1) isolated Fe(lll) ions in the lattice or at the lattice positions in the CLI
structure,
2) Fe(l1l) complexes at the extraframework positions,
3) Fe(l1l) nanooxide particles at the CLI surface,
4) bulk Fe(lll) oxide coverage.
Modification of CLI with Fe(lll) affects the textural properties of the CLI increasing
specific surface area over 100 m? g — that is about three times higher than for parent
CLI (Jevti¢ et al., 2014) or over 50 m? g* (Kragovi¢ et al., 2013) depending on
crystallinity of Fe(ll1) coating.
The adsorption capacity of FeCLI has been studied for different oxyanions including
chromate, phosphate, arsenite and arsenate, as well as selenite and selenite (Jeon et al.,
2009; Du et al., 2012; Jevti¢ et al., 2014; Guaya et al., 2016). In general, the adsorption
is influenced by chemical nature of the oxyanions and reaction conditions (amount of
FeCLlI, initial concentration, presence of competition anions, reaction temperature and
pH).
Adsorption of oxyanions proceeds through the formation of oxo-complexes with Fe(l11).
Also, pH has an important factor in the adsorption process. Under acidic conditions (pH
below pHrzcl), the adsorption mechanism is considered to be an electrostatic attraction

between the positively charged surface of FeCLI and negatively charged oxyanions. The

! pHezc (Point of zero charge pH) represents the pH value for which the net surface charge of adsorbent
is equal to zero.



adsorption of H2AsO4~ was therefore proposed to proceed by the following reactions
(Jeon et al., 2009):

CLI-Fe—OH2*(s) + H2AsO4 (aq) — CLI-Fe-0O-AsOsH(s) + H20(1)

At pH above pHpzc, the surface of FeCLI is mainly negatively charged indicating the
formation of oxo-complexes via a ligand-exchange reaction rather than electrostatic
attraction. The oxyanions present in the aqueous solution replace the hydroxyl ions from
the FeCLI surface without affecting its crystal structure. In this regard, the adsorption
of As(V) onto FeCLI was proposed to occur through the following reactions (Jeon et
al., 2009):
CLI-Fe—OH(s) + H2AsO4 (aq) — CLI-Fe—OAsOsH(s) + OH (aq)
CLI-Fe—OH(s) + HAsO4?(aq) — CLI-Fe—02AsO2H(s) + OH(aq)
2CLI-Fe—OH(s) + HAsO4?(aq) — 2CLI-FeO-AsO2H(s) + 20H(aq)

The ligand-exchange reaction leads to the formation of inner-sphere monodentate and

bidentate (mononuclear and binuclear) Fe(l11) complexes (Figure 5).

Figure 5. Schematic presentation of monodentate (a), bidentate mononuclear (b) and

bidentate binuclear complexes (c) formed onto FeCLI.

The influence of the pH on the adsorption of oxyanions onto FeCLI has been widely
studied. The adsorption of As(V) has been reported to remain unaffected in the pH range
from 3 up to 8 (Jeon et al., 2009; Nekhunguni et al., 2017). However, at pH>8 adsorption
capacity of As(V) decreases. Moreover, the adsorption of Cr(V1) also shows dependence
on pH: 50% decrease of capacity has been found by increasing pH from 3 to 7 (Du et
al., 2012). Similarly, the adsorption of both Se(IV) and Se(VI) decreases with pH
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increase due to competition of hydroxyl ions with Se-oxyanions for the adsorption sites
onto FeCLI (Jevti¢ et al., 2014).

At comparable reaction conditions, the adsorption of oxyanions such as As(V) onto
FeCLlI is lower than that on CLI modified with cationic surfactants (Chutia et al., 2009).
However, leaching of the surfactant molecules from CLI is difficult to control and
therefore limits their use especially in the treatment of drinking water. However, FeCLI
shows a higher adsorption capacity toward As(V) than Mn-containing CLI (Jiménez-
Cedillo et al., 2009).

Regeneration of saturated FeCLI mainly includes a reverse ion-exchange. However, the
tendency of oxyanions to bond strongly to the iron oxide species present onto FeCLI
leads to its partial regeneration. Thus, the adsorption of both As(lll) and As(V) is
reported to be practically irreversible with HCI (up to 3 mol dm=) suggesting the
formation of strong covalent bonds between these atoms and FeCLI (Siljeg et al., 2009).
Similarly, FeCLI is partially regenerated by NaOH, NaHCOs or Na.COs after
adsorption of phosphate (Guaya et al., 2016; Kaplanec et al., 2017). In addition, a partial
regeneration of FeCLI by phosphate buffer is obtained after adsorption of Se(IV) and
Se(V1) showing the higher regeneration for Se(VI) due to the formation of a more labile
complex with the surface of FeCLI (Jevti¢ et al., 2014).

1. Adsorption of nitrate ions

The most commonly used modification method of CLI for nitrate adsorption is loading
of different surfactant molecules at the CLI surface. Hexadecyltrimethylammonium-
bromide (HDTMA) is one of the most commonly used cationic surfactants.

The amounts of HDTMA on the surface of CLI differ depending on CLI origin as well
as the initial concentration of HDTMA (Guan et al., 2010). The modified CLI
(HDTMACLI) exhibits different nitrate adsorption capacity depending on HDTMA
amounts: for the HDTMA amounts ranging from 75 to 219 mmol HDTMA kg2, the
nitrate adsorption capacity varies (being 8 to 18 times higher than for parent CL1). This
was explained by the fact that low amounts of HDTMA onto CLI results mainly in the
formation of HDTMA monolayer which is not accessable for nitrate bonding. At higher
HDTMA amounts, HDTMA double layers are formed which significantly improve
nitrate adsorption efficiency. Thus, HDTMACLI with the HDTMA amount being 120%

of the CLI effective cation exchange capacity approaches the adsorption equilibrium for
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60 min and removes 80% of nitrate from solution with initial concentration of 2.42
mmol dm~ (Schick et al., 2010). The presence of competition anions such as chloride,
sulfate and bicarbonate does not influence significantly the nitrate removal rate but
influences the adsorption kinetics. However, despite the fact that HDTMACLI shows
high removal rate, use of HDTMA in the CLI modification is under review due to
toxicity of HDTMA. The reported results show that the leaching of HDTMA from the
CL1I occurs in the concentrations that exceed the ecotoxic level (Schick et al., 2011).
The problem could be overcome by filtration of effluents through activated carbon beds
but this significantly increases operational costs.

Cetylpyridinium bromide (CPB) is also used for the modification of CLI (Zhan et al.,
2011). The presence of chloride sulfate or bicarbonate influences the adsorption rate
leading to slight reduce pf the nitrate adsorption rate.

Recently, the modification of CLI with chitosan has been shown as an effective method
for nitrate removal (Arora et al., 2010; Yazdi et al., 2019). Chitosan is a polysaccharide
(Figure 6) obtained from chitin which is one of the most abundant biopolymers (after

cellulose).
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Figure 6. Structural formula of chitosan.
This biopolymer possesses numerous binding sites - functional groups such as amine

and hydroxyl groups - giving the chitosan ability for cation bonding (Figure 6).

Furthermore, nitrate adsorption onto CLI loaded with chitosan (CLICH) can be
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significantly enhanced through chitosan protonation by hydrochloric acid or by its
functionalization with pentaethylenehexamine (Arora et al., 2010; Yazdi et al., 2019).
Both methods provide additional binding sites for interaction with nitrate ions.
However, the efficacy of CLICH for nitrate adsorption is limited by the presence of
chloride, sulfate, carbonate and hydroxyl anions. Moreover, although the spent CLICH
can be regenerated using the NaOH solution, the adsorption capacity of the regenerated
CLICH decreases after each reaction cycle due to incomplete regeneration.
Modification with polydopamine (PDA, Figure 7) is a relatively novel approach
(Gouran-Orimi et al., 2018). The formation of PDA onto CLI (CLIPD) involves
spontaneous oxidative polymerization of PDA in an alkaline media. The adsorption
ability of CLIPD has been studied in fixed-bed column experiments. The adsorption
capacity depends on reaction conditions such as pH, bed height, temperature, flow rate
and presence of anions. By passing the NaOH solution through the column with spent
CLIPD, it can be regenerated and reused at least three times for nitrate adsorption.
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Figure 7. Structural formula of polydopamine.

Finally, modification of CLI can also be performed with zero valent nano Fe particles
(NZVFeCLI). The modification is based on sodium borohydride reduction method
(Fateminia and Falamaki 2013; Sepehri et al., 2014). This method increases the specific
surface area of CLI (from 17.8 t0 49.7 m? g1) and leads to the formation of uniformly
dispersed nano/sized NZFe particles (45 nm) on the CLI surface (Sepehri et al., 2014).
Nitrate adsorption onto NZVFeCLI occurs through several steps including nitrate

reduction to ammonium ions which bind to NZVFeCLI in the final step. Batch
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adsorption experiments showed that 84% of nitrate can be reduced to ammonium from
the initial concentration of 100 mg dm=3 after 24 h.

2. Adsortion of phosphate ions

Phosphate ions are also attracted by cationic surfactant modified CLI (Naghash and
Nezamzadeh-Ejhieh, 2015). However, the adsorption efficiency is related to the type of
cationic surfactant. CLI modified by HDMTA exhibits a significantly higher adsorption
capacity towards phosphate ions than the CLI modified by CPB. This is due to higher
amount of HDTMA (298.9 mmol HDTMA per kg CLI) than CPB (208.6 mmol
HDTMA per kg CLI). Moreover, the adsorption of phosphate is more favorable in
alkaline media. In alkaline media, PO4*" is the predominant form of phosphate species
in aqueous solution, which causes strong attractions between positively charged head of
the surfactant. Due to the competition for adsorption active sites, phosphate adsorption
decreases in the presence of arsenate, nitrate and sulfate (Naghash and Nezamzadeh-
Ejhieh, 2015).

However, recent studies show that the adsorption capacity of CLI towards phosphate
ions can be improved by CLI treating with Ca(OH)2solution (Mitrogiannis et al., 2017).
This is an economical approach due to the low-cost of Ca(OH)2 and the fact that
treatment of CLI involves only the cation-exchange reaction at room temperature. More
than 90% of phosphate can be removed by Ca(OH)2-treated CLI (CaCLI) from low
concentrated solutions (up to 10 mg dm=3) (Mitrogiannis et al., 2017). The adsorption
process is endothermic, pH-independent and slow reaching equilibrium after 120 h. The
half of the removed phosphate occurs in the first 8 h. The adsorption process occurs
through the precipitation due to the strong affinity of calcium ionsto phosphate.
Modification of CLI with metal oxides species has been also considered as an effective
method (Huo et al., 2012; Guaya et al., 2015; Guaya et al., 2016). Compared to parent
CLI, Fe(lll)-containing CLI (FeCLI) shows six times higher phosphate adsorption
capacity, whereas Al(lll)-containing CLI (AICLI) exhibits twelve times higher
adsorption capacity (Guaya et al., 2015; Guaya et al., 2016). Depending on the pHpzc,
the phosphate adsorption proceeds through the formation of complexes with the
hydroxyl surface groups present onto the surface of CLI or by electrostatic attractions.
Adsorption kinetics data for both FeCLI and AICLI indicates that about 3 h is needed to
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reach the adsorption equilibrium. The regeneration efficiency of both FeCLI and AICLI
is affected by solution applied for regeneration. The effect increases in the following
order: NaHCOs < NaOH < NaHCO3/Na2COs < Naz2COs. Incomplete regeneration is
explained by strong complexation of phosphate by iron/aluminum oxide species that are
primarily responsible for the adsorption. The adsorption capacity of the regenerated
FeCLI and AICLI significantly decreases in the second adsorption cycle suggesting that

the re-impregnation is necessary before the next adsorption step.

2.2.1.1 Clinoptilolite as soil supplement

Good ion-exchange and adsorptive properties of zeolites recommend them for
application in agriculture. In order to increase the quantity of agricultural production, a
large amount of mineral and organic fertilizers are utilized. However, this does not lead
to their effective utilization by plants and increase of crop yield. Only a small amount
of fertilizer can be effectively taken by plants whereas the rest is lost in environment
causing environmental damages.

Many studies have been performed to find a cost effective and environmentally friendly
solution to increase soil fertility and agricultural production without an excessive use of
fertilizers. In this regard, the use of various soil supplements has received great attention.
Soil supplements (organic or inorganic) increase soil fertility by improving physico-
chemical properties of the soil such as water retention capacity, ion-exchange capacity
and acidity. In addition, soil supplement can act as a carrier of plant nutrients enabling
slow release of nutrients. Gradual release of plant nutrients contributes to prolong
retention of nutrients in the soil increasing their effectiveness. Also, the use of such
fertilizing agents decreases possibility of contamination of groundwater.

Various soil supplements have been studied taking into account their environmental and
economical impacts including organics such as compost, biochar, nutrient rich waste —
manure, and natural minerals (bentonite, dolomite, gypsum, zeolites) (Rehakova et al.,
2004; El Sharkawi et al., 2018).

Nitrogen, phosphorus and potassium are essential plant nutrients supplied through
fertilizers to agricultural soils. These nutrients are included in almost all metabolic and

growth processes, and they are necessary for the growth and production of plants.
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Nitrogen is both an essential nutrient for all living organisms and widespread water
pollutant. A high concentration of nitrogen in water in form of ammonium, nitrate and
nitrite ions, can cause not only degradation of surface and groundwater ecosystems but
also affects the public health. The most common nitrate sources in water are municipal
and industrial wastewater, septic tanks as well as wastewater from landfills. In addition,
agricultural activities (use of the excess amount of nitrate fertilizers, improperly storage
of animal waste on farms, discharge of wastewater directly to a water body) contribute
significantly to the water pollution by nitrates.

Due to a high leaching rate of nitrate ions through the soil, excessive use of nitrate
fertilizers directly threatens groundwater. The nitrate leaching is a complex process
(Figure 8) which occurs due to a high solubility of nitrate in water and low adsorption
of negatively charged nitrate ions onto negatively charged soil particles. Therefore,
nitrate ions present in the soil solution move freely through soil to groundwater by
percolating rainfall or irrigation. Many factors affect the leaching rate including the
amount and frequency of applied nitrate fertilizers, physico-chemical properties of soil,
irrigation and precipitation amount. As an example, sandy soils that are characterized
by a low ion-exchange capacity and low water holding capacity are particularly exposed
to nitrate leaching (Brady and Weil, 2009; Colombani et al., 2015). Also, the leaching

of nitrate is enhanced under humid conditions and irrigated cropping areas.

ie, —  Atmospheric — Nitrous

Nitrogen Ammonia Oxide
N NH. N:O a Atmosphere
Agriculture olatilization. Livestock =
A g g
cogdie . Fertilizer ;l-.., -
- ﬁ Industrial

Animal

Manure __Fixation

Biological Fixafic
'| (legume plants) - 4 \
| -

i = ThL 1B X

¥

, T — H [fenitriﬁcationll
. — i TGl /
\ _ C])\;gztitmc Immobilization™~A mmonitires > ) ngose
N atter A i -0 A one
el ol ) il NH++  Nitrification. Nitrate
] ~ Mineralization - Pt . NOs-
— — — s

Groundwater

Nitrate Leaching ~_Zone of
Saturation

Figure 8. The nitrogen cycle and nitrate leaching (Padilla et al., 2018).
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Phosphorus is also an essential plant nutrient. Phosphorus is present as phosphate ions.
In contrast to leaching of nitrate ions, phosphate leaching occurs to a lower extent due
to the strong binding of phosphate to soil particles. Thus, binding of phosphate ions onto
particles of acidic soils is directly related to the presence of different oxides (iron,
aluminum and manganese) whereas in alkaline soils, oxides and salts of calcium and
magnesium are responsible for the phosphate adsorption (Brady and Weil, 2009).
Potassium is an essential plant nutrient. It attracts less attention than nitrogen and
phosphorous since potassium leaching does not contribute directly to eutrophication.
Depending on potassium availability to plants, potassium present in soil can be
classified as non-exchangeable, exchangeable, structural (present in minerals) and water
soluble. Exchangeable and water soluble potassium primarily contribute to its leaching
(Brady and Weil, 2009). The leaching rate is generally affected by soil physicochemical
properties. Thus, the potassium leaching is characteristic for soils with low cation
exchange capacity such as sandy soils. In addition, factors including precipitation and
irrigation rate, applied amount of K fertilizers as well as the concentration of other
cations in the soil (especially Ca?") enhance the K leaching (Alfaro et al., 2004;
Kolahchi and Jalali, 2007).

Since these plant nutrients, especially nitrate and phosphate, reach both surface and
groundwaters, monitoring of their concentration is necessary. According to World
Health Organization (WHQO), maximum permitted concentration (MPC) of nitrate in
public drinking water supplies is 50 mg dm= and 12 mg dm= for potassium (WHO,
Guidelines for drinking-water quality). These values are accepted in the legislation of
the Republic of Serbia (Pravilnik o higijenskoj ispravnosti vode za pice). Since
phosphates are not recognized as high toxic to human health, WHO is not recommended
MPC for phosphorous. However, in order to control eutrophication, there are some
recommendations for the phosphate concentration that can be discharge in a water body
such as 0.025 mg dm~ for reservoirs used as drinking water sources. In the Republic of
Serbia, MPC of phosphate concentration in drinking water is 0.15 mg dm~3 (Pravilnik o
higijenskoj ispravnosti vode za pice).

According to the monitoring performed by the Serbian Environmental Protection
Agency, concentration of nitrate in surface water are within the permitted concentration

(up to 2 mg dm~3) for a period of 2007—2016 with slight increasing trend during 2014—
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2016 (The report on the environmental situation in the Republic of Serbia for 2017).
Additionally, nitrate concentrations in groundwater were significantly higher, up to 30
mg dm=3, but still below MPC. However, during 2016 nitrate concentration higher than
50 mg dm~ was observed in the region of Velika Morava (96.5 mg dm=3), Srem (95.7
mg dm~3) and Backa (104.7 mg dm™). For the same period, concentration of phosphate
in surface waters was in the range of 0.02 to 0.1 mg dm=. The highest phosphate
concentration was found in Vojvodina reaching concentration six times higher than
MPC (The report on the environmental situation in the Republic of Serbia for 2017).
Furthermore, Devic et al. studied in detail quality of groundwaters in VVojvodina and
Central Serbia for the summer period of 2009 (Devic et al., 2014). The results showed
great variations in nitrate concentration from 0.02 to 42.45 mg dm~3. These results also
demonstrated that the groundwaters of the Velika, Zapadna and Juzna Morava Rivers
and partly of the Macva region are severely polluted by the nitrate. These areas are
typical agriculture areas and high concentration of nitrates in groundwater can be
ascribed to agricultural activities. Spatial variations in the nitrate concentration among
the different studied sites were attributed to the soil properties, hydrological conditions,
but also to the different fertilizer applications (type and amounts). In addition, the results
showed that concentration of potassium varied significantly from 0.4 to 38.7 mg dm™3
among the studied sites showing that in some area potassium concentrations are above
MPC (12 mg dm™3).

High concentration of nitrate was also reported for waters from Rasina district (Panteli¢
et al., 2017) which is in the southern part of Central Serbia, bounded by several
mountains. Water samples were collected from wells (in the period of June-August
2016) of municipalities of Krusevac, Aleksandrovac, Trstenik, Brus, Varvarin and
Cidevac. The results showed that the nitrate concentration varied depending of locality
and being two or three times higher than MPC which was due to agricultural activities.
Nitrate and phosphate concentrations that are higher than MPC cause serious
environmental and economic problems around the world. These nutrients stimulate
heavy algal growth (algal blooms) such as Cyanophyta (blue-green algae) and
Chlorophyta (green algae) leading to depletion of dissolved oxygen in the water bodies
and reduction of light penetration. This process is known as eutrophication.

Eutrophication has a negative impact on aquatic organisms causing death of plants and
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animals. Moreover, eutrophication affects human causing restriction in drinking water
supply.

For many years, waters of the Republic of Serbia suffer from the high concentrations of
these nutrients and thereby from eutrophication. Vojvodina primarily uses groundwater
for drinking water supply whereas central part of Serbia uses also surface reservoirs.
From 2007 nine of twenty reservoirs suffer from permanent eutrophication (Sviréev et
al., 2017).

Eutrophication has been observed in Celije reservoir (Central Serbia) which is used as
a source of drinking water for Krusevac city and its surroundings (Figure 9). The
cyanobacterial blooms have been detected since summer 1998 due to uncontrolled
nutrient and organics inflow, primarily from Rasina and Blatagnica rivers (Cado et al.,
2017). Water analysis showed the presence of Chlorophyta and Bacillarophyta algae,
but also cyanobacteria including Aphanizomenon, Anabaena and Microcystis (Svir¢ev
et al., 2009).

Figure 9. Eutrophic reservoirs used for drinking water supply of a) Uzice (Vrutci

reservoir) and b) Krusevac (Celije reservoir) (https://www.rtk.rs/66965/celije-

cvetanje-jezera-voda-iz-vodovoda-je-ispravna-za-pice/).

Eutrophication has also been observed in the Vrutci, accumulation on the Petinja river
in Western Serbia that supplies Uzice with drinking water (Figure 9). The analysis
revealed the presence of 65 taxa and 7 blue-green algae (Bacillariophyta, Chlorophyta,
Chrysophyta, Cryptophyta, Cyanobacteria, Dinophyta and Euglenophyta (Pekovi¢ et
al., 2017). In 2013, dominant species in the accumulation was cyanobacteria
Planktothrix rubescens responsible for production of cyanotoxin with negative impacts

on human health. As a consequence, the use of water from Vrutci accumulation has been
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prohibited. Moreover, eutrophication has also been observed in other Serbian reservoirs
of drinking water including Klju¢ (Pozarevac), Garasi and Bukulja (Arandelovac),
Grliste (Zajecar) and Gruza (Kragujevac) (Ostoji¢ et al., 2005; Pesi¢ 2006; Karadzic¢ et
al., 2010; Vujasinovi¢ et al., 2014, Gavrilovi¢ et al., 2014). Concentrations of nitrate
and phosphate higher than MPC have led to the growth of different algae species
including Planktothrix agardhii, Aphanizomenonflos-aquae, Microcystis aeruginosa
and Anabaena affinis, Bacillariophyta, Chlorophyta and Cyanobacteria. Due to harmful
effect, a water supply restriction of city and surrounding villages becomes a common
problem in Serbia.

