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Influence of synthesis parameters on the properties of the
composite adsorbents based on sepiolite and nano-zerovalent
iron

Abstract

Immobilizing nano-zerovalent iron particles (nZVI) on inert supporting
materials of high surface area provides an easy operation for water contaminants
removal and excellent adsorption/reduction ability of nZVI. In this dissertation, fibrous
natural mineral sepiolite (SEP) with high specific surface area was used for nZVI
immobilization, as well as partially acid-activated sepiolite (AAS) with even higher
specific surface area. nZVI particles were loaded onto supports via Fe** reduction by
sodium borohydride. Different support/nZVI ratios (10:1, 5:1, 2.5:1 and 2:1) were
applied in order to obtain composites with good nZV1 dispersibility and high efficiency
for the removal of Cd**, CrO,* and dye C.I. Reactive Orange 16 from water. Besides,
during the synthesis, the SEP/AAS suspension was treated by ultrasound probe for
different period of time (10 or 30 min) to achieve an efficient de-aggregation of the
sepiolite particles. Effect of temperature and contact time on adsorption was also
investigated.

Despite higher specific surface area of AAS than SEP, the dispersibility of nZVI
particles was lower with AAS support, as acid activation created strong inter-fiber
bonds, which could not be broken during ultrasound treatment. Prolonged ultrasound
treatment improved de-aggregation of AAS, but caused shortening of the SEP fibers
their re-aggregation. Good dispersibility of the spherical nZVI particles was achieved
with SEP at the SEP:nZVI1 mass ratios > 2.5:1 and with AAS only at the mass ratio
AAS:nZVI =10:1, for 10 min-ultrasound treatment.

The presence of Fe® in the composites was confirmed by X-ray diffraction
(XRD) and differential-thermal/thermo-gravimetric (DTA/TGA) analyses. The results
of DTA/TGA in air and nitrogen indicated that the composite with SEP contained more
iron oxide formed by Fe° oxidation during synthesis than the composite with AAS, at

the same support/nZVI ratio. Therefore, SEP used as a support provided better nZVI



dispersibility, but lower degree of oxidation during the synthesis was achieved using
AAS.

High values of point of zero charge of all the composites indicate the high
basicity of the surface due to the presence of basic Fe—OH groups, as proven by infrared
spectroscopy (FTIR analysis). X-Ray photoelectron spectroscopy (XPS) confirmed that
the surface of nZVI was composed of oxidized iron species. Metallic iron was detected
after sputtering, at a depth of 40 nm beneath the original surface. The content of Fe°
decreased after Cd®* adsorption as a result of iron oxidation during adsorption process.
The XPS depth profile showed that cadmium was present at the surface and in
subsurface region of the composite, whereas its concentration was higher on the surface.

The adsorption capacities of the composites for Cd®* ions increased as the
quantity of nZVI increased, regardless of the decrease in the specific surface area. The
adsorption isotherms confirmed that the presence of SEP and AAS lowered the degree
of agglomeration in comparison to pure nZVI, which provided higher adsorption
capacities of nZVI in the composites than of pure nZVI. The results also showed that
the prevention of both aggregation and oxidation during the synthesis was necessary for
obtaining SEP/AAS-nZVI composite with high adsorption capacity. However,
oxidation during adsorption was proven beneficial for Cd** removal. Prolonged
ultrasound treatment of the support suspension provided higher adsorption capacity for
the SEP-based composite, regardless of worse textural and morphological properties
while the opposite was found for AAS-based composite. According to the modeling of
the adsorption data, the establishment of strong bonds between Cd** and adsorbents
sites of different energy and monolayer formation were proposed. Adsorption capacity
of the composites obtained at support/nZVI ratio = 2.5:1 increased with temperature
increase from 25 to 40 °C and then decreased with further temperature increase to 50 °C.

The efficiency of CrO,* removal from water by the investigated composites was
determined by the content of hosted nZVI. The efficiency of AAS-nZVI composites
were higher than of SEP-nZVI, which shows that the degree of nZVI oxidation during
synthesis is the factor that determines the adsorption capacity more than nZVI1 particles
dispersivity. Possible mechanisms of CrO,* removal by the composites involve CrO,*
reduction to Cr¥, followed by Cr** adsorption or Cr(OH); and Fe(OH); co-



precipitation, and electrostatic attraction between CrO,* and protonated functional
groups of the composite.

The efficiency of the composites with small content of nZVI for the removal of
anionic dye C.I. Reactive Orange 16 was increased significantly when H,O, was used to
form Fenton reagens. On the other hand, the efficiency of composites with higher
content of nZVI was much higher without H,O,, when reductive mechanism was
dominant, especially at higher temperatures.

The results showed that the in situ formed porous oxide layer on the nzZVI
surface was beneficial for the removal of Cd**, while the detachment of the oxide layer
from the nZVI particles was desirable for the reductive mechanism of the pollutant

removal.

Key words: Nano-zerovalent iron (nZVI), Sepiolite, Acid-activated sepiolite,
Composite, Dispersibility, Cd**, CrO,*, C.l. Reactive Orange 16, Adsorption,
Efficiency of water pollutants removal, Influence of temperature
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Uticaj parametara sinteze na svojstva kompozitnih
adsorbenata na bazi sepiolita i nanocCestica elementarnog
gvozda

Izvod

Imobilizacijom nanocestica elementarnog gvozda (nZVI) na inertne materijale
velike specificne povrSine dobijaju se efikasni kompozitni materijali za
adsorpciono/redukciono uklanjanje zagaduju¢ih materija iz vode. U ovoj disertaciji, za
imobilizaciju nZVI koriS¢en je sepiolit (SEP), prirodni vlaknasti mineral velike
specificne povrSine, kao i kiselinski aktivirani sepiolit, vece specificne povrSine u
odnosu na SEP. Nanocestice elementarnog gvozda su deponovane na nosace
redukcijom Fe?* natrijum-borhidridom, pri ¢emu je koris¢en razli¢it maseni odnos
nosa¢/nZVI (10:1, 5:1, 2.5:1 1 2:1) u cilju dobijanja kompozita sa dobro dispergovanim
esticama nZVI i velikom efikasno§éu uklanjanja Cd**, CrO,” i anjonske boje C.I.
Reactive Orange 16 iz vode. Pored toga, tokom sinteze, suspenzija SEP/AAS je
tretirana ultrazvu¢nom sondom u toku 10 ili 30 minuta da bi se ispitao uticaj duZine
trajanja ultrazvuénog tretmana na efikasnost deagregacije vlakana sepiolita. Takode,
ispitivan je i uticaj temperature i vremena kontakta na proces adsorpcije.

Uprkos vecoj specifi¢noj povrsini AAS, disperznost nZVI ¢estica je bila manja
kada je kao nosa¢ kori§¢en AAS, zbog jacih veza izmedu vlakana AAS, nastalih kao
posledica kiselinske aktivacije, koje se nisu mogle raskinuti ultrazvu¢nim tretmanom
tokom sinteze kompozita. ProduZeni tretman ultrazvu¢nom sondom je obezbedio bolju
deaglomeraciju AAS, ali je doveo do skracivanja vlakana SEP i njihove re-agregacije.
Dobra disperznost sfernih ¢estica nZVI je postignuta pri masenim odnosima SEP:nZVI
> 2.5:1, a u sluéaju AAS do aglomeracije nZVI ¢estica nije doslo jedino pri odnosu
AAS:nZVI =10:1, pri 10-minutnom tretmanu ultrazvu¢nom sondom.

Prisustvo Fe® u kompozitima je potvrdeno rendgenskom difrakcionom analizom
(XRD) i diferencijalno-termijskom i termo-gravimetrijskom (DTA/TGA) analizom.
Rezultati DTA/TGA u vazduhu i azotu su ukazali da kompoziti na bazi SEP sadrze viSe
gvozde-oksihidroksida, formiranog oksidacijom Fe tokom sinteze, nego kompoziti na

bazi AAS, pri istom odnosu nosa¢/nZVI. Prema tome, bolja disperznost nZVI je



postignuta koriS¢enjem SEP kao nosaca, ali je manji stepen oksidacije tokom sinteze
postignut koris¢enjem AAS.

Visoke vrednosti tacke nultog naelektrisanja svih kompozita ukazuju na veliku
baznost povrsSine usled prisustva baznih Fe-OH grupa, Sto je potvrdeno FTIR
spektroskopijom. Fotoelektronska spektroskopija X-zraka (XPS) je takode potvrdila da
se na povrSini nZVI nalaze oksidne vrste gvozda. Metalno gvozde je detektovano nakon
raspradivanja (spaterovanja), na dubini od 40 nm ispod povrine. Sadrzaj Fe® je smanjen
nakon adsorpcije Cd®* usled oksidacije koja se odigrava tokom procesa adsorpcije.
Dubinski XPS profil je pokazao da se Cd®* nalazi i kako na povrsini, tako i u oblasti
ispod povrsine, pri ¢emu je koncentracija na povrsini veca.

Adsorpcioni kapacitet kompozita za Cd®* jone raste sa poveéanjem sadrzaja
nZVI, bez obzira na smanjenje specificne povrsine. Rezltati odredivanja adsorpcionih
izotermi su potvrdili da prisustvo SEP i AAS smanjuje aglomeraciju Cestica nZVI, $to
obezbeduje vecéi adsorpcioni kapacitet imobilisanih u poredenju sa neimobilisanim
Cesticama nZVI. Rezultati su pokazali da je potrebno spreciti kako aglomeraciju, tako i
oksidaciju nZVI1 tokom sinteze da bi se dobili kompoziti SEP/AAS-nZV1 velikog
adsorpcionog kapaciteta za Cd®* jone, ali je oksidacija tokom procesa adsorpcije
poZzeljna. Produzeni tretman suspenzije nosaca ultrazvu¢nom sondom je obezbedio veci
adsorpcioni kapacitet kompozita na bazi SEP, bez obzira na loSije teksturalne
karakteristike, zahvaljuju¢i manjem stepenu oksidacije nZVI. U sluc¢aju kompozita na
bazi AAS, adsorpcioni kapacitet je smanjen. Na osnovu rezultata modelovanja
adsorpcije, pretpostavljeno je uspostavljanje jakih veza izmedu Cd*" i povrsinskih mesta
razliCite energije, kao i formiranje monosloja. Ispitivanje uticaja temperature na
adsorpcioni kapaciteti kompozita dobijenih pri odnosu nosa¢/nZVI = 2.5:1 je pokazalo
da se kapacitet prvo povecava pri poviSenju temperature od 25 do 40 °C, a zatim
smanjuje sa daljim poviSenjem temperature do 50 °C.