Besides reservoirs used for drinking water supply, lakes such as Pali¢ and Ludas$ suffer
from constantly blooming of cyanobacteria. Both lakes are located in VVojvodina, near
Subotica. Based published reports, presence of toxic cyanobacteria such as Limnothrix
redekei, Pseudanabaena limnetica, Planktothrix agardhii and Microcystis spp. were
found in these lakes (Svircev et al., 2017; Tokodi et al., 2018).

Taking all of these into account, CLI has been considered as a good candidate for a soil
supplement, which could prevent not only nutrient leaching but also contributes soil
remediation. To date, it has been reported that the addition of CLI to different soil types
can improve physical and chemical properties of soils such as water retention capacity,
which is of particular importance for sandy soils, acidity of sandy soils
(Andronikashvili, 2012), or to be used in remediation of soils polluted by heavy metals
such as Cd, Ni, Pb, Zn, Co (Usman et al., 2006; Mahabadi et al., 2007; Yi et al., 2019).
As an example, the CL1 addition to soil polluted by Pb(ll) enables that the metal cations
are captured via surface complexation and precipitation (Wei-yu et al., 2009) at the CL.I.
One of the main beneficial effects of CLI addition to soils is its ability to prolong
retention of plant nutrients (Latifah et al., 2017; Souza et al., 2018). Improvement of
potassium retention was observed for different soil types. The effect is more noticeable
for acidic sandy soils. It has been explained by the fact that alkaline soils contain larger
amount of calcium and magnesium and accordingly these cations are in competition for
adsorption sites on CLI (Rezaei and Mohavedi Naeini, 2009; Najafi-Ghiri, 2014). For
instance, the effect of CLI addition on potassium retention was studied for sandy soil
amended with municipal compost as a source of potassium (Moraetis et al., 2015).

Leaching of potassium was monitored by simulating the artificial rain during the seven
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days. The obtained results showed that addition of CLI increases potassium retention up
to six times showing that potassium leaching does not change after the fourth day.
Similar effect of CLI addition to sandy soil was observed for retention of nitrates
(Malekian et al., 2011; Moradzadeh et al., 2014). The retention of nitrates has been
improved by the addition of K-rich zeolite (Moradzadeh et al., 2014). Depending of the
applied amount, nitrate leaching was reduced for 21, 36 and 43% by applying 2, 4 and
8 g K-rich natural zeolite per kg soil, respectively.

It has been also found that HDTMACLI has higher retention efficiency than CLI in the
sandy loam soil due to its high affinity toward nitrates (Malekian et al., 2011). In
addition, retention efficiency was affected by the amount of the applied zeolites: highest

retention efficiency was achieved by the highest zeolite amount.

2.2.2 Catalytic properties
The unique porous structure and acidity of CLI are responsible for its catalytic activity.
In order to enhance the acidity the procedures for preparation of “hydrogen form of CLI”
(HCLI) have been developed. Usually, the procedures consist of the following steps
(Figure 10):

1) Anion-exchange reaction in which NH4" ions replace parent cations from CLI

lattice (Na*, K*, Ca?*, Mg?");
2) Conversion of NHs-containing CLI to HCLI by calcination at about 500 °C.
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Figure 10. Shematic presentation of HCLI preparation.

HCLI can also be obtained by treating CLI with an acid solution (usually HCI). In the
treatment exchangeable cations from CLI lattice are replaced by hydronium ions from
solution but a partial dealumination of CLI occurs simultaneously due to leaching of
A" from the CLI lattice (Figure 11). During the dealumination, breaking of Si—-O-Al
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bonds occurs and vacancies are formed in the lattice. This provides an additional
porosity and increase of acidity of the CLI lattice but can also affect crystallinity.

The conversion of CLI to HCLI is accompanied with considerable increase of specific
surface area (up to 259.2 m? g1), micropore volume and external surface area (Garcia-
Basabe et al., 2010; Dziedzicka et al., 2016). This is caused by the leaching of a
significant amount of AI** (up to 46%) from the CLI framework. The conversion also
causes the formation of extra-framework aluminum species (such as octahedrally- and
five-coordinated Al species) which can improve catalytic activity (Farias et al., 2009;
Garcia-Basabe et al., 2010).
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Figure 11. Schematic illustration of dealumination and desilication during
transformation of CLI into HCLI.

Figure 11 shows that acidic properties of zeolites can be improved also by desilication.
The method includes a partial removal of Si** which occurs in an alkaline solution
(usually NaOH). This method has been usually applied for synthetic zeolites (such as
ZSM-5, MOR, BETA).

The CLI desilication using NaOH in different concentration resulted in the Si removal
in different extents: from 0.49 wt.% (using 0.05 mol NaOH dm) to 7.64 wt.% (0.8 mol
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NaOH dm™2). However, the Si leaching in the highest degree caused a partial loss of the
CLI crystallinity (Lin et al., 2015; Ates, 2018; Souza et al., 2018; Wang et al., 2019)
and do not result in significant increasing of CLI specific surface area (about 60 m? g 1)
such as after dealumination (Lin et al., 2015). Desilication, however, contributes to the
acidity increasing both Bronsted and Lewis acidity due to preservation of Al in the CLI
lattice (Souza et al., 2018).

Catalytic activity can be also significantly improved by the introduction of transition
metals such as Sn, Ga, Ti or Zr into the zeolite lattice (Yang et al., 2013; Zhang et al.,
2017). This method is applied mainly for synthetic zeolites. Incorporation of transition
metal cations into aluminosilicate lattice leads to the formation of additional acid sites
due to formation of Si—-O-M(II) bonds (Dijkmans et al., 2015; Guan et al., 2018).

2.2.2.1 Catalytic performance of zeolites in biomass valorization

XXI century has been declared a century of Green chemistry. Thus, many efforts have
been devoted to usage of renewable sources. According to the Europe 2020 strategy,
20% of consumed energy should be used from renewable sources in 2020, and at least
27% in 2030 (A European strategy for smart, sustainable and inclusive growth,
Communication from the commission Europe 2020). Sweden is the leading Europen
country covering about 55% of the final bioenergy consumption from renewable
sources, followed by Finland, Denmark and Austria (Stec and Gruebyk, 2018). Among
other renewable sources, biomass valorization received increased attention in the last
decade.

The term biomass describes organics originate from plants and animals. Biomass is an
ideal low-cost source of various value-added products. Sweden is known as a country
with biomass import. On the contrary, in R. Serbia, a large amount of waste biomass
leaves unused on agricultural lands.

It has been estimated that in R. Serbia biomass participates with about 60% among the
total renewable energy sources (Grahovac et al., 2012; Bojic et al., 2018). About 12.5
million tons are produced every year, 9 million tons come from the area of VVojvodina
and only 19% are used mainly for the heating (Dodi¢ et al., 2010). The left biomass is

still treated as a waste.
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In the last decade, in European countries, lignocellulosic biomass has been used for the
synthesis of many different important chemicals. Lignocellulosic biomass is mainly

composed of cellulose, hemicellulose and lignin (Figure 12).

OH OH HO
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Lignin Hemicelullose Celullose

Figure 12. The main components of lignocellulosic biomass (adopted from Wakerley
etal., 2017).

Cellulose is the major component of lignocellulosic biomass with a contribution of
about 40-55 wt.%. It is a polysaccharide consisting of linear chains of several hundred
to many thousands of f-(1—4) linked D-glucose units. The chains are linked via
hydrogen bonds forming microfibrils covered with lignin and hemicellulose.
Hemicellulose is a complex polymer that participates with approximately 25-35 wt.%
It is based on polysaccharides with a branched structure with short lateral chains
composing of different sugars such as monosaccharides, pentoses (arabinose, xylose and
rhamnose), hexoses (glucose, mannose and galactose) and uronic acids (D-glucuronic,
D-galacturonic acids and 4-o0-methylglucuronic).

Lignin is a complex cross-linked phenolic polymer that constitutes 15-20 wt.% of the
lignocellulosic biomass. It is responsible for rigidity and strength of the cell wall,

especially in wood and bark. Lignin consists of three phenylpropane building units
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including coniferyl alcohol (guaiacyl propanol), coumaryl alcohol (p-hydroxyphenyl
propanol) and sinapyl alcohol (syringyl alcohol). It fills the spaces in the cell wall
between cellulose, hemicellulose, and pectin components.
It is worth to mention that biomass sources are diverse, and they include products and
residues from agriculture and forestry, herbaceous crops and grass, aquatic biomass and
wastes (municipal sewage sludge and solid waste, animal and industrial waste).
Biofuels are renewable energy resources, which replace traditional and limited fossil
fuels. The use of biofuels contributes to reduction of CO2 emission and toxic compounds
making them an environmentally friendly alternative to fossil fuels. Biofuels can be used
without any treatment of biomass, and such biofuels are classified as primary biofuels.
In this form, they are usually used for heating, cooking or for production of electricity
(wood, wood chips and pellets). In contrast, secondary biofuels are produced by
treatment of biomass and can be used for different industrial applications. Since that
they can be produced from different biomass sources and by different technology,
secondary biofuels are divided into three generations. The first generation of biofuels
(bioethanol and biomethanol) is produced through relatively simple technology by
fermentation of food crops rich in starch (corn, potato, wheat or barley) or sugars (sugar
beet or sugarcane). Additionally, biodiesel is produced by transesterification of crops
such as soybeans, sunflowers, rapeseed etc. Because the feedstocks of these biofuels are
also a source for the food industry, second generation biofuels are developed. These
biofuels are produced from lignocellulosic biomass which includes non-food crops or
non edible plant biomass such as grass, fruit skin or wood chips. The third generation
of biofuels is produced from algal biomass due to high amount of lipids.
Bio-based chemicals are recognized as highly desirable alternative chemicals in
replacing of petrochemicals. The US Department of Energy (National Renewable
Energy Laboratory) has been reported twelve building block chemicals (so called
platform chemicals) that can be obtained from biomass (Werpy and Patersen, 2004):

1) 1,4-diacids (succinic, fumaric and malic)

2) 2,5-furan dicarboxylic acid

3) 3-hydroxy propionic acid

4) 3-hydroxybutyrolactone

5) aspartic acid
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6) glucaric acid

7) glutamic acid

8) itaconic acid

9) levulinic acid

10) glycerol

11) sorbitol and

12) xylitol/arabinitol.
The platform chemicals are converted to many important industrial chemicals and used
as farmaceuticals, agrochemicals, bioadditives, green solvents, polymeric or coating

materials.

Levulinic acid

Levulinic acid (LA), 4-oxopentanoic acid or y-ketovaleric acid (CsHsOzs) is a short chain
fatty organic acid (Figure 13). LA has a ketone and a carboxylic group and is reactive
to other functional groups making it an important platform chemical.

LA can be used as precursor for the synthesis of various important derivatives including
polymers, resins, pharmaceutical and fragrance compounds, herbicides, solvents,
plasticizers and biofuels (Rackemann and Doherty, 2011).

OH

O

Figure 13. Structural formula of levulinic acid.

LA can be produced by an acid-catalyzed decomposition of lignocellulosic biomass.
Feedstocks such as sugars (monosaccharides and polysaccharides), renewable resources
(starch-rich materials) and lignocelluloses biomass (woods, crop residues, cellulose)
have been used for the synthesis of LA.
Usually, the synthesis of LA from biomass includes several steps (Figure 14):

— Pretreatment of biomass: it is an important step which improves the

conversion of biomass into LA. It results in the fractionation of the polymeric
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components and increases reactivity of cellulose. Various pretreatment
methods have been used including physical, chemical or biological
treatments (Mood et al., 2013).

— Formation of monomeric sugars: The step includes hydrolysis of cellulose
to glucose, the most ideal hexose sugar for synthesis of LA (Kang et al.,
2018). Reaction is usually occurring under mild conditions in the presence
of a homogenous or heterogeneous catalyst.

— Conversion of glucose to LA: The step consists of the isomerization of the
obtained glucose to fructose, followed by dehydration of the fructose to the
intermediate 5-hydroxymethylfurfural (HMF). Finally, LA can be obtained
by rehydration of HMF (Kang et al., 2018).

OH
Pretreatment HO
Hydroly51s HO
Glucose %T OH
Cellulose (BD
2.
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=
=
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0 2 CH,OH
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O Rehydration Dehydratlon
Formic acid Levulinic acid HMF Fruetose

Figure 14. Shematic presentation of LA synthesis from biomass.

Efficient conversion of biomass to LA is affected by different parameters including
biomass source, pretreatment and reaction conditions (Morone et al., 2015). Moreover,
the conversion is necessary to be catalyzed by Lewis or Bronsted acid sites. In the
conventional procedures, mineral acids such as HCI, HNOs, H3sPO4 and H2SO4 have
been used. Their catalytic activity was reported in LA synthesis from sugars (glucose,
fructose) but also from complex biomass sources such as wheat straw, pulp, bagasse etc.
(Chang et al., 2007; Yan et al., 2008; Morone et al., 2015). The yield of LA production
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from C6-sugars is around 64.5 wt.% because of the formation of formic acid and water
(Pulidindi and Kim, 2018).
Biofine process developed by Biofine Renewables (Bozell et al., 2000; Girisuta et al.,
2008; Hayes et al., 2008) involves two acid catalyzed steps:

1) fast synthesis of HMF from hexose in presence of dilute H2SO4 at 200-230

°C and pressure 2025 bar and

2) conversion of HMF to LA at 190-220 °C and p= 10-15 bar for 15-30 min.
Use of mineral acids as catalyst results not only in incomplete conversion of biomass to
LA but also in serious problems such as equipment corrosion, necessity of introducing
procedure for separation of product mixture, nonreusability of catalyst and in
environmental problems. Therefore, many studies have been directed to the LA
synthesis using heterogeneous catalysis as an economically and environmentally
acceptable process.
Solid acid catalysts such as metals, acidic organic resins, mesoporous solids, clays and
zeolites have been studied (Peng et al., 2010; Lin et al., 2012; Hu et al., 2015; Zhi et
al., 2015; Thapa et al., 2017). For instance, Peng et al. studied the conversion of
cellulose to LA in the presence of different metal chlorides (Peng et al., 2010) showing
the superior catalytic activity of the salts of transition metals - CrCls, FeCls and CuCly,
AICls in comparison to usually applied salts of alkali and alkaline earth metals. Several
types of zeolite also showed good catalytic performance due to acidity and mesoporosity
(Zeng et al., 2010; Zhuang et al., 2013).
LA is considered as a green chemical and can be used in the synthesis of different
compounds. An overview of products obtained from LA is shown in Figure 15.
LA can be converted to -amino levulinic acid that is useful herbicide, insecticide but
also anti-cancer and anti-tuberculosis pharmaceuticals. Diphenolic acid and succinic
acid are used for the production of polymers, plasticizers and textile chemicals.
Additionally, y-valerolactone is used as an environmentally safe solvent but also as a
fuel additive (Ding et al., 2014). Moreover, methyltetrahydrofuran and angelica lactone

are also used as fuel additives.

28



(@)

o

2-methyltetrahydrofurane

(0]

(O NP

0
ethyl levulinate

0)
N

o2
O OQ a-angelica lactone
<
2.
0. . . =N
succinic acid C & QO
[NTEJ? Ve, &S
A/Q;D Az RS
'ES'

HO
OH
Ho~~ ;’\
14-butandiol | | PASTICISERS RESINS HO OH
Q:L@ diphenolic acid
0 Na' {\’Q 0 )
)K/\H/O' Pﬁ p6$$ &’\G{y - OCJ»
X S K"
sodium levulinate NS Q)% © <&
a
-
£
92]

d-amino levulinic acid

Figure 15. Shematic presentation of use of LA as a platform chemical in the synthesis

of important industrial chemicals (Rackemann and Doherty, 2011).

In recent years, esterification of LA into esters (LE) has received a great attention. Alkyl
levulinates are of particular interest due to their specific physicochemical properties
making them applicable as second-generation biofuels and biofuel additives, alternative
green solvents, plasticizers and fragrances (Christensen et al., 2011; Joshi et al., 2011).
Until now, the most attention has been directed to LA esterification with lower alcohol
including methanol, ethanol and butanol (Fernandes et al., 2012; Popova et al., 2016).

The LE shows properties similar to the biodiesel fatty acid methyl esters that are used

in some low-sulphur diesel formulations. However, their addition to the diesel would
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improve the quality of fuel (reduction in toxicity and sulphur content, improvement in
lubricity, stability in flash point and viscosity) (Joshi et al., 2011; Lei et al., 2016).
One of the most important LE is ethyl levulinate (ELA) which can be used as a blend
component in diesel formulations. Investigations performed by Biofine and Texaco
showed that ELA is promising oxygenate additive (ELA contains 33% of oxygen). It
has been found that mixture containing 20% ELA, 79% diesel and 1% co-additive can
be used in regular diesel engines due to its physicochemical properties similar to those
of biodiesel. The mixture enables cleaner burning of diesel fuel decreasing sulphur
emission. Therefore, ELA is a good candidate for decrease of consumption of fossil
fuels (Joshi et al., 2011; Kuwahara et al., 2014). Moreover, the use of ELA provides
higher motor efficiency, long operation life, less carbon monoxide (CO) and NOXx
emissions. Diesel engines have a high exhaust and NOx emissions. The addition of
oxygenates to fossil fuels is one of the most important methods for elimination of these
problems.

Data on the esterification of LA with higher alcohol such as octanol have been rather
scarce (Nandiwale et al., 2014; Zhou et al., 2018) although octyl lavulinate (OLA) is an
important biolubricant. OLA is promising alternative for synthetic and mineral-oil based
lubricants due to its biodegradability, carbon-neutral and non-toxic properties, as well
as needlessness to mix with various additives (anti-oxidants, pour point depressants,
viscosity index improvers, detergents and emulsion stabilizers etc.) (Vasudevan and
Briggs, 2008; Oh et al., 2013).

Synthesis of Levulinate Esters

Levulinate esters have been synthetized by different pathways (Figure 16). They can be
synthetized directly from carbohydrate-based biomass (Pathway 1) such as glucose,
fructose, sucrose or cellulose in alcoholic medium in the presence of catalyst. The use
of solid acid catalysts has more advantages in comparison to homogenous catalysts
primarily due to their economical and environmental benefits. In this regard, sulfated
oxides, ion-exchange resins and zeolites have been studied in the LA esterification
(Peng et al., 2011; Saravanamurugan and Riisager, 2012; Liu et al., 2018). However,
low yield of LE and poor selectivity accompanied with formation of multiple products

limited the LE synthesis directly from biomass feedstocks.
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The LE synthesis by the catalytic alcoholysis of furfuryl alcohol (Pathway I1) offering
high yield of esters at moderate reaction conditions. However, availability of furfuryl
alcohol is the main restriction of the LE synthesis by this pathway (Badgujar et al.,
2020). Pathway 111 is based on the reduction of furfural to furfuryl alcohol followed by
catalytic alcoholysis (Chen et al., 2016; Chen et al., 2018; Gomez Bernal et al., 2019).
The reduction using hazardous gases at high temperature and pressure restricts the LE
synthesis by this pathway. Pathway IV shows direct esterification of LA with primary
alcohols such as methanol, ethanol, n-butanol or n-octanol (Figure 17). This has been
recognized as the most applicable, selective and sustainable method giving a high yield.
However, very slow Kinetics requires presence of a strong acidic catalyst. Usually,
strong mineral acids such as HCI or H2SO4 have been used. Their use leads to high yield
and short reaction time. However, due to the corrosive nature of the acids and their non-
reusability, preference is given to heterogeneous catalysis. Different solid acid catalysts
including heteropolyacids, ion-exchange resins, zeolites, sulfated metal oxides have

been investigated for the esterification of LA with different alcohols.
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Figure 17. Shematic presentation of the esterification of LA with different alcohols (R
— methyl, ethyl, n-butyl or n-octyl-).

Heteropolyacids (HPA) have been used in the esterification of LA primarily due to their
strong Bronsted acidity. However, low specific surface area, poor chemical stability and
high solubility in polar media restrict their use (Pasquale et al., 2012; Yan et al., 2013).
The HPA catalytic performance can be improved by their immobilization usually onto
the porous supports. Thus, butyl levulinate was synthetized in a high yield (97%) by
dodecatungestophosphoric acid (DTPA) supported on acid treated clay (Dharne and
Bokade, 2011). Although highly catalytic active, the catalyst suffered from low stability:
a drastic decrease in LA conversion rate was observed after the second reaction cycle
due to DTPA leaching from the clay.

ELA was also synthetized using Well-Dawson HPA supported on silica. Decrease in
yield from 72% (fresh catalyst) to 68% was reported during three reaction cycles
(Pasquale et al., 2012). Methyl levulinate (MLA) and ELA were obtained by using
Keggin type of HPA supported on silica showing 73% and 68% of yield, respectively
(Yan et al., 2013). A slight decrease in yield was observed during the repeated reaction
cycle which was attributed to the HPA leaching. Better recyclability was reported for
the HPA supported onto ZrO2 (Ramli et al., 2017). About 97% ELA was obtained during
four reaction cycles. In summary, despite a high LA conversion rate to LE using HPA-
based catalysts, their recyclability still remains a major drawback.

Acidic ion-exchange resins (AIER) also show catalytic activity in the LA esterification.
Due to strong acidity provided by the presence of sulfonated functional groups and well
ordered mesoporosity, AIER are catalytically active in the LA esterification. Depending
on the resin type, the yield of butyl levulinate (BLA) was in the range 64-94% showing
that the LA esterification is influenced by the resin morphology (Tejero et al., 2016).
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The unique properties of metal organic frameworks (MOF) such as porosity, high
chemical and thermal stability as well as the possibility for modifications (such as
increase of Bronsted acidity) make them promising candidates for the LA esterification
(Cirujano et al.,, 2015; Guo et al., 2019). For instance, Zr-containing MOF is
catalytically active in the LA esterification with different alcohol including ethanol, n-
butanol and long chain biomass derived alcohols (C12—, C16— and C18-OH) (Cirujano
et al., 2015). However, for the LA esterification with long chain alcohols high amount
of catalyst is necessary. Moreover, the toxicity of metals incorporated into the MOF
structure is also a limitation for their practical use.

Use of enzyme-based biocatalysts for the LA esterification has received a great attention
as they are green and sustainable due to their biodegradability, minimal waste disposal
and waste-free synthesis. Additionally, they are recognized as “energy saving” catalysts
due to low energy consumption for activation as compared to traditionally used catalysts
(Badgujar et al., 2020). Biocatalysts obtained from lipase Candida Antartica B (LCAB)
are the most studied catalytic systems in the LA esterification. By immobilization of
LCAB onto surface functionalized SBA-15, meso-molding three-dimensional
macroporous organosiclica or Immo-bead 150, a high yield of different LA esters at
mild reaction temperature has been obtained (Badgujar and Bhanage 2015; Zhou et al.,
2018; Salvi and Yadav, 2019). However, their main disadvantages are high cost of
production, low stability and non-reusability, immobilization of lipase onto suitable
support, etc. Additionally, LA esterification with shorter chain alcohols resulted in a
lower conversion to LE because of the higher polarity which caused the inactivation of
lipase.

The sulfated metal oxides (SMO) have received a great attention as promising acid
catalysts. Sulfate groups onto metal oxides act as both Lewis and Bronsted sites and
provide a strong acidity of these oxides even higher than pure sulfuric acid (“super
acidity”). Among them, sulfated ZrOz and sulfated SnO2 have the strongest acidity.
Acidity of some SMO reported by Arata et al. is summarized in Table 1 (Arata et al.,
2003). It is worth noticing that due to the limitation of the standard pH scale, the acidity
of SMO is expressed by the Hammett acidity function (Ho). Ho can be used to describe

the acidity of concentrated and non-aqueous strong acidic solutions. As can be seen from
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Table 1, Ho has negative values showing greater acid strength for lower Ho values. On

this scale, Ho for the pure sulfuric acid is determined to be —12.

Table 1. Acidity of SMO reported by Arata et al. (Arata et al., 2003).

Sulfated metal oxide Calcination T, °C? Hammett acidity (Ho)®
S04-Sn0O2 550 -18.0
SO04-Zr0O2 650 -16.1
S04-TiO2 525 -14.6
S04-Al203 650 -14.6
SO4-Fe203 500 -13.0

a Calcination temperature represents the temperature required to generate the highest acidity of
SMO; PThe acid strengths of SMO were estimated by the color change of Hammett indicators and
using the temperature-programmed desorption of pyridine as a basic probe.

The most common procedure for the preparation of the SMO includes the synthesis of
amorphous metal oxide gels as precursors, treatment of the precursors with sulfate-
containing solutions (usually solution of sulfuric acid or ammonium sulfate) and
calcination of the sulfated materials in an air atmosphere (Matsuhashi et al., 2001;
Moreno et al., 2011).

A number of studies have proved that the sulfation of metal oxides enriched their acidity
providing high catalytic activity in various catalytic systems. The strong acidity of SMO
originates from both Lewis (metal atoms) and Bronsted acid sites (protons on the surface
hydroxyl groups) are shown in Figure 18 (Khder et al., 2008). Considering the reported data,
the sulfation leads to the generation of the strong Lewis acidity probably due to the presence
of a sulfate complex in which covalent S=O bond acts as electron-withdrawing species
that increases the Lewis acid strength of metal cation (M"). Moreover, in the presence
of water or surface hydroxyl groups, the Lewis acid sites can be converted to Bronsted

acid sites via proton transfer.
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Figure 18. Lewis and Bronsted acid sites onto SMO (M represents the metal atoms

such as Ti, Zr or Sn).

Owing to their strong acidity, SMO have been considered as potential catalysts for the
LA esterification. Sulfated-ZrOz, Nb20s, TiO2 and SnO2 were applied in the synthesis
of ELA reaching conversion rate up to 44% for sulfated-SnO2 at 70 °C (Fernandes et
al., 2012). Moreover, a higher yield of ELA (77%) was obtained using nanoparticles of
sulfated-SnO2 (Popova et al., 2018). In addition, ELA was obtained by sulfated
Ti02/ZrO2 nano composites in a yield of 90% at 105 °C (Li et al., 2012).

Based on the reported results, it can be concluded that the main disadvantage of SMO
is a low catalytic activity or/and low reusability (Khder et al., 2008; Matsuhashi et al.,
2011; Fernandes et al., 2012). The low reusability of SMO is attributed to the leaching
of sulfate species (even after the first catalytic test). In order to overcome these
limitations, many studies have been performed to prevent leaching from SMO. One of
the possible strategies is immobilization of SMO on the suitable supports.
Immobilization prevents the agglomeration and contributes to better dispersion of acid
active sites on SMO offering their better accessibility.

Catalytic performance of the sulfated-ZrO2 supported on mesoporous silica KIL-2 was
studied in the LA esterification with ethanol and n-butanol (Popova et al., 2016). A
significant higher conversion rate of LA was obtained in the esterification to ELA in
comparison to BLA (51 and 20% respectively). However, the LA conversion to ELA
decreased to 47% after three reaction cycles.

ELA was also synthetized using sulfated Si-doped ZrO: catalysts (Kuwahara et al.,
2014). However, the catalysts also suffered from the leaching of sulfate species causing
a decrease in the conversion rate of LA to ELA from 66% to 13% after five repeated

reaction cycles.
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Zeolites, mainly synthetic ones, are also used as solid catalysts for the LA esterification
with different alcohols. Their unique properties including hydrothermal stability,
porosity and acidity are responsible for the LA conversion to LE (Mabheria et al., 2013;
Patil et al., 2014; Nandiwale et al., 2015). Selected literature data obtained for the LA
esterification are summarized in Table 2. The catalytic activity of the studied zeolites
seems to be correlated to the type of zeolites and reaction conditions such as reaction
temperature and time, amount of catalyst etc. Contrary to non-zeolitic catalysts, the
catalytic activity of zeolites is not highly related to their acidity but is mainly related to
their porous structure (Maheria et al., 2013; Fernandes et al., 2014). Namely, the
microporous structure of zeolite restricts the diffusion of molecule of reactants leading
to the low accessibility of active sites and thereby to decrease in catalytic activity.
However, this can be overcome by the generation of mesoporous zeolites. As an
example, mesoporous SBA-15 led to total conversion of LA to ELA which was
explained to the combination of moderately strong acidity of SBA-15 and high surface
hydrophobicity (Melero et al., 2013). However, catalytic activity of the SBA-15
decreases significantly after three reaction cycles.

Desilication has been applied as one of the highly effective methods for improvement
of the catalytic performance of zeolites (Nandiwale et al., 2014). For instance,
desilicated HZSM-5 showed significantly higher catalytic activity compared to parent
HZSM-5 due to an increase of specific surface area, generation of mesoporosity, and

thus improvement of accessibility to active sites (Nandiwale et al., 2014).
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Table 2. Esterification of LA with different alcohol in the presence of different zeolites.

Reaction LA
Catalyst Alcohol temp., conversion, Reuse Ref.
C %
HUSY (5 wt.%) 8 n.r.2
HBEA (5 wt.%) 5 n.r. Fernand
HMOR (5 wt.%) Ethanol 70 3 nr. es et al
HZSM-5 (5 wt.%) 5 n.r 2012
HMCM-22 (5 12 n.r
wt.%) _
Bimodal micro- i
Patil et
mesoporous HBEA  Ethanol 78 40 4 al. 2014
(20 Wt.%) ’
HBEA (10 wt.%) 82.2 5 Maheria
HMOR (L0WLY%)  \ gihanol 120 23> o etal
HY (10 wt.%) 32.2 n.r. 2013
HZSM-5(10 wt.%) 30.6 n.r.
Nandiwa
b
V[\)IE;)SM‘F’ (20 Buthanol 120 98 6 E;glf‘;dde,
2015
Nandiwa
v?/tnyZo)SM_S (20 Ethanol 120 95 6  leetal,
: 2014
Nandiwa
V[\’ItHé)SM—f’ (254 hoctanol 120 99 7 leetal,
: 2014
Nandiwa
DTPADHZSM-5° Ethanol 78 94 4 leetal.,
(25 wt.%) 2013

anot reported; ® Desilicated HZSM-5 and ¢ Dodecatungstophosphoric acid (DTPA) on desilicated HZSM—

5.
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3. EXPERIMENTAL AND METHODS

3.1 Materials

Zeolites

Zeolitic tuffs with a high content of clinoptilolite (CLI) used in this study were obtained
from two Serbian deposits: Zlatokop (area of Vranjska Banja) and Slanci (near
Belgrade). The used samples were firstly sieved to obtain particles of 0.063-0.125 mm
for which previous studies were shown that are optimal for experimental work (Rajic et
al., 2009; Jevtic et al., 2014). Then samples were washed using deionized water for

several times and dried overnight at 105 °C until a constant mass.

Soils

Soil samples were collected from Serbia (Varna, 44°40'24™" N and 19°39'25" E), Norway
(59°41'09" N and 10°46'37" E) and Bosnia and Herzegovina (Kakanj, 44°07'53" N and
18°06'27" E). To minimize heterogeneity, the samples were collected from the top layer
(0-20 cm) from different locations within the field site. Prior to the experiments, the soil
samples were homogenized at room temperature, air dried, sieved through a 2 mm sieve
mesh and stored in polyethylene bags.

According to the World Reference Base (World reference base for soil resources 2014),
the used soil samples are classified as sandy soil (soil from Norway, NW), silty loam
(soil from Serbia, SRB) and silty clay (soil from Bosnia and Hercegovina, BH).

Chemicals
All chemicals used in this study were of analytical grade and used without purification:
— 1-Octanol (CsHisO, p.a., Sigma Aldrich)
— Ammonium acetate (CH3COONHg4, p.a, Carlo Erba)
— Ammonium hydroxide (NH4OH, 25 v/v%, Sigma Aldrich)
— Ammonium nitrate (NH4NOs, p.a. Fluka)
— Ammonium sulfate ((NH4)2SOs, p.a. Fluka)
— D—(+)-Glucose (CsH120s, p.a. Sigma Aldrich)
— Ethanol absolute (C2HsOH, p.a. Sigma Aldrich)
— Glacial acetatic acid (CHsCOOH, p.a., Merck)
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— Hydrochloric acid (HCI, 35 wt.%, Sigma Aldrich)

— Iron(lI1l) chloride hexahydrate (FeCls-6H20, p.a., Fluka)

— Levulinic acid (CsHsOs, p.a. Sigma Aldrich)

— Magnesium chloride (MgClz, p.a., Sigma Aldrich)

— Manganese(ll) chloride (MnClz, p.a., Sigma Aldrich)

— NitraVer5 Nitrate Reagent Powder Pillows (HACH)

— PhosVer3 Phospahte Reagent Powder Pillows (HACH)

— Potassium dihydrogen phospahete (KH2PO4, p.a. Carlo Erba)
— Potassium nitrate (KNOs, p.a., Sigma Aldrich)

— Sodium acetate trihydrate (CHsCOONa-3H:0, p.a., Fluka)
— Sodium carbonate (Na2COs, p.a., Fluka)

— Sodium chloride (NaCl, p.a., Carlo Erba)

— Sodium hydroxyde (NaOH, p.a., Carlo Erba)

— Tin(I1) chloride dihydrate (SnCl2-2H20, p.a. Sigma Aldrich)

3.2 Modification procedures

Preparation of H-containing clinoptilolite (HCLI)

A triple treatment of CLI with 1 mol dm= HCI at 100 °C for 4 h using a solid/liquid
mass ratio of 1:70 was followed by treatment with 0.2 mol dm= NH4OH at 65 °C for
0.5 h (solid/liquid ratio=1:30). The obtained HCLI was separated and dried at 80 °C

until a constant mass.

Preparation of the manganese/magnesium-containing clinoptilolite (MnCLI and
MgCLI)

The preparation of MnCLI and MgCLI was carried out by using a similar procedure
reported by Camacho et al. (Camacho et al., 2011). CLI (10 g) was suspended in a 10
cm?® of MnCl2 or MgCl2 solution (conc. 2.5 mol dm~3) and 1.0 cm? of 1 mol dm~ NaOH
and heated for 5 h at 150 °C. Then, the suspension was separated by centrifugation and
the obtained solids were dried and calcined at 500 °C for 1 h. Finally, the calcined
products (MnCLI and MgCL1) were washed several times with distilled water and dried

to a constant mass at 105 °C.
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Preparation of the iron-containing clinoptilolite (FeCLI)

FeCLI was prepared by using a slightly modified procedure described by Habuda-Stani¢
et al. (Habuda-Stani¢ et al., 2008). 10 g of CLI was mixed with 50 cm? of 0.1 mol dm~
3 FeCls in an acetate buffer at pH 3.6, for 1 h at room temperature. Then 45 cm?® of 4 %
NaOH were added, the suspension was stirred for 1 h and finally mixed with 25 cm?® of
a 4 % NaCl solution. The suspension was then stirred for another hour at 50 °C. After
filtering, the Fe-containing sample (FeCLI) was heated to dryness, calcined at 500 °C

for 1 h, washed several times with distilled water and dried to a constant mass at 105 °C.

Preparation of SnO»-containing clinoptilolite (SnHCLI)

Wet impregnation method:

SnHCLI samples with approx. 5-12 wt.% of Sn were prepared following a slightly
modified method described by Matsuhashi et al. and Sowmiya et al. (Matsuhashi et al.,
2001; Sowmiya et al., 2007). HCLI was suspended in deionized water using a
solid/liquid mass ratio 1:100 and stirred for about 10 min. The pH of the suspension was
adjusted to 10 by dropwise addition of a 25 wt. % NH4+OH. Then, an ethanolic solution
of SnCl2-2H20 (Co=2 g dm~>) was added dropwise under stirring. The pH was kept
constant. The added volumes of SnCl2-2H20 solution were varied from 100 to 250 cm?®
in order to obtain SNnHCLI with different amounts of Sn. The suspensions were separated
by centrifugation after 24 h of stirring, washed with 4 wt.% CH3COONH2 and then with
deionized water until chloride free. SnHCLI samples were dried overnight at 120 °C and
then calcined at 400 °C for 2 h. The samples were denoted as SnHCLI15, SnHCLI19 and
SnHCLI12 where numbers refer different Sn contents: SnHCLI5 — 4.5 wt.%, SnHCLI9
—9.2and SnHCLI12 - 12.3.

Mechanochemical method:

SnHCLI samples (with approx. 5-12 wt.% of Sn) were also prepared by a
mechanochemical method by using a similar procedure reported in the literature (Yang
et al., 2004; Chakravarty et al., 2016). As a starting material, HCLI, anhydrous SnCl,
Na2CO3 and CsHi1206 were used. The molar ratio of SnCl2:Na2CO3:CeH1206 was
1:1.25:1.5. Milling was carried out in a planetary ball mill (TENCAN, XQM—(2-16)A))

using alumina balls with 12 mm and 17 mm in diameter at room temperature. The ball
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to powder mass ratio was 10:1, and powders were ground for 15 min at 350 rpm. After
calcination at 600 °C in an air atmosphere for 3 h, the obtained products (MSnHCLI5,
MSnHCLI9 and MSnHCL112) were washed with deionized water and dried at 100 °C
for 24 h.

Preparation of sulfated SnO,-containig clinoptilolite

SnHCLI samples obtained by both wet impregnation and mechanochemical method
were further treated with (NH4)2SOs4 solution (conc. 1 or 3 mol dm=) by using a
solid/liquid mass ratio of 1:50. The suspensions were stirred at room temperature for 24
h. Then, the solids were separated by centrifugation, washed and dried overnight at 120
°C to a constant mass. Samples obtained by wet impregnation were then calcined for 2
h at 400 °C. The products obtained by wet impregnation were denoted as SSnHCLI5,
SSnNHCLI9 and SSnHCLI112 whereas products obtained by mechanochemical method
were denoted as MSSnHCLI5, MSSnHCLI19 and MSSnHCLI112.

3.3 Adsorption studies

3.3.1 Nitrate adsorption

The adsorption experiments were performed by a batch method. The adsorption capacity
of MCLI toward nitrates (M—Fe, Mn or Mg) was investigated as a function of the
adsorbent amount, temperature and the initial concentration of the nitrate solution. All
nitrate solutions were prepared by dissolving KNOs in deionized water. The influence
of different parameters on the adsorption efficiency was investigated as follows:

1) The effect of the adsorbent amount was investigated at 25 °C by shaking
different amounts of MCLI (0.5, 1.0, 1.5 and 2.0 g) with 50.0 cm® of KNO3
solution (Co = 100 mg dm™) for 24 h in a thermostated water bath (Memmert,
WBE 22).

2) The effect of temperature was studied with 1.0 g of MCLI and 50.0 cm® of KNO3
solution (Co = 100 mg dm~3) at 25, 35 and 45 °C for 24 h.

3) The influence of the initial KNO3 concentration (50, 100, 200 and 300 mg dm~
%) was studied by shaking the 1.0 g of MCLI with 50.0 cm?® of the appropriate
nitrate solution at 45 °C for 24 h.
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3.3.2 Phosphate adsorption

Adsorption of phosphate was studied using FeCLI. The adsorption experiments were
performed at 25 °C by a batch method. All solutions were prepared by dissolving an
appropriate amount of KH2PO4 in deionized water. 1.0 g of FeCLI was suspended in
100 cm® of the appropriate concentration of KH2POs solution (50, 100, 200 and
300 mg PO+* dm~®) and left under shaking in a thermostated water bath at 25 °C
(Memmert, WBE 22) for contact times up to 1440 min. Then, the suspensions were
separated by filtration and the concentration of the phosphate in the solution was

determined colorimetrically.

3.4 Kinetic studies

The adsorption kinetics of nitrate onto MCLI was studied by shaking 1.0 g of each
adsorbent (FeCLI, MnCLI or MnCLI) with 50.0 cm? of an aqueous solution of nitrate
(Co = 300 mg dm~3) at 45 °C for a contact time from 30 to 1440 min in a thermostated
water bath (Memmert, WBE 22). The kinetic adsorption of phosphate was studied only
for FeCLI. The experiments were carried out at 25 °C by using solid:liquid ratio of 1:100
and different initial concentration of phosphate solution (50, 100, 200 and 300 mg PO4+*-
dm~3) for a contact times up to 1440 min.

Kinetic results for both nitrate and phosphate adsorption were studied by using the most
applied kinetic models in adsorption including Lagergren pseudo-first-order, Lagergren

pseudo-second-order and Intra-particle diffusion (Weber-Morris) model.

Pseudo-first-order model
The non-linear form of the pseudo-first-order model given by the Lagergren (Lagergren,

1898) can be expressed as:

dq;

dt = k1(qe — q¢) €]

where gt and ge are the amount of adsorbate onto MCLI (mg g!) at time t and
equilibrium, respectively and ki (min) is the rate constant of the first-order adsorption.
Integrating the equation (1) at boundary conditionst=0and gt=0tot=tand gt = qt,
the following linear form obtains:
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k
log(qe — qc) =logge — 522t ()
The applicability of this kinetic model is determined by the plot of log(ge — qt) versus t
which should yield a straight line if the experimental data conform to this kinetic model.
The parameter ge and ki could be calculated from the intercept and slope of the obtained
plots, respectively. Moreover, the linear regression coefficient R?~1 also indicates to

conformity of this model.

Pseudo-second-order model
The pseudo-second-order model given by the Lagergren (Ho and McKay, 1998; Ho,

2006) is expressed as follows:

dq
d—tt = ky(q. — q0)? 3)

where gt and ge are the amount of adsorbate onto MCLI (mg g!) at time t and
equilibrium, respectively and k2 (g mg mint) is the rate constant of the pseudo-
second-order adsorption.

Integration between the same limits (t=0 and gt = 0 to t = t and gt = q:) yields the

following expression:

t_ 1 +1t (4)
q:  kyq%  q.

The plot of t/q: versus t will give a straight line showing that this kinetic model is
applicable to the experimental data. The values of ge and k2 could be obtained from the

slope and intercept of the plot, respectively.

Intra-particle diffusion model
The intra-particle diffusion model or Weber—Morris model is widely applied model to
study the rate limiting step of adsorption (Weber and Morris, 1963). This model can be

expressed by equation:
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qe = kinet/?* + C

where q; is the amount of adsorbate onto MCLI (mg g2) at time t (h), kint is the rate
constant (mg g* h™*/?) and C is the intraparticle diffusion constant (i.e. intercept of the
line) (mg g?) that is directly proportional to the boundary layer thickness.

The values of the constants kint and C can be calculated from the linear plot of the gt
versus the square root of time (t¥2). If the line passes through the origin, intra-particle
diffusion is the rate-controlling step of adsorption. However, very often, the line does
not pass through the origin and it contains multiple linear sections suggesting that the
intra-particle diffusion is not the only rate-limiting step. The adsorption can be also
controlled by the mass transfer of adsorbate from the bulk liquid phase to the external
surface of the adsorbent through a boundary layer (film diffusion), surface diffusion that
includes slow movement of adsorbate from the boundary layer to the adsorbent surface
or by movement of adsorbate to the pore system of the adsorbent (pore diffusion) (Tran
etal., 2017).