Efikasnost kompozita u procesu uklanjanja CrO,* iz vode raste sa poveéanjem
sadrzaja nZVI. Efikasnost kompozita AAS-nZVI je veca u odnosu na SEP-nZVI, sto je
pokazalo da stepen oksidacije tokom sinteze u ve¢oj meri uti¢e na adsorpcioni kapacitet
od stepena aglomerisanosti nZVI Cestica. Mogu¢i mehanizmi uklanjanja CrOs* jona

kori§¢enjem ispitivanih kompozita je redukcija CrO4* do Cr** uz naknadnu adsorpciju



Cr®* jona ili koprecipitacija Cr(OH)s i Fe(OH)s, kao i elektrostaticko privladenje izmedu
CrO4 i protonovanih funkcionalnih grupa kompozita.

Efikasnost kompozita sa malim sadrZzajem nZV1 za uklanjanje anjonske boje C.I.
Reactive Orange 16 se znatno povecava dodatkom H,O,, ¢ime se formira Fentonov
reagens. S druge strane, efikasnost kompozita sa ve¢im sadrzajem nZVI je znacajno
ve¢a bez dodatka H,0,, kada je redukcioni mehanizam dominantan, posebno na
visokim temperaturama.

Rezultati su pokazali da je in situ formiranje poroznog oksidnog sloja na
povr§ini nZVI &estica pozeljno u slucaju uklanjanja Cd®* jona, dok je za redukcioni

mehanizam pozeljno da se taj oksidni sloj ukloni sa povr§ine nZVI Cestica.

Kljuéne refi: Nanocestice elementarnog gvozda (nZVI), sepiolit, kiselinski aktiviran
sepiolit, kompozit, disperznost, Cd**, CrO,*, C.I. Reactive Orange 16, adsorpcija,

efikasnost uklanjanja zagadujucih supstanci iz vode, uticaj temperature

Naucéna oblast: Tehnolosko inzenjerstvo
UZa naucna oblast: Hemijsko inZenjerstvo
UDK broj: 544.723.21:549.623.8:546.72
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1. Introduction

Nanoscale zerovalent iron (nZVI1) has been extensively applied for removal of a
variety of pollutants from wastewater because of small particle size, large surface area,
high in situ reactivity and magnetic properties that facilitate its rapid separation from
water via a magnetic field. The mechanism of contaminants removal from water by
nZV1 is rather complex since oxidation/reduction, surface complexation, surface
precipitation, and co-precipitation may be involved. However, the removal efficiency of
nZVI particles is decreased due to aggregation and oxidation in ambient conditions,
causing the specific surface area reduction and producing a less negative oxidation—
reduction potential. To resolve these issues, various stabilization methods have already
been developed to facilitate the use of nZVI in a wide range of environmental
remediation scenarios.

Recently, research interest has increased in terms of the use of porous materials
including carbon materials, resins, and different natural minerals and materials for the
support of nZVI particles to enhance their dispersibility and stability. Natural minerals
as abundant resources are suitable supporting materials because of the cheapness,
availability, environmental stability, and high surface area. Various natural minerals,
including montmorillonite, bentonite, kaolinite, zeolite, palygorskite and sepiolite, have
been used for the preparation of composites with nZVI for the removal of different
heavy metals and organic compounds from water.

Sepiolite, a hydrated magnesium silicate clay mineral,
MgsSi12030(OH)4(OH,)4-8H,0, is a promising dispersing agent for nZVI owing to its
high specific surface area and fibrous morphology. It was already shown that nZV1 was
more effective in Cr(VI) removal from aqueous solutions when sepiolite was introduced
as a support material, owing to improvement of the colloidal stability of nZVI1 particles
and to providing high surface area to interact with Cr(VI). Moreover, nZVI was
stabilized by using an acid activated sepiolite and the obtained composite was shown to
be more efficient in the removal of Cr(V1) and Pb®* ions from water than the pure nZVI.

However, there has been no systematic study of the influence of acid-activation of the



sepiolite or some other synthesis parameters on the properties and the removal
efficiency of the sepioite/nZVI composites.

It is known that an acid activation increases the specific surface area of sepiolite
due to to removal of mineral impurities and structural Mg?* ions. Variable amounts of
structural Mg?* ions can be removed, depending on the intensity of the acid treatment. If
the treatment is aggressive enough, the octahedral Mg?* cations are completely
dissolved, while the tetrahedral sheets form a free amorphous silica gel, insoluble in the
acid solution. However, by the partial acid treatment, the crystal lattice of sepiolite is
not entirely disrupted.

In this research, both natural and partially acid-activated sepiolites were used as
supports for nZVI in order to investigate whether nZVI dispersibility on sepiolite could
be improved by its acid activation. The composites were prepared by Fe?* reduction in
the presence of the support, at different support/nZVI ratios, in order to achieve the best
nZV1 dispersibility and the highest removal efficiency of the composites. In addition,
duration of the ultrasonic treatment of the sepiolite suspension was also varied aimed at
providing an efficient de-aggregation of the sepiolite fibers.

The scientific goals of the research in this dissertation were:

« Synthesis of the composites sepiolite/nZV1 with large removal efficiency for cationic
and anionic water pollutants

* Investigation of the influence of acid activation of sepiolite on the nZV1 dispersibility
in the composites and the removal efficiency

* Investigation of the influence of the ratio nZVI:sepiolite/acid-activated sepiolite on the
nZV1 dispersibility and the properties of the composites

« Study of the removal of Cd** and CrO,* ions from water by the composites, at
different temperatures and contact times

* Determination of the dominant mechanism of ions removal from water;

« Study the processes of reductive degradation of dye in the presence of investigated
composites and oxidative degradation in the presence of composites and hydrogen
peroxide.



THEORETICAL PART



2. Adsorption as a process for the removal of water polutants

Adsorption is a process in which a gas, liquid or solid adheres to the surface of a
solid or, less frequently, a liquid, but does not penetrate it. The process of adsorption
arises due to presence of unbalanced or residual forces at the surface of solid or liquid
phase. These unbalanced residual forces have tendency to attract and retain the species
which are in contact with the surface [1].

Adsorption process involves two substances. One is the substance on the surface
of which adsorption takes place and it is called an adsorbent. The second is the
adsorbate, the substance that is being adsorbed on the surface of adsorbent [2].

Adsorption is different from absorption. In absorption, the molecules of one
substance are removed by dissolution in another (typically a liquid). A more general

term is sorption, which covers absorption, adsorption, and ion exchange.

2.1. Adsorption on a solid surface

Although adsorption can occur on liquid-liquid interfaces, adsorption is
commonly known to occur on solid surfaces. Adsorption on solid surfaces is widely
applied in separation, clarification and purification of matter [3]. In water treatment,
adsorption has been proved as an efficient process for the removal of a multiplicity of
solutes. Solid surfaces are characterized by active, energy-rich sites that are able to
interact with solutes in the adjacent aqueous phase due to their specific electronic and
spatial properties. Typically, the active sites have different energies, or — in other words
— the surface is energetically heterogeneous [4].

Adsorption process is spontaneous and therefore the free energy of adsorption is
always negative. In addition, during adsorption, randomness of the adsorbate species
decreases and entropy change is negative [2]. As a result, changes in enthalpy of
adsorption, which is determined by these parameters, must also be negative. Therefore,
adsorption is an exothermic process.

The most important properties of a solid adsorbent are chemical composition,

structure, specific surface area and porosity. According to the chemical nature,



adsorbents can be organic or inorganic, natural or synthetic. The structure of adsorbent
can be crystalline, amorphous or mixed. Since adsorption is a surface process, the
surface area is a key quality parameter of adsorbents. Engineered adsorbents are
typically highly porous materials with surface area in the range between 10 and 10°
m?/g. Their porosity allows realizing such large surfaces as internal surfaces constituted
by the pore walls [4]. The most commonly used adsorbents are carbon materials
(activated carbon), silicate and alumino silicate minerals, natural or synthetic organic

polymers, as well as hardly soluble sulfates, phosphates and carbonates.

2.2. Mechanisms of adsorption

Adsorption process can be classified as either physical adsorption
(physisorption) or chemical adsorption (chemisorption) [2], depending on the nature of
forces between adsorbate species and adsorbent.

In physical adsorption, the forces of attraction between adsorbate and adsorbent
are weak Van der Waals forces and hydrogen bonds. The heat of adsorption is low i.e.
about 20 — 40 kJ/mol. The activation energy for physisorption is also very low and
hence it is practically a reversible process. Physical adsorption is not specific with
respect to adsorbent and the individuality of adsorbate and adsorbent is preserved. The
adsorption occurs quickly and may be of monolayer or multilayer character [1, 2]. This
type of adsorption decreases with increase of temperature.

In chemical adsorption, there is a transfer or sharing of electrons between
adsorbate and adsorbent, which tends to form chemical bonds. Due to the strong bonds,
chemical adsorption is difficult to reverse. Enthalpy change of chemical adsorption is
between 200 and 400 kJ/mol. The activation energy for chemisorption is high and it
occurs slowly. Hence, it is also called activated adsorption. It is highly selective and
occurs only between certain adsorbate and adsorbent species and only if the chemically
active surface is cleaned of previously adsorbed molecules [1]. Chemisorption proceeds
as long as the adsorbate can make direct contact with the surface; it is therefore a

monolayer process [5].



Adsorption from solutions differs significantly from adsorption from the gaseous
phase. For a dilute solution, adsorption of one type of adsorbate species involves
replacement of the other from the surface. Thus, adsorption from solution is essentially
an exchange process, and hence the adsorbate species adsorb not only because they are
attracted by solids but also because the solution may reject them. A typical illustration is
that the attachment of hydrophobic molecules on hydrophobic adsorbents from aqueous
solutions is mainly driven by their dislike of water and not by their attraction to the
surface. In addition, multilayer adsorption from solution is less common than from the
gas phase, because of the stronger screening interaction forces in condensed fluids [6].