3.5 Adsorption isotherms

The equilibrium adsorption data were analyzed by three isotherm equations (Langmuir,
Freundlich and Temkin isotherm models) that are commonly applied for description of
adsorption equilibrium data.

Langmuir adsorption isotherm
The Langmuir adsorption isotherm assumes homogenous adsorbent surface where all
the adsorption sites possess equal affinity toward adsorbate. Linear form of Langmuir

isotherm can be expressed as follows (Langmuir, 1916):

where Ce is the equilibrium concentration of adsorbate (mg dm=), ge is the amount

adsorbed at equilibrium (mg g2), Qo is the maximum amount of adsorbate per unit mass
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of adsorbent (mg g*) and b is the Langmuir adsorption equilibrium constant related to
adsorption energy (dm* mg™).

The Qo and b can be calculated from the slope and intercept, respectively, of the linear
plot Ce/ge versus Ce.

For predicting the favourability of the adsorption process, the Langmuir isotherm can
also be expressed in terms of a dimensionless constant Ri (separation factor) which is

defined as a follows:

1
R, =—
L7+ bey)

where b is the Langmuir adsorption equilibrium constant related to adsorption energy
(dm® mg™?) and Co is the initial concentration of the adsorbate (mg dm™3).
The value of RL indicates the adsorption process to be favourable for O0<RL<1,

unfavorable for R.>1, linear for RL=1 or irreversible for R_.=0.

Freundlich adsorption isotherm

Freundlich adsorption isotherm assumes that the surface of adsorbent is heterogenous
with respect to the distribution of adsorption sites through the adsorbent surface. This
isotherm can be used to describe multilayer adsorption with interaction between

adsorbed ions. The Freundlich model can be represented as follows (Freundlich, 1906):
1
logq, = logK; + ;log(]e

where Ce is the equilibrium concentration of adsorbate (mg dm=), ge is the amount
adsorbed at equilibrium (mg g™%), Kr (dm® g*) and n (dimensionless) are Freundlich
constants that are indicators of the adsorption capacity and adsorption intensity,
respectively.

The values of Kr and n can be determined from the intercept and slope of the linear plot
of the logge versus logCe, respectively. The value of Freundlich constant n below or
equal to one indicates a chemisorptions process whereas the n values greater than one

indicates that adsorption is physical process.
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Temkin adsorption isotherm

The Temkin adsorption isotherm includes a factor which takes into account the
interactions between adsorbent and adsorbate. This isotherm is based on assumption
that: 1) the adsorption heat of all molecules decreases linearly with coverage of the
adsorbent surface due to repulsions between adsorbate molecules (Temkin and Pyzhev,
1940; Kucherova et al., 2018) and 2) adsorption is characterized by a uniform
distribution of binding energies (up to maximum binding energy). The Temkin isotherm

can be described by linear equation (Temkin and Pyzhev, 1940):

q. = BInA + BInC,

where Ce is the equilibrium concentration of adsorbate (mg dm=3), ge is the amount of
adsorbed at equilibrium (mg g1), A is the Temkin equilibrium binding constant (dm? g-
1y, B is the Temkin isotherm constant related to heat of adsorption and B=RT/br where
R is the universal gas constant (8.314 J mol~! K1), T is the absolute temperature (K) and
bt is the Temkin constant related to the heat of adsorption (kJ mol™).

The constant A and B can be calculated from the intercept and slope of the plot of a

straight line of InCe versus ge.

3.6 Leaching experiments

Leaching of potassium and nitrate ions from different soil types in the presence of
CLI

The leaching experiments were performed at room temperature using column systems.
Columns were organized in eight experimental systems with three replications of each
(Table 3). KNOs was used as a source of potassium and nitrate ions. The amount of
added KNOs corresponded to 10 mg N (100 g soil)*and 28 mg K (100 g soil)* which
represents 200 kg N and 550 kg K ha soil. The used N amount corresponded to the
usually applied rate for grass (clover) production (Di and Cameron, 2002). However,
the amount of K was high compared to the usual agricultural production but suitable for
the leaching experiments in which a high amount of water was used for irrigation. The
amounts of CLI (1 wt. %) and FeCL1 (0.5 and 1 wt.%) corresponded to about 10 and 20
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t zeolite ha™, respectively, which are suitable amounts to be used in the agricultural

practice.

Table 3. Column systems used in K*, NO3z -leaching experiments.

System Component

I Sail

I Soil + KNOs

Il Soil + 1 wt.% CLI

v Soil + 1 wt.% CLI + KNOs

\Y/ Soil + 0.5 wt.% FeCLI

VI Soil + 0.5 wt.% FeCLI + KNO3
VII Soil + 1 wt.% FeCLI

VI Soil + 1 wt.% FeCLI + KNOs

Columns were made from plexiglass, with diameter= 24 mm and length= 30 cm. They
were filled with soil or with homogenized mixture of soil and amendments (CLI/FeCLI
or KNOs). Homogenization of the mixtures was accomplished by a rotating shaker
during 24 h using locked plastic beakers. In order to compress the fillings to the same
height each column was finally carefully shaken. At the bottom of each column, a nylon
filter covered with PVC balls (about 2 cm in height) was placed to prevent the loss of
solid. In order to provide an effective distribution of water, the top of each column was
covered with the PVC balls. The experimental setup used for the leaching experiments
is shown in Figure 19.

For the leaching experiment, the filled columns were previously saturated with distilled
water and then regularly irrigated homogenously with distilled water from the top of the
column, at a flow rate of 1.3 cm® h™X. The flow rate was chosen to correspond to 500
mm of precipitation during 7 days in order to study the effect of CLI and FeCLI addition
on the leaching of K and (NOs—N) through the heavy precipitation over a short period
of time which is usual phenomenon. All experiments were performed in the absence of
light to prevent possible growth of the plants which fragments or seeds are present in

cultivated soils. The leachates (of about 30 cm?®) were collected at the column bottom

47



every day during seven days. The samples were stored in a refrigerator prior to the

analysis.

Figure 19. The experimental setup used for the leaching experiments: 1) water tank;
2) peristaltic pump; 3) plexiglass column; 4) PVC balls; 5) soil or soil/FeCLI mixture;
6) PVC balls; 7) PVC filter; 8) sample collector.

Leaching of phosphate ions from sandy soil in the presence of CLI

The leaching of phosphate was studied using columns system. The columns were
organized in several groups with three replications of each (Table 4) and using the
leaching procedure previously described.

Amounts of the added FeCLI corresponded to about 10 (0.5 wt.%), 30 (1.5 wt.%) and
50 (2.5 wt.%) t FeCLI ha. As a source of phosphate, solid KH2PO4 was applied.
Saturation and irrigation amount of distilled water was retained in the same value as in
previously leaching experiments. However, in contrast to previously leaching
experiments, the experiments were prolonged (twelve days instead of seven) since the

very low and almost constant amount of phosphate was leached during the seven days.
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Table 4. Column systems used in PO4*-leaching experiments.

System Component

I Soil

I Soil + KH2PO4

Il Soil + 0.5 wt.% FeCLI

v Soil + 0.5 wt.% FeCLI + KH2PO4
\% Soil + 1.5 wt.% FeCLI

VI Soil + 1.5 wt.% FeCLI + KH2PO4
VI Soil + 2.5 wt.% FeCLI

VI Soil + 2.5 wt.% FeCLI + KH2PO4

3.6.1 Leaching kinetic studies

Collected samples during leaching experiments were analyzed by several kinetic models

including zero-order, first-order, second-order, Intra-particle diffusion model, Elovich

and Avrami kinetic model.

Statistical data analysis was done by the Paired Samples T-Test using statistical software

- Statistical Package for the Social Sciences (SPSS Ver. 22). The statistical significance

was defined at p < 0.05.

Zero-order

The zero-order equation can be given as (House, 2007):

de = qo — Kot

where do and qeare the leached amount (mg g1) at time t=0 and time t, respectively and

ko (min~1) is the rate constant of the zero-order (mg kg* h™*) and can be determined from

the plot of q: versus t.

First-order

The first-order equation can be represented as (House, 2007):

In (q¢) =In (qo) — Fest
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where qo and gt are the leached amount (mg g1) at time t=0 and time t respectively and
ki (min~1) is the first-order rate constant (h~!) and can be calculated from the plot of

In(q:) versus t.

Second-order
The second-order equation can be given as (House, 2007):

1 1
—=——kyt
9 4o

where do and qgeare the leached amount (mg g1) at time t=0 and time t, respectively and
kz(min™1) is the second-order rate constant (mg kg)~! and can be calculated from the

plot of 1/qt versus t.

Intra-particle diffusion model
The intra-particle diffusion model or (Weber and Morris model) is described in the

previous Kinetic section.

Elovich kinetic model
The Elovich equation mainly describes chemisorption kinetics and adsorption process
at heterogeneous surfaces. The linear form of the Elovich model can be given by the

following equation (Roginsky and Zeldovich, 1934):

=L@ +im e
9r = plnla ﬂn()

where qt is the amount of adsorbed (mg g2) at time t (h), a is the initial adsorption rate
(mg gt h) and S is the desorption constant (g mg™).
The constants a and S can be determined from the slope and intercept of the linear plot

of Int versus q.
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Avrami kinetic model

The Avrami kinetic model has been originally applied to describe the phase transitions
and crystal growth of material and has recently been used to predict adsorption kinetic
onto different solid adsorbents. Linearized equation of this kinetic model can be

expressed as (Avrami, 1939; Songolzadeh et al., 2015):

In[-In (1 — X)] = In(k,) + nuln (£)

where X is the percentage of the leached (%) at time t (h™), ka — is the Avrami Kinetic
constant (™) and na is the Avrami constant.
The values of the na and ka can be calculated from the slope and intercept of the plot

In[-In(1-X)] versus In(t), respectively.

3.7 Catalytic experiments

Conversion of LA into OLA and ELA was carried out in a batch reactor with magnetic
stirrer under reflux (Figure 20). Prior to the catalytic test, the catalysts were pre-treated
ex-situ in oven for at 1 h at 200 °C, at static conditions. In a typical catalytic experiment,
the reactor was charged with 1 g LA, 7 ml ethanol or octanol and 0.2 g powder catalyst
while the LA/octanol (ethanol) weight ratio was maintained 1:7. The reactor was placed
in an oil bath, heated under stirring with 200 rpm at the reaction temperature of 100 °C
for 5 h. The thermocouple was positioned in the reaction mixture for accurate
measurement of the reaction temperature. Samples were taken at chosen time intervals
and analyzed. At the end of the reaction, the reactor was cooled to room temperature
and the catalyst was recovered by centrifugation. The mass balance was made on the

basis of carbon-containing products.
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Figure 20. Experimental setup used in catalytic experiments.

Catalyst reusability

Reusability of the catalyst was tested in six reaction cycles (one with the fresh catalyst
and five repeated cycles with the reused catalyst). After completion of the reaction in
each cycle, the catalyst was separated by centrifugation, washed with acetone, dried at
60 °C for 5 h and calcined at 400 "C in air for 3 h.

3.8 Material characterization

Determination of cation exchange capacity of the zeolitic tuff

Cation exchange capacity (CEC) of the used zeolitic tuffs was determined using a
standard procedure based on the ion-exchange with 1.0 mol dm=2ammonium acetate
solution at room temperature for 24 h (Schollenberger and Simon, 1945). Concentration
of Na*, K*, Ca?" and Mg?* was measured in filtrates and CEC value was expressed in
mmol of M* per 100 g of CLI.

Determination of physicochemical properties of the soil samples

Soil pH was determined in distilled water with a soil to solution mass ratio of 1:2.5 using
Orion SA 720 pH meter (Orion, Cambridge, MA, USA) (Thomas, 1996).

The soil organic matter (SOM) was analyzed by the combustion method at 550 °C
(Nabertherm, LE 6/11/B150, Lilienthal, Germany) (Thomas, 1996).
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Total nitrogen content (Ntor) was measured by Dumas method (Bremner and
Mulvaney, 1982). Samples were heated with CuO at a high temperature in a stream of
purified CO2. Then, the gases liberated were led over hot Cu to reduce nitrogen oxides
to N2 and then over CuO to convert CO to CO2. The obtained mixture of N>—COz is
collected in a nitrometer containing the concentrated alkali which absorbs CO2 and the
volume of N2 gas is the measure. The analysis of Ntor was performed at 1050 °C using
LECO CHN 1000 analyzer (LECO Corporation, St. Joseph, MI, USA).

The concentration of the plant available K was determined by the Egners Al method
(Egner et al., 1960). Soil samples were extracted with 0.1 mol dm~= ammonium lactate
solution and 0.4 mol dm~3 acetic acid (pH=3.7) with a soil to solution mass ratio of 1:20

for 90 min.

Atomic absorption spectroscopy (AAS)
The concentration of metal in the solution was measured using AAS (Varian SpectrAA,
55B). Measurement accuracy was + 2%. All measurements were done in accordance

with the manual recommendations.

UV/Visible spectroscopy (UV/VIS)
The concentration of nitrate and phosphate in the solution was determined by UV/VIS
spectrophotometer (HACH DR2800). Cadmium reduction method (with NitraVer5
reagent) and ascorbic acid method (with PhosVer3 reagent) was used to measure the
nitrate and phosphate concentration, respectively. Before analysis, solutions were
filtered through 0.45 um membrane filter. All measurements were done in accordance
with the HACH manual recommendations.
The adsorbed amount (q:) of nitrate and phosphate after time t was calculated according
to the following formula:
Co—C

qc = % 4
where Co and Ct are concentrations of adsorbate (nitrate or phosphate) in the aqueous
solution (mg dm~2) before and after contact with the MCLI, respectively, V is the volume

of the solution in dm? and m is mass of the MCLI in g.
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Gas chromatography (GC)

GC analysis used to analyze samples obtained in the catalytic experiments. Analyses
were performed using a flame ionization detector equipped with a WCOT FUSED
SILICA 25m x 0.25mm COATING CP-SIL 43CB column. Nitrogen was used as a
carrier gas with manual injection (the sample volume injected was 1 ul). The column
temperature increased from 100 to 200 °C (20 °C mint) whereas the injector and
detector temperature were 250 and 300 °C, respectively. The LA conversion rate was
determined using the LA/OLA or LA/ELA area ratio.

Powder X-ray powder diffraction (PXRD)

PXRD was performed to determine the mineral composition of the zeolitic tuffs and to
check crystallinity after the experiments. PXRD patterns of the samples were recorded
using an APD2000 Ital Structure diffractometer with CuKa radiation (41=0.15418 nm)
generated at 38 kV and 28 mA. Scans were performed in the 26 range 5-50° with a step
of 0.02° per 1 s. Semi-quantitative PXRD analysis was conducted using the Rietveld
refinement and the Topas-Academic v.4 software package (Coelho, 2007).

Mineral composition of the soil samples was also determined by PXRD analysis using
a Philips PW 1710 (Philips, Almelo, The Netherlands) diffractometer with the CuKa
radiation (1=0.15418 nm) in the 26 range 2-70° with a 26 step of 0.02°. Detailed
informations on the clay minerals present in the soil samples were obtained by
pretreatment of the samples prior to the PXRD analysis. Pretreatment included: a) air-
drying, b) saturation with ethylene glycol and c) heating at 300 or at 550 °C (Moore and
Reynolds, 1997). Qualitative analysis was established according to Brown (Brown and
Brindley, 1980). A semi-quantitative analysis of minerals was performed by measuring
the peak intensities calculated from the PXRD patterns and by comparing them to the
peak intensities of pure minerals (Pederstad and Jargensen, 1985). Pipette method was
used for determination of the content of sand, silt and clay fractions in the soils (Elonen,
1971).
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Scanning Electron Microscopy (SEM) coupled with energy dispersive X-ray
spectroscopy (EDS)

Surface morphology and elemental composition of the CLI and CLI-modified samples
were studied by the SEM equipped with EDS analysis. SEM images were collected
using a Carl Zeiss Supra™ 3 VP field-emission gun scanning electron microscope (FEG-
SEM) equipped with EDS detector (Oxford Analysis) with INCA Energy system for
quantification of elements. Before analysis, the samples were carefully prepared in order
to make them conductive. The procedure included the embedding grains in an epoxy
film, polishing the crystallites, cutting them with a fine-grid diamond cutter and coating
them with carbon. An intersection view of the crystallite grains was obtained that
enabled detailed EDS analysis of the major mineral phases. The Inca scanning software

was used to study the data analysis.

Thermal analysis (TG/DTG)

Thermal analysis was applied to study the thermal behavior of the samples. The
measurements were performed using a SDT Q-600 instrument (TA Instruments). About
10 mg of samples were heated in opened alumina cups (90 pl) from room temperature
to 800 °C at a heating rate of 10 °C min! under synthetic air (100 ml mint). Results

were evaluated with TA-Universal Analysis software.

X-ray photoelectron spectroscopy (XPS)

XPS analyses were carried out on a PHI-TFA XPS spectrometer (Physical Electronics
Inc). Powders were on carbon adhesion tape used for SEM microscopy and introduced
in ultra-HV spectrometer. During the XPS analyses, the vacuum was in the range of 10—
9 mbar. The analyzed area was 0.4 mm in diameter whereas the analyzed depth was
about 3-5 nm. X-ray radiation from monochromatic Al source at photon energy of
1486.6 eV was applied for excitation of the sample surfaces. The survey wide-energy
spectra were taken over an energy range of 0-1200 eV with pass energy of analyzer of
187 eV in order to identify and quantify present elements on the surface. The high-
energy resolution spectra were acquired with energy analyzer operating at resolution of
about 0.6 eV and pass energy of 29 eV. During data processing, the spectra were aligned
by setting the C 1s peak at 284.8 eV, characteristic for C-C/C—H bonds. The accuracy
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of binding energies was about +0.3 eV. Quantification of the surface composition was
performed from XPS peak intensities taking into account the relative sensitivity factors
provided by instrument manufacturer (Moulder et al., 1995). MultiPak software was
used to analyze the obtained XPS spectra. High resolution spectra were fitted with
Gauss-Lorentz functions and Shirley function was used for background removal. In
order to analyze the in-depth distribution of elements in the sub-surface region up to 25
nm deep, the XPS depth profiling was performed in combination with ion sputtering.
The Ar ions of energy 4 keV were used. The velocity of the ion sputtering was estimated

to be 1.0 nm min~! calibrated on the Ni/Cr multilayer structure of the known thickness.

UV/Visible diffuse reflectance spectroscopy (DRS)

DRS analysis was used to investigate the presence of oxide species onto CLI-modified
samples. Spectra were recorded using an UV/VIS spectrophotometer (V—650, JASCO)
equipped with a photomultiplier tube detector. The powder sample was put into a cell

and measured in the range from 200 to 800 nm at room temperature.

Solid-state nuclear magnetic resonance (NMR)

NMR analyses were carried out on a 600 MHz Varian NMR system equipped with a 3.2
mm Varian HX CPMAS probe. Larmor frequencies for 2 Al and 2°Si nuclei were 156.20
MHz and 119.09 MHz, respectively. For 2’Al magic-angle spinning (MAS)
measurements excitation pulse of 0.8 us was used, number of scans was 3000 and
repetition delay between scans was 1 s. Sample rotation frequency was 16 kHz. For 2°Si
MAS measurements excitation pulse was 2.8 s, repetition delay was 60 s, and number

of repetitions was 2400.

Textural properties

Textural properties of samples were determined by nitrogen physisorption at —196 °C
using a Micromeritics Instrument (ASAP 2020). Before analysis, all the samples were
degassed at 200 °C for 4 h under high vacuum. The specific surface area (Sset) was
calculated using the Brunauer, Emmett, Teller (BET) method up to relative pressures

p/po=0.15. The total pore volume (Viot) was assessed at p/po=0.99. Pore size distribution
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was analyzed according to the Barrett, Joyner and Halenda method (BJH) from the
adsorption isotherms.

Fourier transform infrared spectroscopy (FTIR)

FTIR analysis was used to study the structural features of the samples. FTIR spectra
were collected at room temperature on a Digilab-FTS 80 interferometer by using KBr
pellets method. The spectra were recorded in the range of 400-4000 cm™, at a resolution
of 4 cm™ and 100 scans.

FTIR was also applied to study surface acidity of the samples used in the catalytic
experiments. FTIR spectra were collected by applying a self-supported wafer technique
with pyridine (Py) as the probe molecule. FTIR spectra were recorded by using a Nicolet
Impact Type 400 spectrometer at room temperature averaging 32 scans at a resolution
of 2 cm. Spectra were normalized to a wafer thickness of 5 mg cm=. Before the Py
adsorption, the samples were evacuated in a high vacuum (HV,<10~° mbar) for 1 h at
400°C. Then, samples were treated with Py at 50 mbar and degassed in HV for 0.5 h at
100 °C, 200 °C, 300 °C and 400 °C. After evacuation, spectra were collected at room

temperature.