In the case of adsorption from solutions, there is a wide range of energies
contributing to the free energy of adsorption, which can be grouped into non-
electrostatic and electrostatic. Although at atomic level all ionic and molecular
interactions can be interpreted as “electric”, this term is restricted to coulombic
interactions and all other interactions are termed non-electrostatic, whatever their origin.
Electrostatic interactions appear when the adsorptive is an electrolyte that is dissociated
or protonated in aqueous solutions under the experimental conditions. These
interactions, that can be either attractive or repulsive, strongly depend on the charge
densities for both the adsorbent surface and the adsorptive species and on the ionic
strength of the solution. The non-electrostatic interactions are always attractive, and can
include van der Waals forces, hydrophobic interactions and hydrogen bonding [6].

In order to describe the adsorption in the electrolyte solution, the formation of
specific and non-specific complexes (inner-sphere and outer-sphere complexes,
respectively) between the surface functional groups and the ions, was proposed [7].
Outer sphere complexes occur if at least one solvent (water) molecule is interposed
between the surface functional group and the bound ion. They involve electrostatic
bonding. Inner-sphere complexes are more stable and occur when no molecule of the
aqueous solution is interposed and the adsorbing ion forms a direct coordinate covalent
bond with surface functional groups on the variable charge surface. Inner sphere
complexes can either form with a 1:1 stoichiometry, forming monodentate complexes,

or with a 1:2 stoichiometry, forming bidentate complexes (Fig. 2.1) [8].
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Fig. 2.1. Schematic representation of the different types of adsorption complexes that

can occur on solid surfaces [8].

The distribution of ions in the proximity of the charged surface is described as
an “electrical double layer”. The adsorption process can be visualized in three planes:
charged surface of the adsorbent, specific adsorbing plane, and outside plane of
balancing indifferent ions in the water layers near the surface. Specifically, adsorbed
(inner sphere) ions plus potential determining ions confer charge on the surface.
Electroneutrality at the charged surface is maintained by indifferent counter ions with a

charge equal in magnitude and opposite in sign to the surface charge [8].



2.3. Factors affecting adsorption on a solid surface

Adsorption on a solid is influenced by a number of factors, which can be
classified in three groups: characteristics of the adsorbent, characteristics of the

adsorbate and the parameters of the adsorption process.

2.3.1. Influence of adsorbent characteristics

Many characteristics of an adsorbent influence the adsorption: particle size and
shape, particle-size distribution, crystallinity, chemical composition, surface area,
porosity, and numbers and types of surface functional groups.

Adsorption is a surface phenomenon and as such, the extent of adsorption is
proportional to specific surface area of the adsorbent, which increases with the porosity
increasing and particle size and pore size decreasing. However, the pores should be
large enough to allow the adsorbate to enter them. According to dimensions, pores are
divided into [9, 10]:

- Macropores, dimensions > 50 nm, which are transport channels, and adsorption
in them is negligible

- Mesopores, dimensions from 2 to 50 nm

- Micropores, dimensions <2 nm; the main factor affecting the adsorption at
micropores is the geometric volume rather than surface of micropores.

The particle size has no influence on the adsorption capacity, but the rate of
adsorption is faster if the particle diameter is smaller. Smaller particle sizes reduce
internal diffusional and mass transfer limitation to the penetration of the adsorbate
inside the adsorbent.

Different solids would adsorb different amounts of the same adsorbate even
under similar conditions.The physiochemical nature of adsorbent and the nature of the

surface functional groups have profound effects on both adsorption rate and capacity.



2.3.2. The influence of the adsorbate characteristics

Among the characteristics of the adsorbate that mainly influence the adsorption
process are its size, solubility and acidity constant, pKa. The size of adsorbate species
controls the accessibility to the pores of the adsorbent, while the solubility determines
the hydrophobic interactions. In general, as solubility increases, the extent of adsorption
decreases. A polar solute is strongly adsorbed from a non-polar solvent by a polar
adsorbent, but it prefers a polar solvent to a non-polar adsorbent. The acidity constant
controls the dissociation of the adsorbate and this parameter is closely related to the
solution pH [1, 2].

In the case of metal ions, the relative affinities for adsorption sites depend on a
wide range of metal properties. Important properties include polarizability, ionization
potential, electronegativity, electron affinity, enthalpy and entropy of hydration,
hydrolysis constants, andionic radius (or radius of the hydrated ion) [8]. Generally,
increases in ion charge and metal electronegativity and decreases in hydrated cation

radii and hydration energy lead to a growing tendency of the ion for the adsorption [11].

2.3.3. The influence of the adsorption parameters

pH value of the solution is known to play an important role in the binding of

adsorbate to the surface functional groups of adsorbents. The solution pH affects the
surface charge of the adsorbent, and hence the interactions between adsorbate and
adsorbent surfaces [2]. Important characteristic of the solid adsorbent, which is
particularly expressed in the adsorption from electrolyte solution, is the point of zero
charge, pHpzc. The solution pH value at which the surface charge density of the solid
phase, oy, is equal to zero is called the point of zero charge (pHpzc) [12]. If the pH value
of the electrolyte solution is equal to pHpc, the number of positively charged centers is
equal to the number of negatively charged centers at the surface. The most common
method used to determine the point of zero charge is potentiometric titration and
balancing the sample with electrolyte solutions of different concentrations [12, 13].



The point of zero charge is frequently taken to be equal to isoelectric point
(PHpzc), which is the pH value at which the electrokinetic potential is equal to zero. The
point of zero charge, however, will be equal to the isoelectric point only if there is no
specific adsorption of ions at the surface of the solid phase. The specific adsorption
shifts the point of zero charge to lower pH values in the case of adsorption of cations,
and to higher pH values in the case of specific adsorption of anions [12]. Specific
adsorption of cations lowers the number of sites available for the adsorption of H* ions;
hence, a larger number of H' ions remain in the solution, which leads to lower PHpzc
value [11, 12]. If the pH of the electrolyte solution is below the pHy,, the surface of
solid phase is positively charged due to the sorption of H* ions from the solution. If the
solution pH value is above the pHy., the surface is negatively charged due to
dissociation of surface hydroxyl groups or adsorption of OH" ions from the solution [11,
13]. In either case, created charge is compensated by the counter-ions in the electric
double layer.

Besides the influence on adsorbent charge, solution pH value affects the solution
chemistry of adsorbate. The degree of ionization of a species is affected by the pH (e.g.,
a weak acid or a weak basis).This, in turn, affects adsorption. In the case of metal ions,
hydrolysis, complexation by organic and/or inorganic ligands, redox reactions,
precipitation and availability of heavy metals are all influenced by pH. The different
metal species dominating in the solution at various pHs differ in their charge and ability
to adsorb on the adsorbent.

The solvent molecules compete with the adsorbate species in adsorption process

for limited number of sites; therefore reduce the extent of adsorption of the adsorbate.
This competition depends on the type and strength of adsorbate-solid surface binding,
solid-solvent attraction, and adsorbate-solvent binding [2].

Temperature is an important parameter influencing the adsorption process
because of the exothermic nature of the process. Thus, the extent of adsorption
generally increases with decreasing temperature. Physical adsorption always occurs
more readily at lower temperatures and decreases with increase in temperature (Le-
Chatelier’s principle). Even though chemical adsorption is an exothermic process, it

occurs slowly at lower temperature due to high kinetic energy barrier. Hence, like most



chemical changes, the extent of chemisorption increases with increase in temperature up
to certain limit and then after that it starts decreasing.

The influence of temperature on the adsorption of metal ions is different for
cations and anions. Usually, cations adsorption increases with the temperature, while the
adsorption of anions decreases. The increasing of cation adsorption with temperature is
explained by the fact that ions are well hydrated and have to be denuded of their
hydration sheath to some extent in order to be adsorbed [14]. With increasing
temperature, more hydrate water could be shedded and ion adsorption increased. In
addition, the temperature also affects the solubility of the components in solution and
thus influences and the adsorption capacity: If the solubility increases with increasing
temperature, the degree of adsorption decreases and vice versa.

The contact or residence time: Sufficient contact time is required to reach

adsorption equilibrium and to maximize adsorption efficiency.

2.4. Adsorption isotherms

In adsorption, dynamic phase equilibrium is established for the distribution of
adsorbate between the fluid (gas, vapour or liquid) and the solid surface. The
equilibrium is usually expressed in terms of the adsorbate loading on the adsorbent,qe,
and the concentration of adsorbate in the fluid, ce.

Unlike vapour-liquid and liquid-liquid equilibria, where theory is often applied
to estimate phase distribution, no acceptable theory has been developed to estimate
fluid-solid adsorption equilibria. Thus, it is necessary to obtain experimental
equilibrium data for a particular adsorbate and the solid adsorbent of interest. If the data
are taken over a range of concentrations at a constant temperature, a plotof adsorbate
loading on the adsorbent versus concentration in the fluid can be made. Such a plot is
called the adsorption isotherm:

de = f(Ce) (2.1)

A variety of different isotherm equations have been proposed for predicting the
equilibrium distribution, some of which have a theoretical foundation and some being of

a more empirical nature. Many of these equations are valid over small ranges of
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adsorbate concentrations, but do not fit experimental data when tested over the wide
range of the concentrations.Most commonly observed isotherm models are Langmuir
and Freundlich models, as well as the combination of these two models, so called Sips
model [15].

2.4.1. Langmuir adsorption isotherm
Langmuir adsorption isotherm is based on the following assumptions [16]:

* Fixed number of adsorption sites is available on the surface of adsorbent.

« Each site can hold maximum one adsorbate species and a constant amount of heat
energy is released during this process.

» Dynamic equilibrium exists between adsorbed and the free species.

* Adsorption is monolayer process.

 Adsorbed spacies do not move on the surface of adsorbent (although, they can be lost
back to the solution).

* Enthalpy of adsorption is the same for all species independently of how many of them

have been adsorbed.

The Langmuir isotherm model can be represented by the equation [16]:

_quL% 22

%=1 k,c, (22)

where: c. is the equilibrium concentration of adsorbate in the fluid, geis the maximum

adsorption capacity, and K. is the equilibrium constant related to the energy or net
enthalpy of adsorption.

The Langmuir isotherm can be rearranged to give:

C_ 1 G (2.3)

0. KO dn

A plot of e versus Ce should give a straight line with intercept " and slope _*_
Q. Lm Om
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The characteristics of the Langmuir isotherm can be used to predict the affinity

between the adsorbate and adsorbent using the separation factor or dimensionless
equilibrium parameter, R, expressed as [17]:

1

- - 2.4
"1+ K c, 24)

where: C, is the initial concentration of adsorbate, Ry is a dimensionless separation factor

which indicates the type of isotherm to be either unfavorable (R. > 1), linear (R_ = 1),
favorable (0 < R_ <1), or irreversible (R_ = 0).

2.4.2. Freundlich adsorption isotherm

The Freundlich isotherm is empirical equation, which can be applied to adsorption

on heterogeneous surfaces as well as multilayer adsorption [18]:
1
Q. = K¢Cg (2.5)
where: K; and 1/n are Freundich constants (indicators of adsorption capacity and

intensity, respectively). The value of 1/n > 1 indicates a "normal™” Langmuir isotherm
(concurrent adsorption), while 1/n <1 is indication of cooperative adsorption. For n = 1,
isotherm is linear, which indicates that adsorbed species do not influence further
adsorption.

The Freundlich isotherm can be rearranged to give:
logg, =logK; +%Iog C, (2.6)

Accordingly, the plot of log g. versus log c. gives straight line with a slope 1/n and an
intercept log K.
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2.4.3. Sips adsorption isotherm

Sips isotherm [19] is a combined form of Langmuir and Freundlich
expressions, deduced for predicting the heterogeneous adsorption systems [20] and
circumventing the limitation of the rising adsorbate concentration associated with
Freundlich isotherm model. At low concentrations, when the adsorbate content is
muchlower than the adsorbent capacity, the Sips model reduces to the Freundlich
isotherm, while at higher concentrations, when the adsorbate content is higher than the
adsorbent capacity, it predicts a monolayer adsorption capacity characteristic of the

Langmuir isotherm [21]. The Sips model takes the following form:

— Om Ka(ce)nS (2_7)
1+ K, (c,)™

e

where: gn is the theoretical maximum adsorption capacity, K, and ns are the Sips
parameters. It is convenient to remark that ns was considered as an empirical adjustable
parameter (i.e., no restrictions were imposed for its value during data fitting) given that
this isotherm is empirical and ns has no clearly defined physical meaning [22]

2.5. Adsorption kinetics

When adsorption is concerned, thermodynamic and kinetic aspects should be
involved to know more details about its performance and mechanisms. Except for
adsorption capacity, Kkinetic performance of a given adsorbent is also of great
significance for the application. From the kinetic analysis, the solute uptake rate, which
determines the residence time required for completion of an adsorption process, may be
established. In addition, one can know the scale of an adsorption apparatus based on the
kinetics information. Adsorption Kinetics is the base for determination of the
performance of fixed-bed or any other flow-through systems [23].

Several mathematical models have been proposed to analyze the adsorption data,
which can be generally classified as adsorption reaction models and adsorption

13



diffusion models. Both types of models are applied to describe the Kkinetics of
adsorption; however, they are quite different in nature.

Adsorption diffusion models are always constructed based on three consecutive
steps:
- Diffusion across the liquid film surrounding the adsorbent particles, i.e., external
diffusion or film diffusion
- Diffusion in the liquid contained in the pores and or along the pore walls, which is so-
called internal diffusion or intra-particle diffusion
- Adsorption and desorption between adsorbate and active sites, i.e., mass action

Adsorption reaction models originating from chemical reaction kinetics are based

on the whole process of adsorption without considering the steps mentioned above [23,
24].

At present, both adsorption reaction models (mainly pseudo-first order and

pseudo-second ordermodels) and adsorption diffusion models (mainly intraparticle

diffusion model) are widely employed for fitting kinetic data.

2.5.1. Pseudo-first order kinetic model

The pseudo-first order equation [24, 25] is generally expressed as follows:

d
%= k. (d, — ) (2.8)

where: ge and g are the adsorption capacities at equilibrium and at time t, respectively,
and kj is the pseudo-first order constant of adsorption.

Integrating Eq. (2.8) with the boundary conditions of ;=0 att = 0 and g; = q;at
t=t, yields:

k
lo —-0)=logg ——1—t 2.9
9(d. —q;) = logq, 5303 (2.9)

The plot of log (ge-qr) vs. t should give a linear relationship from which k; and g

can be determined from the slope and intercept of the plot, respectively.
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2.5.2. Pseudo-second order kinetic model

The pseudo-second order adsorption Kinetic equation [24, 25] is expressed as:

d
=k -0)’ (210)

where: k, is the pseudo-second order constant of adsorption. For the boundary
conditions: t=0to t =tand g= 0 to g=q;, the integrated form of Eq. (2.10) becomes:

11
(qe_qt) qe

+ Kt (2.11)

EQ. (2.11) can be rearranged to obtain linear form:

t_t 1 2.12)

9. ka: q

If the initial adsorption rate, h, is:
then Eqg. (2.12) and (2.13) become:

.11 (2.14)

d h g

According to Eq. (2.12), the plot of (t/q;) vs. t should give a linear relationship from

which g and k; can be determined from the slope and intercept of the plot, respectively.

2.5.3. Inraparticle diffusion model

The intraparticle diffusion model or Weber-Morris model is of major interest
because the internal diffusion determines the adsorption rate in most of the liquid
systems.Weber and Morris found that in many cases, solute uptake varies almost
proportionally with t2 rather than with the contact time t. The model [24, 25] is

expressed as:

g, = kigt"'? +¢ (2.15)
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where: kiq is the intraparticle diffusion rate constant and c is a constant related to the
mass transfer (diffusion) across the boundary layer.

112

According to Eg. (2.15), a plot of g should be a straight line with a slope kig

when the intraparticle diffusion is a rate-limiting step. It is essential for the q~t"?

plot to
go through the origin if the intraparticle diffusion is the sole rate-limiting step.
However, it is not always the case and adsorption kinetics may be controlled by film
diffusion (dufusion across the boundary layer) and intraparticle diffusion

simultaneously. Thus, the intercept, which is equal to constant c, is not equal to zero.

2.6. Thermodynamics parameters of adsorption

Thermodynamic studies are basic tool in adsorption—adsorbate systems, to
provide information on the feasibility (spontaneity), exo- orendo-thermicity of the
adsorption and explain whether or not the randomness increases or decreases at the
solid—solution interface.

The Gibbs free energy change (AGP) is an indication of spontaneity of an

adsorption and therefore is one of the most importantcriteria. It is calculated as follows:
AG° = - RT InK, (2.16)

where: R is the universal gas constant (8.314 J/mol-K) and K, is the equilibrium
constant.

Negative or positive values of AG? indicate the spontaneity or no-spontaneity of
adsorption process, respectively. Enthalpy change, AHC, provides information about the
energy release (exothermic process) or consumption (endothermic process) during
adsorption process. Another thermodynamic parameter namely AS° (entropy change)
depending on the sign, indicates if the randomness increases (positive values)
ordecreases (negative values), during adsorption procedure. Therefore, the correct
estimation of the thermodynamic parameters is essential in describing the adsorption
process [26, 27].

For AGP° determination, it is necessary to estimate equilibrium constant K,. There
are conflicting approaches regarding the appropriate calculation of K,. According to Liu
[28], Langmuir conatant K, expressed in unit dm®mol can be used as equilibrium
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constant. On the other hand, AG° is wrongly estimated leading to misunderstandings by
using other units (such as dm3/mg). In addition, the authors [29] concluded that the
calculation of AG® by using K_ in dm*mol is feasible for (i) neutral adsorbates or
adsorbates with very weak charge, and (ii) dilute solutions of charged adsorbate;
whereas for charged adsorbate solution at high concentration the effect of the activity
coefficient needs to receive the appropriate attention. On the contrary, Milonjic [30]
supports that the equilibrium constant K, is wrongly presented with units in many works
due to the fact that AG® unit is J/mol and RT is also J/mol. As a result, the K, variable
must be dimensionless. Milonjic recommended to recalculate the K, as dimensionless
by multiplying it by 55.5 (number of moles per litre of solution). If K; is given in units
dm?/g, it can be easily recalculatedto become dimensionless by multiplying it with 1000
(1 dm® = 1000 cm®).

Generally, for an adsorption process, which can be depicted as follows [29]:

A(free adsorptive species) + B(adsorption sites on the adsorbent) <> AB(the occupied sites) (2-17)

the thermodynamic equilibrium constant (K;) can be written as follows:

K,=_%s (2.18)
a,.ag
in which aa, ag, and aag are the respective activities of species A, B, and AB adsorbed
at equilibrium. In an extreme case where the adsorption capacity of the adsorbent is
much higher than the amount of adsorbate to be removed, the adsorbent B in Eq. (2.17)
would be regarded as a pure solid; that is, the activity of which would be close to unity.
Consequently, Eqg. (2.18) reduces to:
K,~2as (2.19)
aA
For a dilute solution, the activity coefficient is very close to unity, and thus reducing Eqg.
(2.19) to the following form:

Ko Cae =G = K, (2.20)
C, C

e

where K. is the distribution constant. Eq. (2.20) suggests that only at very low adsorbate

concentrations, K. is equal to the thermodynamic equilibrium constant K,, and only
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inthis case can it be used for the calculation of AG® according to the Eq. (2.16). Value of
K. for the dilute solution can be obtained by plotting ge/ceversus ce and extrapolating ce
to zero [31].

The determination of AH® and AS° has been performed by using van't Hoff

equation as follows [29]:

AH® AS°
+

RT R (2.21)

InK, =

In order to calculate AH° and AS°, adsorption data from two or more
temperatures are bare necessities, i.e., the values of K, for different temperatures should
be determined. The values of AH® and AS° are determined from the slop and intercept of
the linear plot of In K, vs. 1/T [32].

3. Structure, properties and modification of sepiolite

3.1. Origin and structure of sepiolite

Sepiolite is a naturally occurring, non-swelling, lightweight clay mineral.
Chemically, it is a hydrated magnesium silicate Mg,Si,,0.,(OH),(OH,), -8H,0, which

individual particles have fibrousor needle-like morphology.

There are very few commercial sepiolite deposits in the world. Over 90% of
sepiolitic clays are produced in Spain. Other small operations are in Nevada (USA),
Turkey and China [5]. Sepiolite occurs in the form of lumps, sedimentary beds, matted
plates (so-called mountain leather), or fibers, all of which are based on single crystal
fibers. The felting in one, two, or three dimensions of these extremely thin single crystal
fibers leads to their aggregation into these various forms. Generally, several single
crystal fibers (laths) are grouped in a rod and several rods are aggregated
approximatelyparallel to the c¢ axis of the fibre to form bundles. Each deposit has its
own characteristics that vary greatly from one locality to another, explaining why each

deposit has different physical and chemical properties.
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Sepiolite fibers vary considerably in shape and size from one deposit to another,
and even among samples from the same deposit [33]. Fibres can show lengths of less
than 1 um (Fig. 3.1.), like thesepiolite obtained from Nevada (USA), to centimetres
(sepiolites from China and Finland). However, sepiolites from some of the Spanish or

Turkish deposits consist of intermediate fibres (between land 10 pm of length).