57



4. RESULTS AND DISCUSSION

4.1 Physico-chemical characterization

Soils

Mineral composition of the soil samples was determined by PXRD analysis (Figure 21).
The shown diffractograms displayed presence of different mineral phases in the
samples. Nonclay minerals such as quartz and feldspar were present in all three samples.
Quartz was dominant in the NW sample which is evident by diffractions at 20=20.81
and 26.63°. Diffractions at 26=13.90, 22.1, 23.6, 24.3, 28.1 and 30.2° correspond to
feldspars which were an abundant mineral group in the NW sample (Oumabady, 2014).
The diffraction at 20=29.6° corresponds to calcite and it is present only in the BH
sample. To identify all clay minerals, the PXRD analysis was performed after each of
the four soil treatments (1,2 -heating at 550 and 300 °C, respectively, 3 -saturation with
ethylene glycol and 4 - air—drying treatment) (Figure 21). The NW soil displayed weak
reflections related to clay minerals, confirming the low clay content. Kaolinite was
present in the BH and SRB samples displaying diffractions at 20=12.4, 20.1, 25.7 and
35.1°. Saturation with ethylene glycol and heating at 300 °C did not affect the kaolinite
crystallinity which structure however collapsed after heating at 550 °C (Haque et al.,
2013; Szymanski et al., 2014). The diffraction at 26=12.4° which was present in the
pattern of the NW sample most likely belonging to a second order reflection of
vermiculite and chlorite which has its first order reflection at 26=6.5°. The NW soil is
less than 10,000 years old, which is reflected in the presence of less weathered clay
minerals as illite, vermiculate and chlorite (@gaard and Krogstad, 2005). The diffraction
at 20=9.07° was found in all three patterns and it corresponds to illite. The diffraction
was unaffected by treatments with ethylene glycol and heating. An additional diffraction

of illite at 260=18.0° was evident only in the patterns of the BH and SRB samples.
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Figure 21. PXRD patterns of the soil samples (A, B — BH soil; C, D — SRB soil and E,
F — NW soil. Soil treatments are marked as: a — heating at 550 °C; b — heating at 300
°C; ¢ — saturation with ethylene glycol; d — air-drying treatment. Minerals are marked

as: Q — quartz, F — feldspar, C — calcite, K — kaolinite and I — illite.

59



The selected physicochemical properties of the soil samples are given in Table 5.
According to the content of sand, silt and clay phase, the used soil samples are classified
as sandy soil (NW), silty loam (SRB) and silty clay (BH). As can be seen, sandy (NW)
and silty loam (SRB) soils are acidic (pH= 5.1 and 5.7, respectively) whereas the silty
clay (BH) is slightly alkaline (pH=7.5). The BH and SRB soils are old cultivated
grassland and pasture possessing a higher content of organic matter (OM) which
resulted in a higher amount of total nitrogen (Ntot) in comparison to NW. K-containing
clay mineral illite is present in all soils samples. It is evident from the concentration of
plant available potassium (K—Al). It is also evident that BH sample has the highest clay
content and higher K content than the NW and SRB samples.

Table 5. Selected physicochemical properties of the studied soil samples.

Sand  Silt Clay OM2  NrorP

Sample pH  K-AI5, mg kg™
wt.%

NW 94 3 3 13 001 5.1 10

SRB 4 73 23 4.3 016 57 115

BH 8 50 42 115 047 75 286

30M-organic matter; °Nror-total nitrogen; concentration of the plant available K;

Zeolitic tuffs

Mineral composition of the zeolitic tuffs was studied by PXRD analysis. The obtained
PXRD diffraction patterns are presented in Figure 22. In both zeolitic tuffs, from
Vranjska Banja deposit (VBCLI) and Slanci deposit (SCLI), zeolite — clinoptilolite is
the major mineral phase. The diffraction peaks at 26= 9.8; 11.7; 12.8; 17.2; 19.1; 22.4;
26.0; 29.9 and 32.3° correspond to the clinoptilolite (Treacy and Higgins, 2001). The
PXRD patterns also showed that both tuffs contain a slight amount of albite (26= 22.0;
24.5 and 27.8°) and quartz (26=20.8 and 26.7°).

Results of a quantitative analysis performed by the Rietveld method is given in Table 6.
Both tuffs have a high content of clinoptilolite which is slightly higher in SCLI
(81 wt.%) in comparison to VBCLI (73 wt.%).
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Figure 22. PXRD patterns of the zeolitic tuffs (*clinoptilolite; °quartz and +albite).

Table 6. Mineral composition of the used zeolitic tuffs.

Clinoptilolite Quartz Albite
Zeolitic tuff
wt.%
VBCLI 72.6 12.8 14.6
SCLI 80.9 4.4 14.7

VBCLI-zeolitic tuff from the Zlatokop (area of Vranjska Banja) and SCLI-zeolitic tuff from

the Slanci (near Belgrade) deposit.
The surface morphology and elemental composition of the tuffs were studied using SEM
coupled with EDS analysis. The shape and color contrast evident in SEM images (Figure
23) confirmed the presence of different mineral phases. The clinoptilolite phase with the
Si/Al about 4.8 is found for VBCLI and 4.9 for SCLI (Table 7). The Si/Al molar ratio
for feldspars is lower being in the range of 2.5-2.7 (Godelitsas and Armbruster, 2003).
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Figure 23. Representative SEM images of the used zeolitic tuffs.

Table 7. Average elemental composition of the CLI phase in the zeolitic tuffs

obtained by EDS analysis.

Zeolitic Si Al O Na K Ca Mg Fe
tuff at.%

VBCLI 23.02 476 68.60 0.38 071 123 0.70 0.69
SCLI 2290 4.65 69.85 0.17 049 121 0.69 0.04

Cation exchange capacity (CEC) of the zeolitic tuffs is given in Table 8. The CEC value

is similar for both tuffs. However, the chemical nature of the exchangeable cations

differs: VBCLI contains higher amounts of Na and K whereas the SCLI contains Ca,

and Mg in higher concentrations. This shows that different origins of tuffs influence the

chemical composition of the zeolite phase.

Table 8. Cation exchange capacity (CEC) of the used zeolitic tuffs.

Zeolitic Na* K* Ca? Mg? x
tuff Concentration (mmol M*/100g)

VBCLI 18.1 16.0 89.6 27.2 150.9
SCLI 5.2 13.3 117.6 32.8 168.9

Thermal behavior of the zeolitic tuffs was studied by TG/DTG. Figure 24 shows that

the total weight loss in the temperature range up to 800 °C was 8.0 wt.% for VBCLI and
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11.2 wt.% for SCLI. The loss corresponds to dehydration process which occurs
discontinuously suggesting that water molecules leave the zeolite lattice from different

crystallographic sites.
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Figure 24. TG- (solid line) and DTG- (dashed line) curves of the used zeolitic tuffs.
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Modified clinoptilolite samples

PXRD patterns of the CLI samples enriched with Mn, Fe, Mg or Sn are presented in
Figure 25. The results showed that the crystallinity of the CLI lattice remained preserved
during the modification of CLI to MCLI. A new diffraction peak appeared in the patterns
of FeCLI and MnCLI indicating formation of novel crystalline phases after the
modification. In the PXRD pattern of MnCLI, a new diffraction is observed at 20=32.9°
which is associated to the Mn20s crystal phase (Ahmadi et al., 2017). Diffraction peak
at 20=35.7° in the PXRD pattern of FeCLI indicates the presence of Fe2O3 onto CLI
(Zielinski et al., 2010; Lassoued et al., 2017; Arabpour and Nezamzadeh-Ejhieh, 2015;
Nairat et al., 2015). In the PXRD patterns of MgCLI and SnHCLI only diffractions
corresponded to clinoptilolite are evident.

However, PXRD patterns of the SnHCLI as well as SO4-SnHCLI (SSnHCLI) obtained
by mechanochemical method showed a significantly loss in the CLI crystallinity

Therefore, these samples were not used in further experimental work.
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Figure 25. PXRD patterns of the CLI-modified samples obtained by wet
impregnation. Diffractions of CLI are marked by asterix (*).



The surface morphology of MCLI samples was studied by SEM analysis. The analyses
showed that the formation of oxide species such as Fe203, Mn203, MgO and SnOz have
not changed the morphology of the clinoptilolite phase. Representative SEM images of

SnHCLI sample are given in Figure 26.

Figure 26. Representative SEM images of the SnHCLI sample.

Average chemical compositions of the CLI phase in all modified samples obtained by
EDS are summarized in Table 9. The results clearly showed that the modification of
CLI to MgCLI, MnCLI and FeCLI did not proceed only via an ion-exchange process.
Namely, the content of exchangeable cations in CLI remained almost constant although
the increase in the Mg, Mn and Fe content was evident. Since the modification occurred
in an alkaline medium, it seems likely that some metal complex hydroxo species were
adsorbed at the CLI surface and during the calcination converted to the oxides. These
results are consistent with the literature results showing a modification of CLI with
different metal oxide species (Jiménez-Cedillo et al., 2011; Kragovic¢ et al., 2013). In
addition, the Si/Al molar ratio of these samples was not noticeably changed confirming
also that the CLI lattice was not influenced by the modification.

In contrast, the conversion of CLI to HCLI causes a partial dealumination of the CLI
lattice which is confirmed by an increase of the Si/Al molar ratio. Also, the content of
Na decreased significantly and K, Ca and Mg were not detected after the formation of
HCLI. As can be seen from Table 9, the conversion of HCLI to SnHCLI resulted in the
enrichment of HCLI with Sn in different amounts. These samples were sulfated in
further procedure which causes a partial leaching of Sn. The leaching extent varies from
43% (SnHCLI5), 13% (SnHCLI9) to 25% (SnHCLI12).
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The molar ratio of S/Sn in SSnCLI samples showed that partial sulfation of SnHCLI
was achieved and the S/Sn molar ratio decreases with the increase of Sn content
(SNHCL15=0.8<SnHCL19=0.4<SnHCLI112=0.2). A similar phenomenon was reported
for the sulfated ZrO2-containing KIL—2 material (Popova et al., 2016). The lowest S/Zr
molar ratio was found for the highest amount of the loaded Zr. The lowest sulfation
extent in the SnHCLI samples with the highest Sn content could be explained by
different accessibility of Sn within the CLI lattice. It seems likely that all Sn

crystallographical sites are not available for the sulfation.

Table 9. Average chemical compositions of CLI phase obtained by EDS for the MCLI

samples.

Sample Si Al O Na K Ca Mg Fe Mn Sn S Si/

Al

at.%

HCLI 378 54 568 004 - - - - - - - 70
MnCLI 244 47 666 04 05 11 04 - 19 - - 52
MgCLI 236 47 642 05 08 12 47 03 - - - 50
FeCLlI 224 44 632 08 08 11 06 67 - - - 51
SnHCLI5 315 44 633 01 - - - - - 07 - 72
SSnHCLI5 235 32 725 01 - - - - - 04 03 73
SnHCLI9 219 28 737 - - - - - - 16 - 78
SSnHCLI9 202 28 751 - - - - - - 14 05 72
SnHCLI12 204 27 744 01 - - - - - 24 - 76
SSnHCLI12 189 25 761 - - - - - - 18 07 76

Thermal analysis of CLI-modified samples was performed before the calcination step
in order to examine the formation of oxide phase during heating. The obtained results
are presented in Figure 27. It is evident that TG/DTG curves of the modified samples
displayed novel maxima and the corresponding weight losses differed from those
present in the thermogram of the parent CLI sample.

The changes were most conspicuous in the thermogram of the MgCLI. The total mass
loss of up to 800 °C was 21 %. DTG curve displayed three strong maxima centered at
about 172, 238 and 441 °C. The first DTG maximum could be assigned to the loss of
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physically adsorbed water (7.2 %) whereas the second one to loss of the coordinated
water molecules strongly bound to CLI lattice (4.1.%). The last DTG maximum could
be attributed to the transformation of the hydrous magnesium species to magnesium
oxide. Crystallization of different oxide species in the CLI matrix at this temperature
range has already been reported (Raji¢ et al., 2013).

For the MnCLI and FeCLlI, the total mass loss up to 800 °C was 17 and 12 %,
respectively. For both samples, differences were more pronounced below 300 °C. DTG
curve of MnCLI displays maxima at about 137 (loss of about 4.8 %) and 211 °C (loss
of about 2.2 %) whereas DTG curve of FeCLI exhibits maxima at about 79 (loss of
about 4.3 %) and 140 °C (loss of about 6.0 %). The maxima displayed below 140 °C
could be assigned to the release of water molecules whereas further mass loss and
corresponding DTG maxima could be attributed to the dehydration of hydroxo species
and formation of the corresponding oxides onto CLI.

From Figure 27, it is also evident that the total mass loss of SnCLI samples increases
with the Sn content onto CLI from 12.3 (SnHCLI5) to 13.8 % (SnHCLI12). DTG curves
of each SnHCLI sample display maximum centered at about 60 °C which corresponded
to the mass loss from 6.5 (SNnHCLI5) to 7.3 % (SnHCL112). This can be assigned to the
loss of physically adsorbed water. In the temperature range 200—400 °C weight loss was
from 3.6 (SNHCLI5) to 4.3 % (SnHCLI12) and can be attributed to the dihydroxylation
of the SnHCLI samples. The last event with DTG maxima at about 500 °C (loss of about
2.2 %) can be ascribed by the formation of the Sn oxide species in the CLI matrix.

The total mass loss of the SnHCLI samples after sulfation (Figure 27) also increases
with the Sn content onto CLI showing the loss from 11.0 (SSnHCLI5) to 12.3 %
(SSnHCLI12). The first DTG maximum (at about 60 °C) corresponded to mass loss
from 5.3 (SSnHCLI5) to 5.7 % (SSnHCLI112). In addition, DTG curves displayed two
resolved maxima in temperature range 200—400 °C with mass loss from 2.9 (SSnHCL5)
to 3.7 % (SSnHCLI12). This can be ascribed to the presence of coordinated water
molecules strongly bound to sulfate groups. DTG maxima in the 400-600 °C
temperature range can be ascribed to the decomposition of sulfate to SOx species. The
corresponding mass loss increased with the increase of the Sn content being 2.9 % for
SSnHCLI5 and 3.5 % for SSnHCLI12. Similar observations have been reported
suggesting the decomposition of a more weakly bound sulfate species at lower
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temperature and more strongly bound sulfate at the higher temperature (Gutiérez-Baez

et al., 2004; Noda et al., 2005; Shi and Li, 2013; Popova et al., 2018).
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Figure 27. TG— (solid line) and DTG- (dashed line) curves of the CLI-modified

samples.

Textural properties were studied by the N2 adsorption/desorption isotherms and the
relating results are given in Table 10. The specific surface area (Sser) of parent CLI is
24 m? gt which is in agreement with the literature data (Garcia-Basabe et al., 2010). As

can be seen, the modification affects the porous structure of CLI.
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The decrease in the Sget value was most pronounced for MnCLI, for which specific
surface area decreased to 17.5 m? g~1. The effect has been reported for MnCLI and was
explained by the formation of MnO2 (Camacho et al., 2011). Decrease of Sget was found
also for MgCLI (24.4 m? g ) and FeCLI (28.1 m? g1). This could be attributed to the
formation of oxide particles at the surface of the CLI. It seems likely that oxide species
partially blocked the CLI pore system and accordingly decrease specific surface area. A
similar phenomenon was reported for Zn-, Cu- and Fe-containing CLI (Ates etal., 2011;
Nezamzadeh-Ejhieh and Khodabakhshi-Chermahini, 2014; Amiri and Nazamzadeh-
Ejhieh, 2015).

For HCLI specific surface area slightly increased. The increase can be explained by a
partial dealumination of the aluminosilicate lattice resulting in the opening of the pores
and thereby in an increase of Sget. In addition, almost complete replacement of the metal
cations by H" also contributes to the more available space within the CLI (Farias et al.,
2009; Garcia-Basabe et al., 2010).

SnHCLI obtained by conversion of HCLI showed an increasing trend of Sget: increase
of Seer increases with the Sn content. This could be explained by modification
procedure which caused additional dealumination at higher Sn content.

Conversion of SnHCLI to SSnHCLI led to a small decrease of Sget. This can be due to
a partial pore blockage of pore system caused by sulfate groups. The decrease varies
with Sn content from 3% for SSnHCL5 to about 20% for SSnHCLI9.

Based on the IUPAC classification, all clinoptilolite samples exhibit the adsorption
isotherm of type IV (Figure 28) that are typical for zeolitic materials containing both
micropores due to structural features of the framework, and mesopores introduced by
modification (Sing et al., 1985). In addition, the isotherms exhibit a hysteresis loop of
type H3 (in the range p/po=0.5-1) that is characteristic for the clinoptilolite structure and
could arise from multilayer adsorption and capillary condensation either in mesopores

of impurities (feldspars, quartz) or in the space between the zeolite crystallites.
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Table 10. Textural properties of the CLI and CLI-modified samples.

e
Sample Seet®, M2 gt Sex®, m?g?t Vmic, em3gt Vi, migt n?nA
CLI 30.9 28.9 0.0008 0.0988 15.0
MgCLI 24.4 20.9 0.0293 0.0700 13.7
MnCLI 17.5 16.7 0.0883 0.0891 18.7
FeCLI 28.1 29.3 0.1409 0.1424 16.8
HCLI 31.6 24.5 0.0023 0.1204 29.6
SnHCLI5 39.7 27.3 0.0048 0.1307 17.0
SSnHCLI5 38.4 30.0 0.0044 0.0738 22.4
SnHCLI9 41.6 24.3 0.0073 0.0760 23.0
SSnHCLI9 33.2 17.7 0.0095 0.1208 31.5
SnHCLI12 79.8 64.9 0.0069 0.0929 15.0
SSnHCLI12 67.9 52.3 0.0086 0.0880 14.6

aSpecific surface area based on BET theory determined in the p/po range corresponding to the increasing
trend of Rouquerol plot; Pexternal surface area Sger — Smic; “micropore volume based on t-plot analysis;
dtotal pore volume based on BJH adsorption analysis; average pore size based on BJH desorption
analysis.
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Figure 28. Adsorption/desorption isotherms of nitrogen at —196 °C of CLI and CLI-

modified samples.

SnHCLI and SSnHCLI samples were further characterized by XPS method in order to
obtain a deeper insight into the concentration profile of Sn inside the samples. Figure
29 shows XPS survey spectra for the HCLI, SSnHCLI5 and SSnHCLI9 samples. The
peaks corresponding to the CLI framework elements (O, Si and Al) are present in all
spectra. Also, C 1s peak is visible in the spectra resulting from the contamination layer

due to sample handling in air. The peak at 284 eV demonstrates that the C 1s peak does
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not belong from carbonate which shows peaks in the range from 290 to 291 eV (Cerjan
Stefanovic et al., 2007; Rajic et al., 2009). This is also confirmed from the XPS depth
profile of the C (Figure 30). Namely, a drastic decrease of the C 1s signal after the 2
min of the sputtering time is additional evidence that the C originates from the
contamination layer rather than from carbonate species often contained in the zeolitic
tuff.

The spectra of Sn-containng CLI samples exhibit new peaks originating from the Sn.
Figure 31 shows the spectra of SSNnHCLI5 and SSnHCLI9 as well as the Sn depth
profile. Two peaks located at 487.4 and 495.8 eV for SSnHCL15, and 487.5 and 496.0
eV for SSnHCLI9 are evident and can be assigned to Sn 3ds/2 and Sn 3ds/2, respectively.
The peaks are in accordance with the literature data (Mallesham et al., 2013;
Rajalakshmi et al., 2015) which suggested the presence of the SnO2 species in the zeolite
matrix.

Moreover, the Sn XPS depth profile of SSnHCLI5 shows a small accumulation of Sn at
the surface and decrease of the Sn concentration from top to bottom. More pronounced
Sn accumulation is evident in the sample with a higher Sn content (SSnHCLI9).
However, the spectrum also indicates the presence of Sn inside the lattice which was
unexpected since this shows that the Sn species are not present only onto the surface of
the CLI but also inside its lattice. A similar phenomenon was reported for the Sn(1V)-
containing zeolite g (Dijkmans et al., 2015; Guan et al., 2018). It was concluded that
the two-step modification which includes: 1) dealumination and 2) impregnation with
SnClq resulted in the creation of holes inside the zeolite lattice. The Sn(IV) species are

located in holes forming covalent Si—O-Sn bonds with the zeolite lattice.
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Figure 29. XPS survey spectra from the surface of HCLI, SSnHCLI15 and SSnHCLI9.
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Figure 31. XPS spectra of Sn (left) and Sn XPS depth profile (right).

The presence of SnO2 onto HCLI surface was examined by DRS spectroscopy in near
UV region. Namely, in this region pure SnO2 displays a strong peak centered at about
263 nm (Figure 32).

This peak is found in all Sn-containing CLI samples. Also, an increase in the absorption
intensities with the increase of Sn content is evident. This strongly supports the fact that

SnOz is present in all Sn-containing samples.
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Figure 32. Diffuse reflectance spectra of SnO2 and SnO2-containing samples.
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The fact that Sn-containing samples contain oxide species not only at the surface of the
clinoptilolite lattice but also into lattice itself, as well as the fact that the textural
properties were changed after modification of CLI to SnHCLI, required a deeper insight
into the structural changes. This was studied by solid state NMR analysis.

2IAl MAS NMR spectra of the representative samples (HCLI, SnHCLI9 and
SSnHCLI9) given in Figure 33a show three broad peaks at around 55, 30 and 0 ppm.
The peak at 55 ppm is characteristic for tetrahedrally coordinated Al atoms belonging
to structural AlO4. The other two peaks do not appear in the 2 Al MAS NMR spectrum
of clinoptilolite (Farias et al., 2009; Garcia-Basabe et al., 2010).

The peak at 0 ppm is explained by the presence of octahedrally coordinated extra-
framework Al species (AlOs structural units). Their formation occurred during the
conversion of CLI to HCLI which caused a partial dealumination of the aluminosilicate
lattice (Lippmaa et al., 1986; Farias et al., 2009; Garcia-Basabe et al., 2010). The second
peak at around 30 ppm was ascribed to the extra-framework five-coordinated Al also
formed by the dealumination.

Spectrum of SnHCLI9 displayed an additional peak appears at around 15 ppm. This
peak was ascribed to the hexa-coordinated aluminum species surrounded by SiO species
(Lippmaa et al., 1986; Zhang et al., 2010). All this suggests that the conversion of CLI
to HCLI led to the formation of extra-framework Al-O-Si species in the SnHCLI9.
These species contribute to Lewis acidity of the sample.