SEI 10.0kV X20000 1pm WD 15.5mm

: o | KR g ER A R / /
CME NEV14 SEl  10.0kV X20000 1pm 3.9mn SEI  10.0kv X20000 1pm WD 14.1mm

SEI 10.0kV X20,000 1pm WD 15.5mm SEI 10.0kV X20,000 1pm WD 12.5mm

Fig. 3.1. Scaning electron micrographs of sepiolites from different localities: A) China,
B) Finland, C) Nevada (USA), D) Namibia, E) Spain, and F) Somalia [35].
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Regardless of the fibre length, there are remarkable variations intheir bend or curl.

The fibres can be completely straight with rigid aspects, or they can be very curled.

Similar to the length, all intermediate possibilities can be found. Based on their degree

of bend or curl, the samples of different deposits have beengrouped into three types:

i)

i)

straight and rigid fibres, which include fibres of different sizes, from the
smallest to the macroscopic fibres; they grow in different arrangements
similar to a mass of sticks and often look rigid and fragile

curved fibres, which include fibres that are softly curled

curly type, which is extreme, and only a few of the samples belong to this
type; these types of fibres are commonly randomly oriented and are

intricately intertwined, forming planes or mats of fibres [34].

The final characteristics of the samples depend not only on the fibre morphology

but also on the way that these fibres are arranged. Therefore, textures and porosities of

the samples can vary greatly.

The fibrous structure of sepiolite comes from structural ribbons and channels in

the direction of c-axis of fibers. Each ribbon is 2:1 type and consists of two tetrahedral

silica layers and a central magnesium octahedral layer [36]. Arrangement of the

structural units and channels is shown in Fig. 3.2. This chain-like structure produces

fibrous or needle-like particles instead of plate-like particles like other clays.

Coordination

Silanol
Tetrahedral Sheet water groups
Silicon .
Octahedral Sheet

Zeolitic channels

Dimensions
3,64 x 10,64

Magnnsfun’l___
Zeaolitic water

Open channels

Fig. 3.2. Structure of sepiolite [36].
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The sepiolite structure was first deduced by Brauner and Preisinger [37]
according to X-ray diffraction analysis. According to this model (Fig. 3.2), sepiolite unit
cell is orthorhombic, with cell parameters: a = 1.35 nm, b = 2.70 nm and ¢ = 0.526 nm.

Four oxygen atoms surround every silicon atom in the tetrahedron, three at a
distance of 0.156 nm and one at 0.166 nm. Tetrahedral silica layers are continuous, but
after each six tetrahedrons, an inversion of the direction of the edge tetrahedron occurs.
In that way, structural channels were formed [38]. In the inner ribbons, all corners of the
silica tetrahedral are connected to adjacent ribbons, but in the outer ribbonss, some of
the corners are Si atoms bound to hydroxyls (Si—-OH). The channels are filled by zeolitic
water, which forms hydrogen bonds with the oxygen ions on the tetrahedral sheet or
with other water molecules. In the same way, the terminal Mg**, which are located at
the edges of the octahedral sheet, complete their octahedral coordination creating
bounds with other water molecules, named coordination (bound) water.

The investigationof thermal properties of sepiolite confirmed the presence of three
types of water: zeolitic, coordinated and constitutional (OH groups bonded the Mg

atoms) water [39]. Dehydration of sepiolite takes place in several stages:

1. zeolitic water is released at about 100 °C:

Mg,Si;,0,,(0OH), -4H,0-8H,0 —» Mg,Si ,0,,(OH), -4H,0+8H,0 (3.1)
2. half of the coordination water is released at about 300 °C:

Mg,Si,,0,,(0OH),.4H,0 — Mg, Si,,0,,(0OH),.2H,0+ 2H,0 (3.2)
3. second half of coordinated water is released at about 550 °C:

Mg,Si,,0,,(OH),.2H, O — Mg, Si;,0,,(0OH), + 2H,0 (3.3)

4. constitutional water is released at about 800 °C, which leads to sepiolite
transformation to enstatite (MgSiOs3):

Mg,Si,,0,, (OH), —8MgSiO, +4Si0, + 2H,0 (3.4)
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Fig. 3.3. Brauner-Preisinger model of sepiolite structure (up) and structure of folded
sepiolite (down) [40].

The loss of the coordinated H,O causes the structure folding due to the rotation
of the structural ribbons about an axis through the Si-O-Si corner bonds that link the
ribbons (Fig. 3.3.). In the structure of sepiolite (Fig. 3.3), coordinated water forms the
hydrogen bridges with oxygen of the neighboring silica surface, which stabilizes the
structure. When coordinated water molecules are eliminated, the bridge effect is lost and
the structure is folded in order to satisfy the coordination of the octahedral magnesium
by the oxygen of the neighboring silica surface (Fig. 3.3) [40].
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3.2. Adsorption properties of sepiolite

The high surface area and porosity account for the remarkable adsorptive and
absorptive properties of sepiolite [41, 42]. It is used as industrial absorbent for liquid
spills andleaks, for decoloration and deodorization of edible and mineral oils, drying
and purification of transformer oils [36], as a carrier for chemicals, for moisture and
odor control, for toxic and hazardous wastes stabilization or inertisation; as cat and pet
litter, for the pollutants removal from water, etc.

Sepiolite has high specific surface area not only due to the small size of its
particles and fibrous morphology, but also because of its intra-crystalline channels, i.e.
micropores. Both the external surface and the surface of the micropores influence the
specific surface area of this mineral. Sepiolite has the highest surface area of all the clay
minerals (200-350 m%g, depending on origin and presence of impurities [38]), with a
high density of silanol groups, which explains the marked hydrophilicity of this clay.
The silicate lattice doe not have a significant negative charge and therefore the cation
exchange capacity of this clay is very low.

The structure of sepiolite includes three types of active adsorption sites: (a)
oxygen ions on thetetrahedral sheet of the ribbons, (b) water molecules coordinated to
Mg?" ions at the edges of structural ribbons (two H,O moleculesper Mg** ion), and (c)
SiOH groups along the fibre axis [5]. In addition, a small amount of exchangeable
cations (4 to 40 mEqg/100 g) and Mg?* ions from the structure give a contribution to the
adsorption capacity of sepiolite.

Adsorption onto sepiolite is influenced by the size, shape and polarity of the
adsorbate. Neither large molecules nor those of low polarity can penetrate the channels
though they can be adsorbed on the external surface. Barrer and Mackenzie [42]
suggested that the accessibility of sepiolite channels might depend more on the polarity
of a substance than on the dimensions of molecules. Both polar and non-polar molecules
can enter the channels, with a negative value of free energy change for polar molecules
and a positive one for non-polar molecules. If the adsorbed cations or water molecules
are distributed within the sepiolite channels, the diffusion of non-polar molecules is

suppressed.
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Recently, sepiolite hasbeen investigated for water purification on the basis of its
adsorptive properties. It was shown that sepiolite has high affinity for heavy metal
cations, such as Pb?*, Cd**, Cu**, Co*, Ni?* etc. Lazarevic et al. [11, 12, 43] showed
that the retention of Pb?*, Cd**, Cu*, Co®, Ni?** occurs dominantly by specific
adsorption, i.e. surface complexation, and ion exchange with Mg?* ions from the
sepiolite structure. High efficiency of sepiolite to remove cationic dyes from water has
been demonstrated [11, 44-46] although these studies have been mostly focused on
methylene blue and crystal violet dyes, which are not typically used in textile industry.

On the other hand, adsorption capacity of sepiolite for anions is very low due to
the negative surface charge of sepiolite in a wide range of pH values of the solution.
Marjanovic et al. [47] showed that the removal of Cr(VI) anion species by sepiolite was
negligible because there were only very weak electrostatic interactions between the
Cr(V1) anion species and surface of the sepiolite, owing to the nature of surface and
because there was no complex formation of the chromium species with the surface of
the mineral. Regarding anionic dyes, natural sepiolite provided relatively low adsorbed
amounts of an azo acid dye [48]. In its untreated form, sepiolite was neither able to
remove reactive dyes, requiring a chemical modification to create a positive surface
charge and provide suitable adsorption [49].

Generally, sepiolite is an efficient adsorbent for cationic pollutants, while the
modifications are necessary to provide effective removal of anionic pollutants from

water.

3.3. Modifications of sepiolite

It was shown in recent studies that adsorption capacity and general physical and
chemical properties of sepiolite could be highly improved by various modifications
[50]. Sepiolite can be modified in various ways to increase the specific surface area or
to alter the nature of the surface. In addition, nanocomposites with iron compounds have
been synthesized in order to increase the adsorption capacity or provide some useful

properties for the practical applications. Sepiolites obtained by acid activation or by
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surface modification, as well as nanocomposites with iron compounds have been

applied for the removal of differrent pollutants from water.

3.3.1. Modification by acid activation

Acid treatments have been used to increase the specific surface area and to
obtain solids with high porosity and a high number of acidic centers on the surface
[11].There are many publications which describe the modification of sepiolite by acid
treatment, using H,SO,4, HNO3; or HCI. Depending on the duration and intensity of the
treatment, the reported results of the acid attack are protonization of exchangeable
cations and edge Mg?*, followed by dissolution of the octahedral sheet with release of
Mg®" cations and creation of silanol groups from the broken surface siloxane ones (Si-
O-Si). With stronger treatment, the presence of free silica has been reported [51]. The
properties of partially acid activated sepiolite depend on the nature and concentration of
the acid used, temperature and duration of the attack, but fibrous structure of the
original sepiolite is generally preserved. The correlation between the quantity of Mg
ions released from sepiolite and its properties, mainly an increase of the surface area
and enhanced ability for adsorption on acid-activated sepiolite, have been reported in
several studies [52- 56].

Hernandez et al. [57] have proposed a possible two steps reaction for the process
of acid treatment of sepiolite. In the first step, the octahedral layers are eliminated by
dissolution in the acid, leading to the formation of two new surfaces facing each other.
These surfaces are very reactive and contain a large number of silanol groups. The
second step involves condensation of silanol groups, resulting in a closure of pores.