The 2°Si MAS NMR spectra are for all samples are very similar (Figure 33b) showing
the presence of Si atoms with different environments. Deconvolution of the 2°Si NMR
spectrum displayed three resonances at about —110, —101 and —92 ppm. The resonances
at —101 ppm and —-92 ppm are notably enhanced compared to the signal at —110 ppm,
indicating that the former peaks can be assigned to the Si atoms that have H atoms in
vicinity (Q® and Q? sites, (OSi)3Si(OH) and (OSi)2Si(OH)z2, respectively), whereas the
latter peak belongs to Q* [Si(OSi)a].
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Figure 33. a) ’Al and b) 2Si MAS NMR spectra of the catalysts.

Interaction of nitrate and phosphate ions with MCLI samples (M=Mn, Fe, Mg) was
studied by FTIR analysis. The FTIR spectra are given in Figure 34. All FTIR spectra
exhibit vibrations characteristic for a zeolite lattice.

The strong vibration band around 1069 cm™ corresponds to asymmetric stretching of
T-O (T= Si or Al) of the tetrahedra building blocks (Breck, 1974). A vibration band at
around 467 cm™ arises from the T—O bending vibrations while the vibration band
around 607 cm™ belongs to the stretching bonds between tetrahedral units. A broad
vibration band in the region between 3500 and 3700 cm originates from the stretching
vibrations of the hydroxyl groups (Mozgawa et al. 2011) whereas the band at 1634 cm™
Lis due to the presence of water molecules. A vibration band observed around 1380 cm™
1 appearing only in the spectra of the nitrate-containing MCLI corresponds to
asymmetric stretching vibrations of nitrate ions (Islam and Patel, 2009). This band is
confirmation that oxide particles (MgO, Fe203 and Mn3O4) onto surface of CLI make
CLI available to negatively charged nitrate ions. Vibration band around 1054 c¢cm
corresponding to asymmetric stretching of P-O of phosphate groups is not shown in the
FTIR spectrum of phosphate-containing samples, probably due to overlapping of this
band with the strong band of zeolite lattice (Shi et al., 2019). There is only weak band

around 539 cm™* which corresponds to bending vibration of O—P-O.
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Figure 34. FTIR spectra of the CLI and MCLI samples after nitrate (referred as N)
and phosphate (referred as P) loading.

Acidity of HCLI and Sn-containing samples were also studied by FTIR analysis. The
spectra were recorded after pyridine (Py) adsorption which was used as a probe
molecule.

The spectra are shown in Figure 35. The vibrations at 1615 and 1452 cm™ are due to the
ring vibrations of coordinatively bound Py and can be ascribed to the Lewis acid sites
(LPy). The vibrations at 1638 and 1550 cm arise from the protonated Py formed from
an interaction of Py with protons belonging to hydroxyl groups (Bronsted acid sites,

BPy) (Karge et al., 2003).

FTIR spectra of both nonsulfated and sulfated samples displayed bands showing the
presence of both Lewis and Bronsted acid sites.
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Figure 35. FTIR spectra of adsorbed pyridine (Py) for: a) SnHCLI5/SSnHCLI5 and b)
SnHCLI9/SSnHCLI9. Spectra were collected after Py desorption at temperature of
100, 200, 300 and 400 °C (shown from top to bottom for each sample). Lewis- and

Bronsted acid sites are marked by LPy and BPy, respectively.

Concentration of the Lewis and Bronsted acid sites was calculated by integration of
absorption band at 1550 and 1452 cm™ using molar extinction coefficients of 1.67 and
2.22 cm pmol ™, respectively (Emeis et al., 1993). The obtained results are summarized
in Table 11. It is evident that the amount of Lewis acid sites of SnHCLI is higher than
the amount of Bronsted acid sites. This can be explained by the presence of the
coordinatively unsaturated Sn ions in the CLI lattice (Platero et al., 1996; Popova et al.,
2016). It has been also reported that incorporation of metal ions such as Sn**, Zr** or
Ti*" into the zeolite lattice can create Lewis acid sites (Guan et al., 2018). For instance,
the presence of two types of Lewis acid sites are found in Sn-containing zeolite £ the
first one corresponds to the Sn atoms completely coordinated by lattice oxygen, Sn(—
Si—0O-)4, whereas the second one belongs to partially hydrolyzed framework Sn atoms,
(-Si—0-)3Sn—OH (Boronat et al., 2005). Moreover, the results from Table 11 show that
a higher amount of Sn in HCLI led to an increase in the amount of Lewis acid sites,
whereas Bronsted acid sites remain unaffected.

For SSnHCLI the amounts of acid sites are significantly higher than for SnHCLI. These

suggest that sulfate species act as Lewis acid sites and also increase Bronsted acidity. A
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similar effect has been reported for sulfated ZrO2/KIL-2 and sulfated nano-SnO:
(Popova et al., 2016; Popova et al., 2018). According to the model proposed by Khder
and coworkers (Khder et al., 2008), the presence of sulfate groups at the surface of the
solid may lead to the generation of strong Lewis acidity. The sulfate groups act as
electron withdrawing species, causing an inductive effect which contributes to the Lewis
acid strength. In addition, presence of water leads to convertion of the Lewis acid sites

to Bronsted acid sites via proton transfer.

Table 11. Acidity of the samples calculated from the FTIR spectra.

Sample Bronsted sites, pmol g% Lewis acid sites, pmol g
SnHCLI5 0 55.5
SSnHCLI5 1174 240.0
SnHCLI9 3.8 164.5
SSnHCLI9 143.7 236.4

4.2 Modified clinoptilolite as a soil supplement

Since the clinoptilolite has been found as a good carrier for nitrate and phosphate ions
and the clinoptilolite lattice contains movable cations which are plant nutrients, one of
the aims of this doctoral thesis was the develop a novel, environmentally friendly and
cost-effective soil supplement using clinoptilolite. To achieve these, batch and column
experiments were carried out. In batch experiments, nitrate and phosphate adsorption
onto clinoptilolite were studied whereas leaching experiments were performed only
using column system in order to make the leaching conditions similar to environmental

ones.

4.2.1 Batch experiments

4.2.1.1 Nitrate adsorption

Effect of zeolite amount on the nitrate adsorption capacity

The effect was studied by varying the amount of FeCLI, MgCLI and MnCLI from 0.5
to 2.0 g using the initial nitrate concentration of 100 mg dm=3. As shown in Figure 36,
the increase of the zeolite amount led to an increase of nitrate adsorption efficiency. For

all samples, the nitrate adsorption initially increases sharply with increasing adsorbent
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mass up to 1.0 g. Then, a negligible increase of adsorbed nitrate occurred with higher
amount of zeolite. Thus, double increase of zeolite mass leads to only 10% increase of
the nitrate adsorption. The decrease of adsorption efficiency has been explained by the
two phenomena: 1) decrease in the adsorption per unit mass of adsorbent due to the
unsaturation of the adsorption sites and 2) reduction of the effective surface area due to
particle aggregation (Islam and Patel; 2009). Taking this into account a ratio of 1.0 g of
zeolite and 50 cm? of liquid phase (nitrate solution) was chosen as the optimal

solid/liquid ratio in further experiments.
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Figure 36. Effect of the zeolite amount on the nitrate adsorption onto MCLI samples.

Effect of temperature

The effect of temperature was studied at 25, 35 and 45 °C. The results are shown in
Figure 37. The results showed that temperature increasing enhances the adsorption
efficiency for all studied MCLI indicating that the adsorption process was endothermic.
This increase could be explained by better diffusion of nitrate inside CLI lattice and
accordingly, by better accessing of adsorption sites. Since the adsorbed amount of
nitrate at zeolite surface (g:) was highest at the highest temperature, effect of initial

concentration on nitrate adsorption was investigated at 45 °C.
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Figure 37. Effect of the temperature on the nitrate adsorption onto MCLI samples

(initial NOs™ concentration is 100 mg dm™).

Effect of the initial concentration on nitrate adsorption

The effect of initial nitrate concentration was studied for the concentration range 50—
300 mg dm™3. Figure 38 shows change of the amount of adsorbed nitrate on MCLI (qy)
at 45 °C. The increase of gt with initial nitrate concentration is evident for all MCLI.
Moreover, the results indicate that the adsorption did not reach saturation in the studied
concentration range for 24 h. The most pronounced adsorption effect is observed for the
FeCLI showing that the q: on FeCLI increased from 1.5 (Co= 50 mg dm=) to 5.6 mg g~
1 (Co= 300 mg dm™3). The presented results indicate that the adsorption is influenced by
the oxides present on the CLI surface suggesting that FeCLI is the most perspective
adsorbent for the nitrate adsorption.
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MCLI samples.

Adsorption kinetics

In order to study mechanism of the adsorption process, adsorption kinetic experiments
were carried out. The experiments were performed at 45 °C using the initial nitrate
concentration of 300 mg dm=3. The obtained results are shown in Figure 39. It can be
seen that the gt onto MCLI increased with the contact time. The adsorption is initially
relatively fast which can be attributed to larger number of available active sites at the
surface of MCLI at the beginning. After about 400 min, the adsorption slowed down
due to the saturation of MCLI.
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Figure 39. Nitrate adsorption kinetics onto MCLI samples.

Furthermore, the kinetic results were analyzed by three kinetic models (Lagergren
pseudo-first-order, Lagergren pseudo-second-order and Intra particle diffusion model or
Weber—Morris) that are the most applied models for studying the adsorption by zeolite
from aqueous media. The obtained kinetic parameters for all studied MCLI samples are
summarized in Table 12. The values of the correlation coefficient (R?) indicate that the
Lagergren pseudo-second-order model best describes the adsorption kinetics for all
studied MCLI samples (Figure 40). Also, experimental ge values are in good agreement
with the estimated data. This indicates that during nitrate removal chemisorption
occurred. The most probable mechanism includes formation of “donor-acceptor” bonds
between nitrate ions and metal cations onto MCLI. Similar observations have been
found for the adsorption of nitrate and phosphate onto oxide-modified zeolites
(Teimouri et al., 2016; Kaplanec et al., 2017). Additionally, the Kinetics data were also
tested by the Weber—Morris model in order to examine whether the intra-particle
diffusion is involved in the adsorption process. The straight line was obtained indicating
that diffusion is involved into adsorption but it is not the rate controlling step of since
the lines did not pass through the origin (Weber and Morris, 1963; Aravindhan et al.,
2009). It can be concluded that the kinetic results are in agreement with Lagergren
pseudo-second-order model. This model is acceptable for a variety of adsorbents
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including different type of zeolites, nano-sized alumina, activated carbon, sepiolite,
chitosan hydrogel beads (Ozcan et al., 2005; Chatterjee and Woo, 2009; Bhatnagar et
al., 2010).

Table 12. Kinetic parameters for the nitrate adsorption onto MCLLI.

Kinetic model Kinetic parameters

LPFO e, Mg g* ki, ht R2
FeCLlI 4.99 0.1323 0.9811
MgCLI 4.19 0.1332 0.9895
MnCLI 3.68 0.1919 0.9839
LPSO 0e, Mg g* ko, g mg~t h! R?
FeCLlI 5.89 0.0179 0.9982
MgCLI 4.42 0.0431 0.9950
MnCLI 3.84 0.0259 0.9961
Weber-Morris C Kint, Mg g~ h-1/2 R2
FeCLlI 0.2235 1.1726 0.9521
MgCLI 0.2247 0.9532 0.9713
MnCLI 0.1698 0.7778 0.9065

LPFO — Lagergren pseudo-first-order; LPSO — Lagergren pseudo-second-order; . — the nitrate
amount adsorbed at equilibrium, k; —the rate constant of the first-order kinetic model; k; —the rate
constant of the second-order kinetic model; C — the intraparticle diffusion constant that is directly
proportional to the boundary layer thickness; ki — the intraparticle diffusion rate constant, R? —
correlation coefficient.
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Figure 40. Pseudo-second-order kinetic model for the adsorption of nitrate onto
MCLI.

Adsorption isotherms

The equilibrium adsorption data were analyzed using three common isotherms:
Langmuir, Freundlich and Temkin isotherm models. The results are given in Table 13
showing that experimental results are in good agreement with the Langmuir isotherm
(R?= 0.9961).

The important features of the Langmuir isotherm can be expressed in terms of a
dimensionless constant RL (separation factor) which is used to express the favourability
of the adsorption process. The calculated values of RL at studied initial nitrate
concentrations are shown in the Figure 41. These values indicate favourable adsorption
process of nitrate onto MCLI. Moreover, lower values of RL at higher initial
concentrations demonstrated that nitrate adsorption is also favourable at higher
concentrations. The favourability of the adsorption process can be also predicted from
the Freundlich constant n. The obtained n values are greater than 1 indicating the nitrate
adsorption on MCLI is a favourable process. However, correlation coefficient (R?)
values for Freundlich isotherm are slightly lower than for Langmuir. In addition, the
lowest values for the correlation coefficient (R?) were obtained for the Temkin isotherm
model (Table 13).
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Table 13. Isotherm parameters of the nitrate adsorption on MCLI at 45 °C.

Isotherm Isotherm parameters

Langmuir Qo, mg g* b, dm3 mg! R?
FeCLlI 8.46 0.011 0.9654
MgCLI 4.16 0.021 0.9667
MnCLI 7.58 0.006 0.9961
Freundlich Ks, dm? gt n R?
FeCLlI 0.26 1.66 0.9512
MgCLI 0.48 2.71 0.9275
MnCLI 0.11 1.48 0.9904
Temkin A, dm3 mg* br, kJ mol R?
FeCLlI 0.10 1.35 0.9060
MgCLI 0.24 3.07 0.9014
MnCLI 0.06 1.69 0.9132

Qo — maximum amount of nitrate per unit mass of MCLI; b — Langmuir adsorption equilibrium
constant related to adsorption energy; Ks, n — Freundlich constants; A — Temkin equilibrium binding
constant; bt — Temkin constant related to the heat of adsorption (kJ mol™).

Range of enthalpy change (i.e. change of heat of adsorption) can give an indication for
the physical or chemical nature of the adsorption. Thus, the values of parameter brin
the Temkin isotherm give an insight into bonding energy showing type of interaction
between adsorbent and adsorbate (Kiran and Kaushik, 2008; Liu and Zhang, 2015). The
obtained values of br for all studied adsorbents (Table 13) indicate that interactions
between all MCLI and nitrate ions do not include either ion-exchange or physisorption.
According to Monazam and Omotude (Monzam et al., 2012; Omotude et al., 2018)
higher values of br indicate an ion-exchange process whereas lower ones indicate
physisorption (electrostatic interactions between charged molecules). Typical range of
bonding energy for ion-exchange mechanism is reported to be 8-16 kJ/mol. Values up
to —20 kJ/mol indicate the physisorption whereas the values less than —40 kJ/mol are

ascribed to chemisorption.
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Figure 41. Separation factor (R.) obtained from the Langmuir isotherm model as a

function of initial nitrate concentrations.

It should be stressed that the obtained results are difficult to compare with literature ones
due to differences in experimental conditions including different initial concentrations,
pH, liquid/solid ratio, reaction temperature and contact time. Langmuir isotherm model
has been applied to describe the nitrate adsorption onto various adsorbents. For instance,
for initial nitrate concentration range 1-100 mg dm=, nano-alumina removed about 4.0
mg g at 25 °C and pH=4.4 (Bhatnagar et al., 2010). The adsorption capacity of the
composite chitosan/zeolite/ZrO2 was reported to be 23.58 mg g for initial nitrate
concentrations from 5 to 80 mg dm= at 35 °C and at pH=3 (Teimouri et al., 2016). For
initial nitrate concentration of 100 mg dm= and pH=6, at 50 °C the adsorption capacity
of hydroxyapatite was 21 mg g (Islam et al., 2010). Moreover, Freundlich isotherm
model has been also applied to describe the nitrate adsorption. Accordingly, the
adsorption capacity of modified steel slag was found to be 6.2 mg g for initial
concentrations of 20-300 mg dm= at 25 °C and at pH=6 (Yang et al., 2017). The
adsorption capacity of the modified wheat residue was 2.08 mmol g at initial
concentration range 100-800 mg dm= at 23 °C and pH=6.8 (Wang et al., 2007).
Freundlich isotherm model has been also applied to describe the nitrate adsorption onto

biochar from microwave pyrolysis of different biomass feedstocks (Chintala et al.,
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2013). Depending of the type of feedstock the adsorption capacity was in the range from
3.5t0 15.2 mg g* at room temperature and at pH=4 (for initial nitrate concentrations up
to 0.8 mmol dm™3).

According to the literature data (Yang et al., 2017), electrostatic interactions between
negatively charged nitrate anions and positively charged M-OH2" groups may be
responsible for nitrate adsorption onto metal-hydroxo-containing adsorbents. These M—
OH:" groups are formed mainly at lower pH as a result of the reaction between the H*
from the solution and surface hydroxyl groups present on the adsorbent. Additionally,
nitrate adsorption can also occur by an ion-exchange reaction between nitrate and

surface hydroxyl groups present at the surface of the adsorbents.

4.2.1.2 Phosphate adsorption

Adsorption of phosphate ions from an aqueous medium was studied using FeCLI. The
initial concentrations were in the range of 50-300 mg dm=. The obtained results are
shown in Figure 42. It is evident that g: increases with initial concentration reaching the
amount of 24.9 mg g for the phosphate concentration of 300 mg dm=. In addition, the
adsorption at lower initial concentrations (50 and 100 mg dm=) occurred fast
accomplishing the equilibrium for less than 60 min. At higher initial concentrations (200
and 300 mg dm3) the equilibrium is reached for approx. 240 min. For all initial
concentrations, rapid adsorption of phosphate occurs at the initial stage suggesting the
presence of a large number of available adsorption sites. Then, the adsorption is slower
most probably due to steric factors — presence of the remaining adsorption sites at less

available position.
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Figure 42. Adsorption kinetics for different initial phosphate concentrations.

The data shown in Figure 42 were analyzed using three kinetic models (Lagergren
pseudo-first-order, Lagergren pseudo-second-order and Intra-particle diffusion model
or Weber—Morris). The obtained kinetic parameters are given in Table 14. It can be seen
that the experimental results agree well with the Lagergren pseudo-second-order model
(Figure 43): R? values are very close to 1 and values of parameter ge agree well with the
experimentally obtained values. This suggests that chemisorption occurs during
phosphate adsorption. Moreover, the values of rate constant ko decrease with the
increase of initial concentration indicating that more time is required to reach
equilibrium conditions at higher initial concentrations. The similar observation was
found for the adsorption of phosphate on clinoptilolite treated with Ca(OH):2
(Mitrogiannis et al., 2017) as well as for the phosphate adsorption on different materials
including oxides, chitosan, zeolites and MOFs (Liu and Zhang, 2015; Lalley et al., 2016;
Liu et al., 2018).
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Table 14. Kinetic parameters for the phosphate adsorption onto FeCLl.

Kinetic model Kinetic parameters

IC‘:OPFmOg am-3 Qe, mg gt ki, ht R?
50 0.66 0.1492 0.9105
100 2.21 0.1658 0.9439
200 6.38 0.2045 0.9869
300 9.21 0.1076 0.9800
(szsrf,)g dm= Qe Mg g kz,g mg™ h* R?
50 4.98 0.9267 0.9999
100 9.91 0.2685 0.9998
200 20.12 0.0987 0.9998
300 25.52 0.0503 0.9991
50 4.23 0.1572 0.9100
100 7.50 0.5074 0.8954
200 13.53 1.4146 0.8755
300 14.51 2.1548 0.9910

LPFO - Lagergren pseudo-first-order; LPSO — Lagergren pseudo-second-order; ge — the phosphate
amount adsorbed at equilibrium, k; —the rate constant of the first-order kinetic model; k, —the
rate constant of the second-order kinetic model; C — the intraparticle diffusion constant that is
directly proportional to the boundary layer thickness; kin: — the intraparticle diffusion rate constant,
R? — correlation coefficient.

300-
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Figure 43. Lagergren pseudo-second-order kinetic model for the phosphate
adsorption.
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In order to study the extent to which diffusion participates in the adsorption of
phosphate, the adsorption data were also analyzed by intra-particle diffusion model or
Weber Morris model. The values of C (Table 14) indicate that the lines did not pass
through the origin suggesting that the intra-particle diffusion is not the rate-controlling

step.

Adsorption isotherms

The adsorption equilibrium data were further analyzed by Langmuir, Freundlich and
Temkin adsorption isotherm models. The Langmuir isotherm model shows the best
agreement with the experimentally obtained results (Table 15): R? is close to 1 and the
maximum adsorption capacity (Qo) calculated from the model (26.11 mg g?) is similar
to the experimentally obtained value (24.85 mg g™?). The values of dimensionless
constant R. (Figure 44) as another important parameter in the Langmuir model
indicating that the adsorption is favourable process (R. is in the range 0-1).

Table 15. Isotherm parameters of the phosphate adsorption onto FeCLI at 25 °C.

Isotherm Isotherm parameters

Langmuir Qo'zg.]lglg_l i dgg;n - 0.9Rgz73
Freundlich - 3?2 & .64 O.SI;E:34
Temkin i d4r2.33;ng_1 5 lBJ.S?OI_l o.8Rgz44

Qo — maximum amount of phosphate per unit mass of FeCLI; b — Langmuir adsorption equilibrium
constant related to adsorption energy; Ki n — Freundlich constants; A — Temkin equilibrium
binding constant; bt — Temkin constant related to the heat of adsorption (kJ mol™).

Based on the assumptions from Langmuir isotherm model, the adsorption occurs as a
monolayer process. These results well agree with the literature data for the phosphate
adsorption onto chitosan, different oxides as well as modified clinoptilolite (Huo et al.,
2012; Liu and Zhang, 2015; Lalley et al., 2016). The value of the Freundlich constant n
was higher than 1 indicating also that the phosphate adsorption was favourable. Temkin
isotherm model gave the lowest value for the correlation coefficients (R?). The obtained
value of br suggests that interactions between the FeCLI and phosphate ions includes

not only ion-exchange but also physisorption. A very similar value of br was reported
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for phosphate adsorption onto adsorbents such as chitosan, magnetite or iron-zirconium
modified activated carbon nanofibers (Liu and Zhang, 2015; Xiong et al., 2017; Hou et
al., 2020). For these adsorbents, both chemisorption and physisorption were reported to

be involved in the phosphate adsorption.
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Figure 44. Separation factor (R.) obtained from the Langmuir isotherm model as a

function of initial phosphate concentrations.