Aznar et al. [58] analyzed the activation of sepiolite by acid and obtaining of
amorphous SiO,. The results showed that the process was affected by the type of acid,
acid concentration, the ratio of solid/liquid, temperature and duration of activation. They
found that activation of sepiolite by acid of higher concentrations (2 M HNO3 or 4 — 6
M H,S0,) led to complete removal of Mg?* ions from the structure. In addition, the

temperature increasing led more rapidly to full activation. Increasing amounts of
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leached Mg reduced the crystallinity of the solid phase and simultaneously increased the
specific surface area and mesoporosity.

Balci [59] examined the effect of heat treatment on sepiolite structure with and
without acid pre-treatment. He found that specific surface area increased by heating to
100°C, but further increase in temperature caused channel plugging and crystal structure
deformation. As a result, the specific surface area decreased with temperature. On the
other hand, acid pre-treatment caused a change in pore size distribution by increasing
the surface area 2.5 times. The surface area of the original mineral, which was heated up
to 900 °C, was 60 m?/g, while the corresponding value of the acid pretreated sepiolite
was 360 m%/g.

Valentine et al. [60] examined changes in structure of acid activated sepiolite
during heating until 550 °C. The presence of both structures after treatment, sepiolite
and free silica, caused changes in the structural behavior of the sepiolite at elevated
temperatures. The structure of untreated sepiolite was folded by the elimination of the
coordinated water molecules, but acid pre-treated sepiolite remained unfolded after the
heat treatment at 550 °C.

Franco et al. [61] examined the influence of the microwave-assisted acid
treatment on the structure and texture of sepiolite samples with different compositions
and crystalline ordering. Using this type of treatment it is possible to obtain, in just a
few minutes, materials whose specific surface areas are similar to those materials
activated by traditional methods in two days,despite employing acid solutions of very
low concentrations.This treatment caused a progressive amorphization of the starting
sepiolite giving rise to the formation of sepiolite with partially disrupted structures and
an increasing amount of amorphous silica, which was accompanied by a huge mass loss,
due to the Mg?* depletion of the octahedral sheet. The characteristic fibrous morphology
of natural sepiolite remained in acid-activated materials with partially dissolved
structures. However, when Mg* was completely released, the fibrous shape
disappeared, generating particles of amorphous silica with globular-like irregular
morphologies.The microwave-acid treatment effectiveness depended also on the starting
sepiolite's own characteristics. The lower crystalline sepiolite tended to lose easily its
structure completely with these treatments, but the presence of AI** in octahedral sheets

seemed to have a negative influence on the rate of dissolution. Factors such as the
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presence of mineralogical impurities did not affect the effectiveness of this acid
activation.

Lazarevi¢ et al. [11] investigated adsorption of Pb**, Sr** and Cd** on acid
activated and natural sepiolite from polluted waters. These divalent cations were
retained on sepiolites in the following order Pb?*>Cd**>Sr?*, The retention of Pb®" and
Cd** occured dominantly by specific adsorption and exchange of Mg** ions from the
sepiolite structure. Concentration in the external outer sphere of the Stern layer by
electrostatic forces was the dominant mechanism for the retention of Sr** jons onto the
surface of sepiolites. During partial acid treatment, the crystal lattice of sepiolite was
maintained, albeit with some decrease in crystallinity. The specific surface area, total
pore volume, mesopore volume and mean pore radius were increased. Despite increases
in the surface areas upon acid activation, improvements in the adsorption were not
observed, as a result of the decreasing number of Mg®" ions available for ion exchange
with Pb?* and Cd**. This clearly showed that the untreated form of sepiolite is more
effective for the adsorption of Pb®*, Cd®* and Sr** ions from wastewater.

Marjanovic et al. [47] examined the adsorption of Cr(VI1) onto natural and acid-
activatedsepiolites. The results indicated that the amount of Cr (V1) ions adsorbed onto
acid-activated sepiolite increased with decreasing pH of the solution. As the pH of the
Cr (VI) solutions became lower than the pHy,c of the sepiolites, the more protonated
hydroxyl groups on the surfaces would be favorable for the adsorption of HCrO4
species, as Coulombic interaction forces can readily exist. The adsorption capacity of
the acid-activated sepiolite was slightly higher than of sepiolite, but in both cases, the

adsorption capacity was very low.
3.3.2. Surface modification by organic functional groups

The properties of sepiolite can be tailored for specific applications through
surface functionalization [62, 63]. Two different functionalization processes are

possible: (i) adsorption of quaternary ammonium salts or amines, and (ii) surface

modification through reaction of surface silanol groups with organosilane reagents.
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Sepiolite may be modified by quaternary ammonium salt or neutral amines in a
manner that significantly enhances its capability to remove hydrophobic contaminants
from aqueous solution.The exchangeable cations from the sepiolite structure are
replaced by quaternary ammonium salt or neutral amines, which have cationic head
groups with long chain hydrocarbon molecule forming the surfactant tail, thus it can be
effectively used to remove hydrophobic nonionic organic compounds from aqueous
solutions [64]. The amount of these types of modifiers is usually quite high, to
compensate possible migration of the modifier in the polymer matrix owing to
instability of the link between the modifier and the sepiolite surface [65].

Sepiolite surface could be functionalized with silanes in order to remove anions
from water. Very high density (2.2 groups per 100 A?) of silanol groups on the sepiolite
surface allows an adequate functionalization with silane reagents [65]. Silane coupling
agents are a family of organosilicon monomers, which are characterized by the general
structure R-SiX3, in which R is an organo-functional group attached to silicon in a
hydrolytically stable manner. X designates hydrolysable alkoxy groups (usually
methoxy, —OCHgs, or ethoxy, —OC,Hs), which are converted to silanol groups by
hydrolysis. Most commonly, R is composed of a reactive group R’ separated by a
propylene group from silicon, R'=(CH,)3—SiX3. The reactive group can, for example, be
vinyl (-HC—=CHy), amino (-NH.), or mercapto (-SH) or can contain several chemical
functional groups [66].

Marjanovi¢ et al. [67] examined chromium(VI) adsorption onto amine-
functionalized sepiolites from aqueous at initial pH values of 4.5, 3.0, and 2.0. Natural
and acid-activated sepiolites were functionalized by covalent grafting of [3-(2-
aminoethylamino)propyl]trimethoxy-silane to the silanol groups at the sepiolite surface.
The maximum chromium(VI) removal was achieved at an initial pH of 2.0:
approximately 60 mg/g of functionalized acid-activated sepiolite and about 37 mg/g of
functionalized natural sepiolite. Adsorption capacities of amine-functionalized sepiolites
for chromium(VI) were the highest at pH of 2.0, which can be explained by the
remarkable protonation of the amine groups and the electrostatic attraction of Cr(VI)
anionic species. At higher initial pH, the solution pH increased drastically during Cr(VI)

adsorption due to the high value of pHy. and large buffer capacity of the amine-
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functionalized sepiolites, which caused low adsorption capacities of these adsorbents for
Cr(VI).

Marjanovi¢ et al. [47] investigated the adsorption of Cr(VI) onto sepiolite
samples obtained by functionalization of natural and acid-activated sepiolite with 3-
mercaptopropyltrimethoxysilane. The efficiency of functionalized acid-activated
sepiolite was higher than of functionalized natural sepiolite. As the number of silanol
groups on the sepiolite surface increased during the acid activation, the silane
functionalization increased and this led to an increase in Cr(VI) adsorption. The
adsorption capacity strongly depended on the pH of the solution from which the
adsorption occurred. Liang et al. [68, 69] prepared also mercapto-functionalized
sepiolite by surface grafting with mercaptopropyltrimethoxysilane. The chemical
bonding takes place between the surface hydroxyl group of sepiolite and the methoxy
group of mercaptopropyltrimethoxysilane. The surface modification increased the

adsorption capacities for Pb?* and Cd?".

3.3.3. Formation of nanocomposites with iron compounds

Although sepiolite is an adsorbent with high adsorption capacity, especially for
cations, researchers have tried to modify this substrate in order to synthesize an
adsorbent with even higher retention ability than that of the parent material. Having in
mind that iron oxides are active adsorbents and play an important role in the reaction
behavior of many ions in environmental sediments [70, 71], the formation of an iron-
oxide phase onto sepiolite increases the number of active sites of the adsorbent due to
the presence of the Fe—OH groups in external and internal surface positions. In addition,
composites of sepiolite with magnetite (FesO4) are magnetically separable adsorbents,
which improves the performance of the adsorption process.

Generally, sepiolite - iron oxide systems were synthesized by precipitation of
iron hydroxide from iron salt solution by strong base, in the presence of sepiolite [70,
72]. These systems were applied mainly for the adsorption of heavy metals from water.

Lazarevi¢ et al. [12, 73] examined the characteristics of the sepiolite-iron

oxyhydroxide system (Fe-sepiolite) and effectiveness of the obtained adsorbent in the
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removal of Ni?*, Co*" and Cu®* from aqueous solutions. Fe-sepiolite maintained the
basic structure of sepiolite. The presence of new crystalline Fe phases was not observed,
indicating that an amorphous Fe species was formed. Results showed that Fe-sepiolite
had higher adsorption capacity than the natural sepiolite owing to a higher specific
adsorption and higher ion exchange with Mg ions from sepiolite. In addition, it was
shown that this material was effective adsorbent for As(l11) and As(V) [74].

Eren et al. [70, 72] examined the effectiveness of iron oxide coated sepiolite in
Cu?* and Pb?* removing from aqueous solutions. Results showed that Mg?* cations were
removed loosing water and hydroxyl group coordinated to them during the oxide
coating process. The decreasing intensity of the hydroxyl vibration of the zeolitic water
indicated the replacement of part of the zeolitic water with iron oxide particles.
Adsorption experiment showed higher capacity of the composite material in comparison
to unmodified sepiolite.

Yu et al. [75] prepared the magnetite/sepiolite (M/SEP) composite by co-
precipitation method, by adding base in deoxygenated suspension of the support with
Fe?* and Fe* ions. The characterization results showed that M/SEP was composed of
magnetite and sepiolite and had a superparamagnetic property, which means that in the
absence of an external magnetic field, the magnetization appears to be in average zero,
but an external magnetic field is able to magnetize the material. The composite was
used as anadsorbent for the removal of Co?* and Cd** from aqueous solutions. After
adsorption, the Co?* and Cd**-loaded adsorbent were quickly separated and recovered
from the aqueous solutions by easy magnetic separation.