In summary, the obtained results demonstrated a strong affinity oft the FeCLI toward
phosphate anions. The mechanism of phosphate adsorption on adsorbents containing
Fe(l11) oxide particles has been widely studied. Considering literature data formation of
both inner-sphere and outer-sphere complexes are involved in the adsorption process
(Kim et al.,, 2011; Guaya et al., 2016; Li et al., 2016). Outer-sphere complexes
(physisorbed phosphate) arise from the electrostatic interactions between negatively
charged phosphate anions and Fe-OH2" groups whereas inner-sphere complexes
(monodentate and bidentate) form via ligand exchange reactions resulting in the
formation of covalent Fe—O—P bonds.

Moreover, the adsorption mechanism can include also surface precipitation through the
formation of slight soluble Ca, Zn, Al, or Mg phosphates (Li et al., 2016).
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4.2.2 Leaching experiments

Leaching experiments were performed in order to study desorption of nitrate and
phosphate into water media taking into account the application of nitrate- and
phosphate-containing clinoptilolite as soil supplements.

The experiments were performed using a column system and three different types of
soil: sandy soil from Norway, NW; silty loam soil from Serbia, SRB and silty clay soil
from Bosnia and Hercegovina, BH.

Also, using leaching experiments, the retention of potassium (K¥) in the soils was
studied.

Clinoptilolite as nitrate carrier

The results of the leaching experiments expressed as the amount of NOs—N leached per
kg of soil with time t are given in Figure 45.

The presented results showed that the amount of leached NOs—N obtained from the
system | (control system, only soil) varied with different soil samples: from 0.9 mg kg~
L(NW), 4.9 mg kg™ (SRB) to 21.9 mg kg (BH). The addition of both CLI and FeCLI
to SRB and BH resulted in the lower leaching rate of NOs—N. Thus, addition of 1 wt.%
of CLI (systems I11) decreased NO3-N leaching to 2.7 for SRB and 16.3 mg kg for
BH. The effect of the FeCLI was more visible and depended on its amount. A higher
amount of FeCLI led to higher NO3—N retention in these soils. The results from the
system VII (with 1.0 wt.% of FeCLI) showed that leached amount of NOs—N was 1.9
mg kg for the SRB and 7.3 mg kg for the BH soil. However, the addition of both CLI
and FeCLI exerted negative effect on the NOs—N leaching from the NW sample (a slight
increase in the leached NOs—N was observed) which was also evident in all other

systems.
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Figure 45. Amount of the leached NOs—N over time (t) from the studied soils
(systems: I —soil; Il —soil + KNOg; 111 — soil + CLI; 1V —soil + CLI + KNOgs; V — soil
+ FeCLI 0.5 wt.%; VI —soil + FeCLI1 0.5 wt.% + KNOs; VII — soil + FeCLI 1 wt.%;
VIl —soil + FeCLI 1wt.% + KNO3).
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As expected, much higher amount of NOs—N was leached from the systems Il that
contained KNOs as typical mineral fertilizer. A positive effect of zeolite (CLI and
FeCLlI) addition was also observed in these systems (systems IV, VI and VIII) for SRB
and BH soils. For the SRB soil, addition of 1 wt.% of CLI (system V) reduced leaching
of NO3—N from 94.0 to about 69.4 mg kg whereas the addition of the same amount of
FeCLI (system VIII) reduced NO3-N leaching to about 55.0 mg kg*. For the BH soil,
the effect of zeolite addition was lower in comparison to SRB soil. The amount of
leached NOs—N was slightly reduced after CLI addition (system V), from 77.0 to about
73.0 mg kg. Addition of FeCLI decreased NOs—N leaching to 69.5 (0.5 wt.% FeCLI,
system V1) and 64.6 mg kg™ (1 wt.% FeCLlI, system VI1II).

Different effects of the zeolite addition on the NOs—N retention in the SRB and BH soil
could be attributted mainly to the differences in physico-chemical properties of these
two soils. SRB is acidic soil in contrast to BH which is alkaline soil. Therefore, it can
be assumed that in the BH soil there is competition between nitrate and hydroxyl ions
for the adsorption sites on the zeolite.

Irrespective of the soil types or treatments, the highest amount of NO3—N leached out
during the first day of experiment and then the leaching proceeded slowly until the end
of the experiment. This could be attributed not only to a high amount of irrigation water
but also to high solubility of nitrate. High leaching rate of nitrate at the beginning of the
leaching experiments was also observed for silty clay and sandy soils ameded with
Italian chabazite (Colombani et al., 2015). It was assumed that saturation of the columns
by pumping synthetic rainwater from the inlet lead to dissolution of the salt (that was
used as a source of nitrate) and move of nitrate by the water phase to bottom of the
column. Therefore, a high concentration of nitrate was near the bottom of the column
and leached at the begging of the irrigation.

Clinoptilolite as phosphate carrier

The use of FeCLI as a soil supplement in order to retain phosphate ions in the sandy
(NW) soil was studied. The results of the leaching experiments are presented in Figure
46 as a relationship between the leached amount of phosphate from the soil (mg P per

kg soil) over time t.
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The obtained results showed that leaching of phosphate from the NW soil was occurred
in a small extent during the period of 7 days. Therefore, leaching experiments were
prolonged up to 12 days. During this period, an increase in the phosphate leaching was
observed (Figure 46). As expected, a higher amount of phosphate was leached from the
systems which contained KH2PQO4 as a phosphate fertilizer. Leaching rate of phosphate
from the NW soil was reduced by addition of FeCLI in systems without as well as in the
systems contained KH2POa4. The higher retention of phosphate was observed for the
systems with a higher amount of FeCLI.

However, taking into account a very small concentration of leached amount of
phosphate from all the studied systems, it is ungrateful to discuss in detail to which
extent (giving the retention efficiency of FeCLI in the percentage) FeCLI influence the
retention of phosphate. Moreover, a visible and statistically significant improvement of

phosphate retention was observed for all the systems with FeCLI (Figure 46).
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Figure 46. Amount of the leached phosphate for the studied systems over time (t)
from NW soil (systems: | — soil; 1l —soil + KH2POg; 111 —soil + FeCLI 0.5 wt.%; IV —
soil + FeCLI 0.5 wt.% + KH2POg4; V —soil + FeCLI 1.5 wt.%; VI —soil + FeCLI 1.5
wt.% + KH2POys; VII — soil + FeCLI 2.5 wt.%; VIII —soil + FeCLI 2.5 wt.% +
KH2PO4).
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The effect of FeCLI on the phosphate retention in the examined sandy soil could be
ascribed to a high affinity of FeCLI toward phosphate ions due to the presence of iron
oxide particles onto CLI. Decrease in the phosphate leaching by addition of Fe-
containing clay minerals such as kaolinite, calcite, bentonite and zeolite has also been
observed for the sandy soil (Mohorami and Jalali, 2014).

A small leaching rate of phosphate from the studied sandy (NW) soil can be ascribed by
a high affinity of phosphate toward soil particles present in the sandy soils. Namely,
retention of phosphate in this type of soil can be attributed to the adsorption and
precipitation reactions. In acidic soils, such as NW soil used in this study, oxides and
hydroxide minerals of Al and Fe are primarily included in the phosphate adsorption
(Brady and Weil, 2004).

Clinoptilolite as Potassium carrier

Retention of potassium (K*) in the NW, SRB and BH soils were studied in the presence
of the CLI and FeCLlI. The obtained leaching results shown in Figure 47 are expressed
as a percentage of the leached K™ amount (X) from the studied soil over time (t). The X
values were calculated as the ratio of the K* amount (mg K* per kg soil) leached from
the soil after time t and the total K amount calculated as a sum of the plant available
K* and the K" added by KNOs (mg K* per kg soil). The calculated amount
underestimates the real total K amount in the soils but probably represents the leaching
potential for the experimental period of seven days.

For all studied systems, K* leaching from the NW sample was higher than from the SRB
and BH samples. In the system | (control system, only soil), 18.6% of K* was leached
from the NW, 5.4% from BH and 4.4% from SRB soils during the 7 days. The obtained
results indicated that the addition of both forms of zeolites (CLI and FeCLI) to NW soil
reduces K* leaching. Addition of CLI (1 wt.%, system I11) reduces K* leaching to 16.4%.
However, FeCLI in comparison to CLI reduced the K leaching to a higher extent.
Addition of the same amount of FeCLI (1 wt.%, system VII) reduces K* leaching to 6%.
In addition, K* leaching from the system V that contained 0.5 wt.% of FeCLI was
reduced to 7%.
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A slightly visible but statistically significant reduction in the K* leaching (p < 0.05) was
also evident for the SRB and BH samples after the addition of both zeolites CLI and
FeCLl.

The system |1 included the presence of solid KNOs as a typical mineral fertilizer to the
soil. The influence of the zeolite addition on the K* leaching amounts and the kinetics
was studied in the systems 1V, VI and VIII. For the NW soil the addition of CLI reduced
the K* leaching from 44.6 to 27.0% whereas FeCLI reduced the K* leaching depending
on the zeolite amount as follows: to 26.0 % (0.5 wt. % FeCLlI, the system VI) and to
12.0 % (1.0 wt. % FeCLlI, the system VIII). The results clearly showed that the addition
of FeCLI can improve retention of K* retention in the sandy soil.

The K* leaching from SRB and BH samples in the system Il was significantly smaller
(8.3 and 6.3%, respectively) than from the NW sample. This can be attributed to the fact
that clayey soils such as SRB and BH have a higher ability to retain K* than sandy ones.
For these two samples, the addition of both forms of zeolite had a positive effect on the
K™ retention. Addition of 1.0 wt.% of FeCLI reduced the K* leaching from the SRB
sample to 3.3% and to 4.2% for the BH sample.

The obtained results (Figure 47) clearly show that the leaching of K" is highly dependent
on the soil type. As expected, the K* leaching is the most pronounced for the NW sample
confirming high mobility of K* from sandy soils. These soils have limited ability to bind
plant nutrients such as K* due to the low content of clay. NW soil contained much less
clay (only 3%) in comparison to SRB (23%) and BH (42%). The content of silt was also
very low (3%) in NW whereas SRB and BH soils contained a much higher amount of
silt 73% and 50%, respectively. Since that clays are strongly negatively charged,
positively charged cations such as K*, Ca?* or Mg?* are easily bind in these soils, and

thus the leaching of K™ occurs to a smaller extent.

99



60 |

|NW el
50 a1
I —v— |V
201 " T ey
1 1 VI
= ] ;//i/ AL
< 30- i/L ? % e VIl
201 ;/,g/i/i/i
10{ /| A4 & 3
%/3 s ¢+ + ¢ B
0 1 2 3 4 5 6 7
t, day
7 —a— |
z-SRB o
] //} Ao
" Sy
61 /} % <V
] // % > VI
SO - % vl
< 4] /t /ﬁd/
X /Lﬁ §
/3
0 1 2 3 4 5 6 7
t, day
8_ —a— |
1BH e
[ A
6- I e
. S« VI
> VI
e VIl

Figure 47. Percentage of leached potassium (X) over time (t) from the studied soils
(systems: | —soil; 11 —soil + KNOs; 11l —soil + CLI; IV —soil + CLI + KNOs; V — soil
+ FeCLI1 0.5 wt.%; VI —soil + FeCLI1 0.5 wt.% + KNOs; VII — soil + FeCLI 1 wt.%;

VI —soil + FeCLI 1 wt.% + KNOs3).
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Both CLI and FeCLI improve the K* retention which is evident in the control system as
well as in the systems containing KNOs. The better efficiency of FeCLI than of CLI
could be explained by a better adsorption ability of FeCLI towards K* than that of parent
CLI. The FeCLI contains particles of Fe2O3 at the surface of the CLI phase, which
enhances the adsorption ability of the zeolite towards different cations (Kragovic et al.,
2013). Moreover, the K* adsorption mechanism for CLI proceeds by ion-exchange,
whereas for FeCLI physisorption can be also included. Previously studies also indicated
that the retention of K* can be enhanced in sandy soils by the addition of CLI. The
findings show that leaching of K™ can be significantly decreased even from sandy soil
amended with municipal compost (Moraetis et al., 2015). Very recently, it has been
reported that K-saturated CLI applied to sandy soil and sandy soil amended with
chemical fertilizers can be used in preventing the K* loss from soil (Eslami et al., 2018).
In contrast to the sandy NW soil, the CLI addition has a very low reduction effect on
the SRB and BH samples, which are silty loam and silty clay, respectively. The presence
of FeCLI has a somewhat higher effect, which could be attributed to its better adsorption
ability toward K*. These soils are capable to retain K* to a high extent and therefore the
effect of both form of zeolites (CLI and FeCLlI) is poorly visible for the observed

systems.

Leaching kinetics of potassium from the studied soils

The kinetic data obtained from the leaching experiments were analyzed by the different
kinetic models given in Table 16. The best agreement (R% =~ 1) was found for the Avrami
kinetic model. The values of n (Avrami constant) and Inka (k — Avrami rate constant of
the K* leaching) were calculated from the slope and the intercept of the obtained plot
In[-In (1-X)] versus Int, respectively. The obtained values of the parameters and
coefficients of determination (R?) are shown in Table 16. According to the Avrami
model, the parameter n describes the mechanism of the leaching process: the initial rate
of reaction approaches zero for n > 1, being infinite and decreases with time forn <1
or being finite for n = 1. It is evident that the Avrami parameter n for all the studied
systems suggests that the initial rate of K* leaching is high and decreases with time (n <
1). The Avrami kinetic model has been applied to describe the kinetic data obtained

from the batch and dynamic (column) systems of different processes including
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adsorption, dissolution and leaching (Demirkiran and Kunkal, 2007; Vargas et al., 2011;
Zheng and Chen, 2014; Songolzadeh et al., 2015).

Table 16. Kinetic models used in studying of the K*-leaching.

Kinetic model R? Mean
Zero-order 0.5954 — 0.9999 0.96
First-order 0.6007 —0.9999 0.97
Second-order 0.6060 — 0.9999 0.97
Parabolic-diffusion 0.7063 — 0.9998 0.98
Elovich 0.8165 -1 0.96
Avrami 0.8823-1 0.99

Kinetic parameters of the K leaching obtained by Avrami model
System NW SRB BH

n In ka R? n In ka R? n In ka R?
[ 0.6313 -4.8042 0.9997 0.9051 -7.7212 0.9998 0.8770 -7.3682  0.9997
Il 05111 -3.1322 0.9997 0.6430 -5.7606  0.9994 0.5633 -5.6299  0.9904
I 0.6367 -4.9709 0.9998 0.8941 -7.6740 0.9999 0.8232 -7.1861  0.9991
1V} 0.2430 -2.4508 0.9979 0.6099 -5.6914  0.9990 0.4702 -55571  0.9942
\Y 0.4566 -5.1479 0.9993 0.8882 -7.8628 1 0.7639 -7.2289  0.9988
Vi 0.3176 -2.7720 0.9977 05391 -5.6109 0.9940 0.6856 -6.2227  0.9980
Wil 0.4396 -4.9191 0.9993 0.8185 -7.5899  0.9999 0.7589 -7.1802 0.9988
Vil 0.2875 -3.4967 0.8823 0.6793 -6.9145 0.9962 0.7759 -7.1196  0.9999

ka — Avrami rate constant; n — Avrami constant.
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4.3 Application of modified clinoptilolite in catalytic esterification of

levulinic acid
In these experiments, CLI was loaded with SnO2 (SnHCLI) and then sulfated to convert
SnHCLI to SO4-SnHCLI (SSnHCLI). The catalysts were prepared by two methods: 1)
wet impregnation and 2) mechanochemical treatment. Catalytic tests were performed in

a batch system under mild conditions, atmospheric pressure and at 100 °C.

1) Catalytic activity of the catalysts obtained by wet impregnation

Esterification of levulinic acid with octanol

The obtained catalytic results indicated that both studied samples nonsulfated (SnHCLI)
and sulfated (SSnHCLI), were catalytically active in the esterification reaction in
contrast to non-modified HCLI which showed very low catalytic activity (less than 10%
after 5 h) with both alcohols octanol (Oc) and ethanol (Et). In addition, the esters of LA
were only carbon products (selectivity of 100%) from the esterification reactions.
Figure 48 shows the results of the esterification LA into OLA in the presence of SnHCLI
and SSnHCLI. For all SnHCLI samples, the LA conversion to OLA was about 55%
after 5 h. This indicates that Sn concentration does not affect the catalytic activity of
SnHCLI samples. It seems likely that modification by more than 4.5 wt.% Sn leads to
the Sn deposition inside the pores or on the zeolite walls where the Sn species are not
accessible for the reaction. According to the XPS depth profiles, deposition of the Sn
species occurs not only at the surface but also inside the lattice of CLI.

Relatively high catalytic activity of the SnHCLI could be attributed to the presence of
relatively high amounts of Lewis acid sites. However, although the amounts of Lewis
acid sites increased by increasing the Sn content the LA conversion rate did not increase
indicating that all acid sites are not available for the esterification of LA.

The presented results (Figure 48) show also that the sulfation treatment of the SnHCLI
samples leads to a significant increase in the conversion rate of LA to OLA. The
catalysts obtained by sulfation with 3 mol dm= NH4(SO4)2 solution exhibit total
conversion of LA to OLA while slightly lower conversion rate (95-99%) was achieved
for the catalysts obtained by using 1 mol dm=3 NH4(SOa4)2 solution.

Total conversion of LA into OLA in the presence of SSnHCLI samples indicates that

all SSnHCLI samples have similar acidity which is supported by FTIR measurements.
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Significantly higher LA conversion was obtained for SSnHCLI than for SnHCLI which
can be explained by the significantly higher amounts of both acid sites (Lewis and
Bronsted) on SSnHCLI samples. As a comparison, the sulfated ZrO2/KIL-2 showed
higher conversion of LA into ELA and BLA compared to the non-sulfated samples
which was attributed to higher acidity (Popova et al., 2016). It has been also reported
that the sulfation of the SnO2 leads to increase of catalytic activity and accordingly
increase of the LA conversion to ELA. It can be explained by a synergetic action of

Lewis and Bronsted acid sites (Popova et al., 2018).
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Figure 48. Esterification of LA with octanol (reaction conditions: T=100 °C,
LA:Octanol ratio=1:7, t=5 h). S1 and S3 refers the concentration (1 or 3 mol dm3,
respectively) of the used NH4(SO4)2 solution.
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Esterification of levulinic acid with ethanol

The results obtained for the conversion of LA to ELA in the presence of both SnHCLI
and SSnHCLI are given in Figure 49. It can be seen that activity of SnHCLI in the
conversion LA to ELA was significantly lower than in the LA conversion to OLA.
However, in contrast to esterification with Oc the influence of the Sn content on the
catalytic activity is evident. LA conversion to ELA increases from 9% for SnHCLI5 to
22% for SNnHCLI12. This could be explained by the fact that catalytic active acid sites
inside the pores of SnHCLI become more accessible to smaller ethanol molecules.

The presented results (Figure 49) also show that the conversion rate of LA to ELA
increases after sulfation treatment confirming again that sulfate species play an
important role in the esterification reaction. Treatment with lower concentration of
NH4(SO4)2 (1 mol dm=3) increases conversion as follows: S1SnHCLI5
(13%)<S1SnHCLI9 (43%)<S1SnHCLI12 (72%). Additionally, the conversion to ELA
is significantly higher for SSnHCLI obtained by treatment with 3 mol dm=3 solution
showing LA conversion rate from 78% for S3SnHCLI5 to total conversion for
S3SnHCLI12. Significantly higher conversion rate of sulfated catalysts could be
ascribed to the presence of both Bronsted and Lewis acid sites. These results confirm
suggestion that the presence of sulfate groups significantly influences the conversion of
LA into ELA (Popova et al., 2016; Popova et al., 2018).
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Figure 49. Esterification of LA with ethanol (reaction conditions: T=100 °C,

LA:Ethanol ratio=1:7, t=5 h). S1 and S3 refers the concentration (1 or 3 mol dm™3,
respectively) of the used NH4(SO4)2 solution.
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Mechanism of LA esterification
Mechanism of the LA esterification with different alcohol over the sulfated catalysts has
been discussed by several authors (Pasquale et al., 2012; Popova et al., 2018). All the
reported results demonstrate the importance of acidity i.e. the presence of both Lewis
and Bronsted acid sites on sulfated catalyst generated by sulfation treatment.
Based on the reported results, the esterification involves the participation of both acid
sites (Lewis and Bronsted) in the esterification of LA with different alcohols. The
proposed reaction mechanism consists of several steps:
- adsorption of LA on the acid sites (Lewis and Bronsted) which are
present on the sulfated catalyst,
- formation of a protonated LA intermediate,
- nucleophilic attack of the oxygen atom from the alcohol on the carbonyl
carbon which leads to the formation of anoxonium ion,
- loss of a water molecule from the oxonium ion and subsequent
deprotonation which results in the formation of levulinate ester and the
regeneration of the acid sites onto catalyst.

The proposed reaction mechanism is given in the Figure 50.
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Figure 50. Reaction mechanism of the LA esterification (Popova et al., 2018).
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Reusability of the catalysts

Reusability tests were performed using the SSnHCL9 catalyst. The obtained results are
shown in Figure 51.

As can be seen, the catalytic activity of the catalyst as well as LA conversion rate
decreased in the repeated reaction cycles in both reactions. Conversion rate of LA to
OLA decreased from 100% (fresh catalyst) to 86% after next five reaction cycles. In
contrast, the conversion rate of LA to ELA decreased from 94% (fresh catalyst) to about
68% after the first cycle and is stabilized at 66% in the next five cycles (Figure 51).
The decrease of the catalytic activity can be attributed to partial leaching of sulfate
groups as reflected in the decrease of the S/Sn molar ratio (from 0.4 to 0.2). However,
there was no further leaching of sulfate after the second cycle, suggesting that further
desulfation is most probably prevented by structural features of the partially
dealuminated CLI lattice. Crystallinity of the spent catalysts was checked by PXRD
analysis. The obtained data confirmed that the catalyst remained crystallographically

unchanged during the esterification reaction.
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Figure 51. Reusability of the catalyst SSnHCLI9 in LA esterification with a) octanol
and b) ethanol at the 100 °C, LA:Octanol/Ethanol ratio=1:7 and reaction time of 5 h.

Catalytic but also reusability results suggest that LA conversion to OLA and ELA

proceeds in a different manner. It seems that esterification reaction with octanol mainly
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occurs at the external surface of the catalysts. Octanol is long chain alcohol and
molecules of octanol can not penetrate the pore system of the CLI-based catalyst.
Moreover, conversion curves obtained in the esterification with octanol suggest that the
reaction is faster than the reaction with ethanol. In contrast, the esterification of LA with
ethanol may occur not only on the external surface of the catalyst but also in the pores.
Ethanol is short chain alcohol and due to the appropriate sizes LA and ethanol molecules
can penetrate in the pores. However, the formation of intermediate products and ELA is
blocked in the pores and their diffusion out is limited which most probably lead to the
coke formation and decreasing of catalytic activity. This suggestion was also supported
by thermal analysis. Thermal analysis of the spent catalysts indicated that the residue
after the OLA production is significantly lower (14 wt.%) than after production of ELA
(26 wt.%). This suggests that lower catalytic activity of the catalyst in the repeated
reaction cycles with Et can be ascribed by the higher coke formation during the
esterification of LA.

A decrease of the catalytic activity of the sulfated catalysts in the esterification of LA
was also observed for other catalytic systems. The literature results indicate that the
reusability of the sulfated catalysts is limited since the catalysts suffer from the leaching
of sulfate (active) species even after the first reaction cycles. Considerable decrease in
catalytic activity and thus in LA conversion (from 40 to 14%) after the first reaction
cycle was reported for sulfated SnO2 (Fernandes et al., 2012). Also, a significant
decrease in catalytic activity was observed for sulfated ZrO2 (60% loss) and sulfated Si-
doped ZrO2 (80% loss) after five reaction cycles in the LA esterification with Et at 100
°C due to the partial leaching of sulfate species (Kuwahara et al., 2014). In addition,
decrease in catalytic activity was also reported for sulfated ZrO2/KIL-2 for which the
LA conversion into ELA was 51% in the first run and 47% after three cycles (Popova
etal., 2016).

Deactivation mechanism of the sulfated catalysts in the esterification reactions is still
the subject of many investigations. According to the reported data, a decrease in
catalytic activity can be explained by different reasons including acidity reduction, coke
formation or phase transformation (from catalytically active to catalytically inactive
metal oxide species) (Shi and Li, 2013). Deactivation mechanism proposed by Shi and

Li suggests that some active sulfate groups may be lost, poisoned or turned to less
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catalytic or even non catalytic sulfur species (Shi and Li, 2013). It has been assumed
that the water molecules produced from the esterification reactions play an important
role in the deactivation of the catalysts. It seems that hydrolysis of some strong Lewis
acid sites (which arise from the metal cations) by water molecules occur which
indirectly promotes their alcoholysis. This leads to a gradual acidity reduction of the
catalyst and thus to the decrease in their catalytic activity.

2) Catalytic activity of the catalysts obtained by mechanochemical method

The results obtained for the conversion of LA to ELA in the presence of SSnHCLI,
prepared by a mechanochemical method are given in Figure 52. Conversion of LA to
ELA was higher for the catalyst prepared by using more concentrated NH4(SOa)2
solution. Also, it can be seen that the highest LA conversion to ELA was obtained for
the catalyst with medium content of Sn, MS1SnHCLI9 and MS3SnHCLI9. The
conversion rate was about 26% and 43% after 5 h of reaction, respectively. The obtained
results also indicated that an increase of Sn content onto HCLI leads to a decrease in LA
conversion rate. The same observation has also been reported for the sulfated ZrO2 KIL-
2 composite (Popova et al., 2016). The phenomenon was ascribed to the significant
decrease of dispersion of ZrOz and the structure deterioration of the catalyst. Similarly,
a decrease in catalytic activity by increase of ZrO2 content was observed also for the
sulfated ZrO2 supported on SBA-15 (Barbera et al., 2015). It has been reported that Zr-
nanoparticles were located predominately outside the mesoporous channels for the
lower content of ZrOz. In contrast, an increase of ZrO2 content results in the formation
of Zr-nanoparticles predominantly inside the mesoporous channels. Moreover, it has
been observed that this causes differences in the acidity of the catalysts and thus in the
catalytic activity. Finally, it was assumed that the formation of Zr-nanoparticles inside
the channels of the catalyst offers the catalytic active sites that are not accessible for the
reactant molecules.

The results presented in the Figure 52 show that the catalytic activity of all sulfated
catalysts, as well as the conversion rate of LA to ELA, was significantly lower than for
the catalysts prepared by wet impregnation method. This suggests that preparation

method significantly affects the catalytic activity in the esterification of LA.
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Figure 52. Esterification of LA with ethanol (reaction conditions: T=100 °C,
LA:Ethanol ratio=1:7, t=5 h). S1 and S3 refers the concentration (1 or 3 mol dm™3,
respectively) of the used NH4(SO4)2 solution.
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5. CONCLUSIONS

The results obtained in this doctoral thesis strongly support the fact that the natural
zeolite (clinoptilolite) from Serbian deposits can be effectively modified into
environmentally friendly and cost-efficient adsorbents that can be further applied as soil
supplement as well as to catalytically active and reusable catalysts for the esterification

of levulinic acid.

Modification procedure is simple, with low energy consumption and consists of two
relatively simple steps: a) treatment of the clinoptilolite in an alkaline solution of Mg,

Mn(I1), Fe(ll) or Sn(1V) and b) calcination of the metal-enriched clinoptilolite.

Based on the detail characterization, the modification yielded MgO, Mn20s, Fe203 and

SnO:2 well dispersed particles onto clinoptilolite surface.

Considering all performed adsorption experiments it can be concluded that:

a) Adsorption using the prepared adsorbents is an endothermic process.

b) Concentration of nitrate on the adsorbents increased with increasing of initial
nitrate concentration in water media.

c) 1:50 was found as an optimal mass/volume ratio for nitrate adsorption.

d) Nitrate adsorption capacity is affected by chemical nature of oxide presents
onto clinoptilolite surface. Fe(lll)—containing clinoptilolite shows the best
adsorption capacity.

e) Nitrate adsorption can be described by Langmuir isotherm model whereas
the adsorption kinetics follows the pseudo-second-order kinetic model.

f) Phosphate adsorption onto Fe(l11)—containing clinoptilolite also follows the
Langmuir isotherm model and the adsorption kinetics follows the pseudo-
second-order kinetic model.

g) Mechanism of phosphate adsorption is complex including electrostatic
interaction and formation of donor-acceptor bonds between phosphate ions
and Fe(ll).
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From the leaching experiments it can be concluded that:

a)

b)

The retention efficiency of clinoptilolite and Fe(l11)—containing clinoptilolite
depends on the soil type.

The nitrate retention can be increased by the clinoptilolite and Fe(lll)-
containing clinoptilolite addition for the silty loam and silty clay soils.
Fe(lll)—containing clinoptilolite exerts a better retention effect than parent
clinoptilolite.

Potassium retention increases in the following order: silty loam < silty clay
<< sandy soil. The Fe(lll)—containing clinoptilolite has a higher retention
effect than clinoptilolite.

Potassium leaching kinetics from all soil types follows the Avrami kinetic
model.

Phosphate leaching from sandy soil proceeds in a small extent but addition
of Fe(lll)—containing clinoptilolite shows retention effect.

In catalytic experiments, the esterification of levulinic acid into ethyl and octyl esters

was studied. The catalytic activity of SnO2- and sulfated SnO2-containing clinoptilolite

was investigated in the esterification. From the obtained results the following

conclusions can be reached:

a)

b)

Catalysts prepared by wet impregnation method show a higher catalytic
activity with respect to catalysts prepared by mechanochemical method.

Non sulfated catalysts showed high activity in the conversion of levulinic
acid to octyl levulinate. Conversion rate is around 55% for all the studied
catalysts indicating that their catalytic activity is not affected by the Sn
content. The effect is explained by hindered access of long chain of octanol
to all acid sites especially that present inside the pores of clinoptilolite lattice.
Catalytic activity of non sulfated catalysts is significantly lower especially
in the conversion of levulinic acid to ethyl levulinate. By increasing of the
Sn content, the conversion rate increases (up to 22%) which is explained by
the fact that catalytic active sites on the catalysts become more accessible to

smaller ethanol molecules.
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d) Sulfated catalysts exhibit total conversion of levulinic acid to both octyl- and
ethyl levulinate which is attributed to the presence of a high amount of
Bronsted and Lewis acid sites.

e) The conversion rate of levulinic acid decreased to 86% for octyl levulinate
and to 66% for ethyl levulinate after five repeated reaction cycles. The
decrease is explained by a partial leaching of sulfate groups. Higher catalytic
activity in the conversion to octyl levulinate is ascribed to higher coke

formation in the esterification to ethyl levulinate.

All presented results clearly demonstrate benefits of the use of natural clinoptilolite. It
is highly perspective mineral for production of soil supplements for the retention of
nitrate, phosphate and potassium ions. This is important not only for the agricultural

practice but also for preservation of water bodies.

Clinoptilolite can also be the starting material for the preparation of catalysts applied
for production of levulinate esters. Considering the fact that levulinic acid is one of
twelve platform chemicals that can be obtained from biomass as well as that its esters
have versatile application, the obtained results are important for use of clinoptilolite in

design of environmentally friendly and cost effective catalysts.
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APPENDIX A

U3jaBa o ayTopcTBY

Nwme u npe3ume aytopa Jenena [1aBnosuh

Bbpoj unnexca 4006/2012

HzjaBbyjem
Jla je JOKTOpCKa ucepTalyja noJ HaCJI0BOM

“Cunresa u KaDaKTGDPBaHPIia HOBUX az[cop6eHaca H KaTajJinu3aTopa Ha 0aszu IPpUPOAHOr

3€0JMTa NPUMCHJbUBHUX YV IPOLCCY KODI/II_HheI-La ouomace"

“Synthesis and characterization of novel adsorbents and catalysts based on natural
zeolite, applicable in use of biomass‘

® PC3YyJTAaT COIICTBCHOI UCTPAXKUBAUKOI pajia;

e Jla TucepTalyja y LeJINHU HU y JelIOBUMa HUje Ouja MpeasoKeHa 3a CTHIAme
JIpyre IUIUIOME TMpeMa CTYAHjCKUM TporpaMuMa JPYTuX BUCOKOIIKOJICKHX
YCTaHOBA;

e J1a Cy pe3yJTaTH KOPEKTHO HAaBEJIEHU U

e Jla HHCAM KpIIMO/JIa ayTOpcKa MpaBa U KOPUCTHO/JIa MHTEJEKTYaIHy CBOjUHY
JIpYTHX JIUIA.

Mornuc ayropa

VY beorpany,
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APPENDIX B

MU3jaBa 0 NICTOBETHOCTU LUTaMMNaHe U efIeKTPOHCKe Bep3uje
AOKTOpPCKOr paaa

Nwme u npe3ume aytopa Jenena [1aBnosuh

bpoj unnexca 4006/2012
Cryaujcku nporpam Xemuja

HacnoB panma “CunTte3a u kapakTepusalmja HOBHX ajicopbeHaca M Kartaiu3aTopa Ha

0asu OpUPOAHOr 3€0JHMTa NPUMCHJ/BHMBHX VYV TIPOLECY KODI/IIHheH)a

onomace"

“Synthesis and characterization of novel adsorbents and catalysts based
on natural zeolite, applicable in use of biomass‘

Mentop Ilpod. np Herenka Pajuh

U3jaBibyjeM 1a je mTamiaHa Bep3uja MOT JOKTOPCKOT pajia HCTOBETHA E€JIEKTPOHCKO)]
BEp3MjH KOjy caM MpeJao/lna paau ToxpameHa y JIMrurajaHoM peno3uTopujymy
Yuusep3urera y beorpany.

Jlo3BosbaBam ga ce 00jaBe MOjH JIMYHY TIOJIAIM BE3aHH 3a I00Ujabe aKaJIeMCKOT Ha3uBa
JOKTOpa HayKa, Kao MITO Cy UME U TIpe3uMe, TOJIMHA U MECTO poljera U 1aTyMm oa0paHe
pana.

OBM 7NMYHM TOAAIM MOTY c€ O00jaBUTH HAa MpEXKHHM CTpaHUIaMa JAWTUTAIHE
OubnuoTeke, y ENeKTPOHCKOM KaTajlory W Yy IyOnuKandjamMa YHUBEp3UTeTa Yy
beorpany.

IMoTrnuc ayropa

VY beorpany,
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APPENDIX C

UsjaBa o kopuwhery

Ognamthyjem YHuBep3urercky Oubmanoreky ,,CBerozap Mapkosuh® na y Jlururannu
peno3uTopujyM YHHBep3uTeTa y beorpaay yHece MOjy IOKTOPCKY AMCEpTaLUjy MO
HaCJIOBOM:

“CuHTe3a ¥ KapakTepusalija HOBUX aacopbeHaca U Karaau3aropa Ha 0a3u NpUpOIHOr

3€0JIUTAa IPUMEHIBUBUX V NIPOIECY Kopulthema onomace”

“Synthesis and characterization of novel adsorbents and catalysts based on natural
zeolite, applicable in use of biomass*

KOja je MOje ayTOPCKO JelIo.

Jucepranujy ca CBUM NPHIIO3UMA NPEa0/1a caM y elIeKTPOHCKOM (hopMaTy MOoroiHOM
3a TPajHO apXUBUPAE.

Mojy JMOKTOpCKy JHcepTanujy MoXpameHy Yy JWrutamiHoM pemo3uTtopujymy
VYuuBepsureta y beorpany u JOCTYIHY Yy OTBOPEHOM HPUCTYIY MOTY Jla KOPUCTE CBU
KOjH MOILITYjy oJipende caapxkaHe y ogabpaHoM Tuimy juneHue KpeaTusHe 3ajeaHuie
(Creative Commons) 3a K0jy caM ce OJTy9Ho/Ja.

1. AyropctBo (CC BY)

2. AyropctBo — Hexkomeprujaiaao (CC BY-NC)

3. AytopctBo — HekoMepuujainHo — 6e3 npepaga (CC BY-NC-ND)

4. AyTopcTBO — HEKOMEpITHjaHO — AenuTh o uctuM yenosuma (CC BY-NC-SA)
5. AytopctBo — 6e3 nipepana (CC BY-ND)

6. AytopctBo — nenutH noja uctuM yciaosuma (CC BY-SA)

(Monumo 1a 3a0Kpy>KUTE caMmo jeHY O] IIeCT MOHYheHUX JTUICHIIH.
Kparak omwc JIMIICHITN je CACTaBHU JIC0 OBE M3jaBe).

IMornue ayropa

¥V Bbeorpany,
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1. AyTopeTBo. /[03BosbaBaTe yMHOXKABAH-E, TUCTPUOYIIH]Y U JABHO CAOMILTABAE JIEIa,
U TIpepajie, ako Ce HaBeJe MME ayTopa Ha HauMH ojapeleH ox cTpaHe ayTopa HIU
JlaBaolla JIMIICHIIE, YaK ¥ y KomeprujanHe cBpxe. OBo je HajcmoOOAaHHMja O CBUX
JIMIICHITH.

2. AYTOpPCTBO — HeKOMepUHUjaJHo. J[03BOJbaBATE YMHOXaBame, JAUCTPUOYLHU]Y U
jaBHO caoIIITaBamke Jelia, U Ipepajie, ako ce HaBeAe UMe ayTopa Ha HauuH ojapeheH on
CTpaHe ayTopa WM JaBaona jureHne. OBa JHIIEHIIA HE J03BOJbaBAa KOMEPIIH]jaTHY
ynotpe0y nena.

3. AYTOpCcTBO — HeKkOMepUHjaJHO — 0e3 mpepaaa. J/[o3BosbaBaTe yMHOXKAaBame,
JUCTpUOYLIM]y W jJaBHO caolllITaBame Jjena, 0e3 mIpomMeHa, NpeoOIuKoBama WIN
ynotpebe siena y CBOM JIelly, aKo ce HaBeJle UMe ayTopa Ha Ha4MH oJpeheH ox cTpaHe
ayTopa WM aaBaoua juieHne. OBa JHUIEHIA HE 103BOJbaBa KOMEPLHUjalHy yIoTpeOy
nena. Y 0IHOCY Ha CBe OcTaJle JIMIEHIIE, OBOM JIMLIEHIIOM ce OrpaHryaBa HajBehu oOum
npaBa Kopuihema aena.

4. AyTOpPCTBO — HEKOMEPIIHjaJIHO — JIeJIUTH MO UCTUM ycjaoBuMa. /[o3BosbaBare
YMHOXaBamwe, TUCTPUOYIN]Y U JaBHO CAOIMIITaBame JIea, U Ipepaje, ako ce HaBene
uMe ayTopa Ha HayuH oApeheH o4 CTpaHe ayTopa WIHM JaBaolla JHIICHIIE U aKo ce
npepaga AUCTpuOyHpa TOJ WCTOM WM CIMYHOM JHIeHHoM. OBa JHIEHIA He
JI03BOJhaBA KOMEPIHjATHY YIIOTpeOy Jiesia u mpepaja.

5. AytopcTBo — 0e3 mpepana. J[o3BosbaBaTe yMHOXKaBame, AUCTPUOYLIM]Y U jaBHO
CaomIiTaBame jiena, 6e3 mpomMeHa, NpeodIMKoBamka WIK yHoTpede Jiesia y CBOM Jieny,
aKo ce HaBeJIe MMEe ayTopa Ha Ha4MH ofjpel)eH o/ cTpaHe ayTopa WM AaBaolla JUIEHIIE.
Oga nuIIeHIIa 103B0JbaBa KOMEPIIH]ATHY yHoTpeOy nena.

6. AyTOpPCTBO — AeJMTH MOJ MCTHM YcJ0BUMA. J[03BoJbaBaTe YMHOXKaBambE,
TUCTpUOYIIM]jy M jJaBHO CAOINIITAaBamke JeNia, U Mpepaje, ako ce HaBeae MMe ayTopa Ha
HauMH ofpehleH ox cTpaHe ayTopa WIM JaBaolla JHMIEHIE M aKo ce Mpepazaa
IUCTpUOynpa TOJX WCTOM WM CIMYHOM JuneHnoMm. OBa JIMIEHIIAa J/103BOJbaBa
KoMepuujanHy ymnoTtpeOy nena u mpepaga. CiaumyHa je cOpTBEpPCKMM JHIEHIIaMa,
OJTHOCHO JIMIIEHIIaMa OTBOPEHOT KOJIa.
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APPENDIX D

OLEHA U3BEHITAJA O TIPOBEPU OPUT'MHAJTHOCTHU JOKTOPCKE
JUCEPTAIIMJE

Ha ocnoBy IlpaBmiHMKa O TIOCTYNIKYy TIpOBEpE OPHUTHHAIHOCTH JIOKTOPCKUX
IucepTaiyja Koje ce Opane Ha YHuBep3utery y beorpanmy, kopumrhemeM mporpama
iThenticate n3BpIIeHA je TPOBEpa OPUTHHAITHOCTH JIOKTOPCKE JUCepTaIije KaHauaaTa
Jenene IlaBnoBuh, moa Ha3uBOM ,,CHHTe3a M KapaKTepU3aluja HOBUX ajcopdeHaca
H KaTajau3aTropa Ha 0a3M NPHUPOAHOr 3€0/IUTAa MNPUMEH/bMBHUX Yy Mpolecy
kopumhewa 0momace (Synthesis and characterization of novel adsorbents and
catalysts based on natural zeolite, applicable in use of biomass)”.

W3Bemiraj Koju CaapKd pe3ynraTe MpOBEpe OPUTHHAIHOCTH MEHTOpP je J00Wo JaHa
21.05.2020. YtBphenu npouenar noayaapaoctu je 14%. OBaj cTeneH noay1apHOCTH
MoCNeANIIa j€ MPETXOAHO MyOJIMKOBAaHMX pe3yliTaTa AOKTOPAHIOBUX HCTPAKUBAMKA,
KOJjU Cy IMpPOUCTEKIM M3 HEroBe AucepTaluje, IITO je y CKIaay ca uilaHoM 9.
IIpaBuiHuKa.

Ha ocHoBy cBera n3HeTor, a y CKiIagy ca wianoM 8. craB 2. [IpaBuiHnKa 0 MOCTyNKY
NPOBEPE OPUTHHAIHOCTH JOKTOPCKUX JUCEpTAIlja Koje ce OpaHe Ha YHUBEP3UTETY Y
beorpany, uzjaBibyjeM aa U3BENITa] YKa3yje Ha OPUTHHAITHOCT TOKTOPCKE AUCEPTAIIH]e,
T€ C€ MPONUCAHU MOCTYTaK MPUIIPEME 3a HeHY 00paHy MO)Ke HaCTaBUTH (MIO3UTHBHA
OIICHA).

Hatym 28. maj 2020. ronune MenTop

[Ipod. np Hesenka Pajuh, pemosuu mpodecop
VYuusepsutet y beorpany, TexHomomko-MeTanypimkn GakyiaTeT
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