In order to obtain sepiolite-based magnetic nanocomposites (MNCs) with a high
adsorptioncapacity for Cd** and good magnetic properties, Ahribesh et al. [76] varied
the conditions of the co-precipitation synthesis. Both untreated natural (SEP) and
partially acidactivated (ASEP) sepiolites were used as supports. The synthesis
conditions differed as follows: NaOH or NH;3; was added in the SEP or the ASEP
suspensionbefore or after the addition of Fe** and Fe?*. The SEP-based MNCs prepared
using NaOH had a lowermagnetization, but higher adsorption capacities than the MNCs
synthesized using NH3. The order of the mixingof the reagents had a small influence on
the properties of SEP-based MNCs, especially when NaOH was used forthe synthesis.

Due to acidity of the surface functional groups of the ASEP, the magnetic composite
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could be synthesizedonly when NH; was added in the suspension of ASEP having Fe**
and Fe*" ijons. Despite of the worsedispersibility of the magnetic particles, the
adsorption capacity of the ASEP-based composite was higher than oftheMNCwith SEP
prepared by the same procedure. All theMNCs showed a superparamagnetic behavior at
roomtemperature, while the adsorption capacities were higher than of pure compounds
(SEP, ASEP and Fe30,).

4. Synthesis, properties and application of nano-zero valent

iron (nZV1) and nZVI-based composites

In recent years, the use of nano zero-valent iron (nZV1) for the treatment of toxic
contaminants in ground water and wastewater has received wide attention. Due to its
nanometer size (1-100 nm) and hence its large specific surface area, nZVI has higher
reducing ability and activity, stronger adsorption properties and better mobility than
bulk or microscale iron particles [77]. These characteristics allow nZVI to work as an
effective remediating agent for a wide range of contaminants: chlorinated organic
compounds (RCI), nitroaromatic compounds (NACSs), arsenic, heavy metals, nitrate,
dyes and phenol (Fig. 4.1.) [78]. Mechanisms of contaminants removal from water by
nZV1 varies with different contaminants and may involve oxidation/reduction, surface

complexation, surface precipitation, and co-precipitation.
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Fig. 4.1. Schematic model of reaction mechanism of nZV1 with different contaminants

(RCI - chlorinated organic compounds, RH — reduced organic compounds, NACs -
nitroaromatic compounds, AACs — aromatic amine compounds, DO — dissolved

oxygen, M"" - heavy metal ion) [78].

There are some disadvantages in the use of nZV1 particles,such as high tendency

to agglomerate, lack of stability, secondaryiron pollution, separation and recovery of the

fine nZVlparticles after utilization [79]. To resolve these issues,various stabilization

methods have already been developed tofacilitate the use of nZVI in a wide range of

environmentalremediation scenarios.

4.1. Synthesis of nZVI1 particles

There are many methods for the synthesis of iron nanoparticles, which are

divided into two categories [80, 81]: top-down and bottom-up methods (Fig. 4.2).
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Fig. 4.2. Conceptual models of bottom-up and top-down approaches for nanoparticle

preparations [80].

Bottom-up approach entails piecing together individual atoms or molecules to
form nanosized structures. The top-down approach, on the other hand, is the process
where large size materials are converted to nZVI with the aid of mechanical and
chemical processes such as milling, etching, and/or machining.

The synthesis methods can be also divided into two principal groups: physical
methods and chemical methods. Generally, physical methods, such as gas condensation
processing and ball milling, possess the advantages of simple operation and easy
separation of products over chemical methods. However, chemical methods are thought
to be potentially advantageous for nZVI manufacture and have been the focus of recent
research studies, resulting in the development of a diverse range of chemical synthesis

techniques of nZVI.

4.1.1. Physical methods of nZVI synthesis

Mechanical milling has rarely been applied for nanoparticle production, partly
due to the limitation of the conventional equipment to achieve size reduction down to
the nanometre scale. In addition, mechanical forces during milling introduce
considerable dislocations, vacancies and strain to the products. However, precision ball
milling [80] in a high-speed rotary chamber with steel shot, using microiron particles as

raw materials, could effectively produce zerovalent iron nanoparticles of uniform size
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and a high specific surface area. The method is nontoxic, free of secondarypollution and
suitable for industrial scale supply. But, this method is energy-intensive and requires
specialized equipment to achieve size reduction down to the nanometer scale. In
addition, the product homogeneity of this method is not satisfactory [77].

In gas condensation processing, nano iron particles are obtained by
condensingthe vapour of iron atoms under an inert gas atmosphere viacooling with
liquid nitrogen. This method enables good control of particle size, but highly restricted
process conditions are required: high temperature, high pressure and substantialcoolant.
In addition, energy consumption is very high, while the yield is extremely low.

4.1.2. Chemical methods of nZV1 synthesis

Among various chemical synthesis methods, chemical reduction is the most
common for nZVI synthesis in both laboratories and large-scale applications due to its
simplicity, productivity and chemical homogeneity of the product [82-84]. Most of other
techniques for synthesizing nZVI are not feasible or cost-effective for industrial large-
scale production.

Borohydride reduction method. The synthesis of nZVI can be achieved by reduction of

ferrous or ferric ions in aqueous solutions using sodium borohydride (NaBH,) under
inert conditions. The method includes four steps: (1) preparation of supersaturated
solution (ferric or ferrous salts), (2) nucleation of the nZVI cluster (reduction of Fe(ll)
or Fe(lll) by reducting agent), (3) growth of nZVI nuclei, and (4) agglomeration of
nZVI. Investigation showed that the last two steps have the most significant effects on
shape and properties of nano particles [85-87]. Therefore, it is important to control the
growth and agglomeration time by controlling the reductant delivery rate, reductant
concentration and other synthesis parameters [85, 87]. Excess of borohydride is needed
to speed up the synthesis reaction and to provide the uniform growth of nZV1 particles.
The reactions of the ferrous and ferric ions reduction in aqueous solutions using

sodium borohydride can be represented by equations [88, 89]:

4Fe® +3BH; +9H,0 — 4Fe’|+ 3B(OH); + 9H" + 6H; (4.1)
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2Fe?*+ BH,s + 3H,0—2Fe’(s)+ B(OH)s+ 3H" + 2H,(q) (4.2)

In borohydride reduction, washing and drying processesare required in order to
rinse out excess chemicals on nZV1 surfaces and to prevent gradual oxidation and aging
of nZVI by residual water on the surfaces, respectively [90]. Deionized water is the
most typical washing solution used in nZVI preparation, while some researchers have
applied volatile solvents like ethanol and acetone [90]. For drying, several methods have
been employed to minimize nZV1 oxidation during the process, including vacuum oven
drying and freeze drying [90].

Recent studies have reported alterations in the surface properties of nZVIs
experiencing different washing and drying conditions. This implies possible variations
in the reactivity of nZVIs prepared under different conditions since nZVI reactivity is
primarily surface-mediated. Nurmi et al. [91] found that fast removal of adsorbed water
on nZVI surfaces using acetone washing and vacuum filtration drying protect nZVI
surface from deposition of salts, etching, and cementation. Yaacob et al. [92] reported
that washing solutions and drying methods affect color, particle size, and texture shape
of nZV1.

Volatile solvent washing and anaerobic drying could maximize nZVI reactivity
toward reducible contaminants by decreasing thickness of Fe-oxide shell layer on nZVI
and increasing content of Fe**-containing oxide forms in the shell layer [90].

Many attempts have been made to combine reduction methodwith some
supplementary means to improve thequality of nZVI. For example, nZVI with high
reductive activityhas been prepared by the borohydride reduction method in anaqueous
solution of ionic liquids, which can control theformation and stabilization of
nanoparticles. The obtained particles are smaller, more uniform and easier to separate
[77].

Ultrasound assisted method. It was found that ultrasound affects the growth and

coalescence of iron nanoparticles. The nZVI synthesized in this manner has a smaller
particle size, a larger specific surface area and higher crystallinity than that synthesized
by the conventional borohydride reduction method. It was also observed that under
ultrasound, the morphology of nZVI particles was changed from spherical to plate and

needle types by increasing the ultrasonic power [81].
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Carbothermal reduction. Generally, in carbothermal reduction, C or CO is used to

reduce iron oxide (natural iron ores, such as goethite), ferrous or ferric ions at elevated
temperatures (Egs. 4.3 and 4.4). Raw materials are inexpensive andwidely available,
leading to low production cost. However, thegeneration of carbon monoxide (CO), a
flammable and toxic gas, is an unavoidable drawback of this method.

Fe(CoH30,), + C —Fe® + 2CH,CO + CO + H,0 (4.3)

Fe,03 + 2C —2Fe” + CO + CO, (4.4)

Thermal decomposition method. High quality nZVI particles can be produced by

thermal decomposition of an iron precursor.Organometallic molecules containing iron,
especially Fe(CO)s, can be used as a starting material. Spherical nano iron particles can
be generated by adding Fe(CO)s into trioctylphosphineoxide (TOPO) at 320 °C under
an argon atmosphere:
Fe(CO)s — Fe’+5CO (4.5)
The product from this method has an extremelysmall size (2 nm) and good
homogeneity. Nevertheless, this method also has some drawbacks: Fe(CO)s is highly
toxic and unstable, the process is energy-intensive, and a considerable amount of carbon

monoxide is generated as a by-product.

Thermal reduction method. Nano zero-valent particles can be produced by the reduction

of goethite (0-FeOOH) or hematite (a-Fe,Oz) at elevated temperature, by Ha.
Depending on hydrogen reduction conditions, the complete reduction can be
accomplished even at low temperature up to 380 °C in pure hydrogen. The reduction
behaviour is strongly influenced by the particle size, crystallinity and the conditions of
the temperature—time— pressure dependent reduction [93].

4.1.3. Electrochemical method
In this method, cathodes are used toattract Fe**/Fe** ions from solution by help of
electric current [94]. The method is extremely simple, cheap, and fast [95] in

comparison to chemical reduction [96]. Produced Fe° is gradually deposited on the
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cathode, but they often display a strong tendency towards aggregation and the formation
of clusters. To counteract that phenomenon, cationic surfactants are used [80], act as a
stabilizing agent, and ultrasonic waves, which constitute a source of energy necessary
for fast removal of iron nanoparticles from the cathode.

The nZVI particles produced with the use of ultrasonication can be between 1 and
20 nm and have a specific surface area of 25 m*/g [94]. This method has the advantages
of simplicityand low cost, though the as-prepared product has shown a tendencyto

aggregate.

4.1.4. Green synthesis

Recently, a green method that uses natural, plant extracts in which the active
substances are highly reductivecompounds, such as polyphenol, has been developed
[97]. Green synthesis is not only environmentally friendly, but also inexpensive.
Because there is no need to use high temperatures, pressure, or additional energy inputs,
it is easy to implement on a large scale [97, 98].The method included the preparation of
a polyphenolic solution by heating plant extracts (coffee, green tea, black tea, lemon,
balm, sorghum, bran, grape etc.) in water to a temperature close to the boiling point.
Structural characterization of polyphenol-reduced nanoparticles revealed that they
contain large amounts of a-Fe,O3 or iron oxyhydroxide with only a less component of
amorphous Fe®, which explains their low reactivity in reduction applications and more
applicability towards oxidative reactions with H,O,. In addition, presence of hydroxyl
and phenol groups in these compounds affords them as good capping agents to stabilize
the reactive surfaces of the nanoparticles and decreases their biotoxicity. These extracts
have high reductive capacities and assure the reduction of iron(I11)/(I1) producing nZVI
particles [99]. One of the major drawbacks of using plant resources for nanoparticle
synthesis is the destruction of plants and plant parts. A possible way to avoid this is to
employ agrowaste e.g. waste of eucalyptus leaf [100] or extracts from various residues
(skin, albedo, flesh) of such fruits as lemons, mandarins, limes, oranges or vine pomace
[97, 101]. Depending upon plant type and concentration of phytochemicals,

nanoparticles are synthesized within a few minutes or hours.
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In spite of the numerous advantages of using this method, green synthesis is still
not commonly accepted. These results from insufficient knowledge of the reactivity,
physicochemical properties, and agglomeration of the nanoparticles produced [101].
The information available in the literature indicates that depending on the kind of plant
extract used for the production of nZVI, we obtain nanoparticles with various sizes and
values of specific surface area. Green synthesis can also be limited by the incomplete
reduction of iron to nZVI by plant extracts [102], resulting in of the formation of other

forms of iron, e.g. iron oxides of hydroxides, in the course of the process [103].

4.2. Structure and properties of nZV1 particles

The properties of nZVI are usually different from the bulk Fe particles and this
difference is mainly caused by factors such as the history of the sample, its handling and
processing which would affect the size, structure and even composition of the
nanoparticle.

Nanozero-valent particles, synthesized at both laboratory and industrial scale
[104], exhibit a typical core shell structure where the core consists of zero valent or
metallic iron and a shell is largely iron oxides/hydroxides formed from the oxidation of
the surface of zero-valent iron (Fig. 4.3). Fresh nZVI particles are mainly composed of
Fe’, with a thin layer of oxides which increases in time. Ageing processes were
observed over a wide period, from few days to years. Oxidation is extremely fast in the
first few days after synthesis. After the formation of the oxide shell, the Fe° core is
partly protected from undesired reactions, and corrosion is slower [104].

The core shell structure has important implications on the chemical properties of
nZVI: the core provides the reducing power (the electron source) for the reactions,
whereas the shell provides the site for chemical complex reactions (chemisorptions) and
electrostatic interactions.The oxide layer is amorphousand disordered, owing to the
extremely small radii of the nanoparticles, which hinders crystalline formation.The
defective and disordered nature of the oxide shell renders it potentially more reactive
compared to a simple passive oxide layer formed on bulk iron material. Therefore, the
presence of thin and defective oxide layer does not hinder iron reactivity, allowing the
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transfer of electrons from the Fe® core to the particle surface, where reactions with
contaminants adsorbed on the oxide shell or in the close vicinity of the particle can take
place [105]. The mixed valence oxide shell is largely insoluble in water underneutral pH
and thereby protects the core from rapid oxidation.

The size distribution of nZVI primary particles obtained through the different
methods is typically in the range of 10-100 nm, with a corresponding specific surface
area in the order of 10-50 m%*g [107]. Nevertheless, dendritic aggregates, tens or
hundreds of times larger than primary particles, are usually observed in aqueous
dispersions of nzZVI [108], due to the strong particle-particle attractive
interactions.When the nanoparticles agglomerate,they have a continuous oxide shell and

the metallic cores are separatedby a thinner interfacial oxide layer.

Meﬂ+

Men+

Reduction

Me™™*(n>m)

RCI

Reduction

<+— FeOOH

RH

Fig. 4.3. The core-shell model of zero-valent iron nanoparticles, where reduction of
environmental contaminants (RCI) and chemical complex formation (Me™) are shown
[106].

Size, shape and composition of the particles are significantly affected by the
synthesis process. nZVI1 obtained by borohydride reduction method are smaller (few
tens of nanometers), more regular and smoothed in shape and the Fe structure in the
core is amorphous [109], while particles obtained by reduction of goethite and hematite

are, as a general rule, larger (up to 100 nm), more irregularly shaped, and the core has a
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crystalline structure [110]. Larger particles (50 nm-1 mm approximately) are found in
some other commercial products, with nominal specific surface of 20-25 m?/g [111].
Differences in size and shape also have an impact on nZV1 reactivity and ageing [112].
nZVI has shown to possess some magnetic properties, although this properties
largely wvary on history(preparation method and storage), size, shape,
chemicalcomposition, surface oxidation and dimension of the nanoparticles.In fact,
magnetic properties result in the barenanoparticles forming chain like structure and

resulting inagglomeration (Fig. 4.4.).

0.1 um

Fig. 4.4. Chain-like structure of nZVI agglomerates [113].

In spite of their effectiveness in the removal of contaminants, nZVI have
weaknesses including a lack of stability, difficult separation from the medium being
purified, rapid passivation of the material, and limited mobility of the particles due to
the formationof agglomerates. To counteract the negatives accompanying the use of
nZV1 and to increase effectiveness, nZV1 are being modified more and more frequently.
The most frequent methods of modification of nZV1 include admixtures of other metals
to nZVI, coating the surfaceof nZVI, emulsification of nZVI, deposition of nZVI on a

carrier, or trapping of nZV1 in a matrix [114].
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4.3. Mechanisms of water pollutants removal by nZVI

Over the past decades, extensive studies have demonstratedthat ZVI
nanoparticles are effective for the treatment of manypollutants in water, including
chlorinated and nitroaromatic organic compounds, phenol, dyes, arsenic, nitrate, heavy
metals, etc. The reaction processes and pathways occurring at the iron surface are
strongly influenced by a number of factors, namely the nZVI chemical properties and
structure, the presence of more than one contaminant species, and, more in general, the
hydrochemistry of the aqueous environment (pH, redox, natural dissolved species, etc.).

The oxidation reaction of metallic iron Fe® to dissolved aqueous ferrous iron
Fe?* has a standard reduction potential E° of 0.440 V, indicating that Fe° is a moderately
strong reducing agent, capable of reducing a widerange of contaminants. The large
surface area of nZVI allows quick release of the electrons. The thin and distorted oxide
layer allows electron transfer from the metal directly through defects such as pits or
pinholes, indirectly via the oxide conduction band, impurity or localized band, and from
adsorbed or structural Fe**. On the other hand, this (hydr)oxide layer may act as an
efficient adsorbent for various contaminants [105].

In aqueous media, nZVI is highly susceptible to corrosion, being oxidized to
Fe?* (fast process) and Fe** (slower process). In natural waters, the preferred oxidant is
the dissolved oxygen, whose presence results in a rapid corrosion according to equation
(4.6.). Fe** could be furthermore oxidated to Fe** by dissolved oxygen (Eq. 4.7) with
the precipitation of the less soluble ferric hydroxides (rust). Moreover, corrosion could
occur also under anaerobic conditions by using water as the oxidant (Eq. 4.8) and
producing molecular hydrogen.

2Fe’(s) + 4H*(aq) + O(aq) — 2Fe**(aq) + 2H,0(1) (4.6)
4Fe**(aq) + 4H*(aq) + Ox(aq) — 4Fe**(aq) + 2H20(1) (4.7
Fe%(s) + 2H,0(1) —Fe* (aq) + Ha(g) + 20H" (4.8)

The products of corrosion in anaerobic conditions (Fe®* and H,) are also reducing
agents and give contributions to the nZVI reactivity. On the other hand, it was generally
anticipated that oxygen would result in a thicker layer of iron oxides with higher
oxidation states and thereby, decreasing the reactivity of ZVI. However, the precipitated

41



amorphous and crystalline iron oxyhydroxides (FesO4 Fe;O3; FeOOH, Fe(OH),,
Fe(OH)s, etc.) in the vicinity of the ZVI surface are well known for their adsorptive
properties of organic and inorganic contaminants. Iron oxide precipitation is a
dynamic process and thus some contaminants will be adsorbed onto aged iron
oxyhydroxides (adsorption), others will be adsorbed on to nascent iron oxyhydroxides
and will be entrapped in their structure while aging (co-precipitation). Furthermore,
local supersaturation of the inflowing water can cause contaminant precipitation.

In addition to the removal processes discussed above, oxidation of contaminants
by the reactive oxygen species (including ‘OH, O,™) are possible in the Fe’/H,0/O,
system [115]. The reactive oxygen substancescan be generated under acidic conditions
through the two-electron oxidation of Fe® followed by the Fenton reaction [116, 117], as
shown by Eqgs. (4.9) and (4.10):

Fe®+0,+2H"—>Fe?*+H,0, (4.9)
Fe?*+H,0,—Fe*" + OH+OH" (4.10)

The mechanisms of contaminants removal by nZVI are schematically illustrated

in Fig. 4.5. Obviously, the corrosion of nZVI1 governs the rate of contaminants removal

by nZVI. Consequently, the methods, which can accelerate ZVI corrosion, can enhance

contaminant sequestration by nZVI.

Cont. (Red)

Cont. (Ox) Contr. (Red)
H,0+0,
Fe?* 1+ H,0, * Fe*  +

Cont. (Red) . f Cont. (Ox) s

Co-precipitation

Adsorption
Precipitation

Fig. 4.5. Illustration of the major reactions occurred in the Fe’/H,0 system and the

mechanisms of contaminants (Cont.) removal [115].
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The process of contaminants removal by nZVI usually involves the transfer of
electrons between nZVI and the oxidizing species (02, H*, and contaminants that can
accept electrons). Due to the interfacial nature of the electron transfer, the process
involves typically a series of steps, including the transport of the oxidizing species from
the bulk solution to the nZVI surface, the reaction between nZVI and the oxidizing
species, as well as the transport of products (Fe**, OH") away from the nZVI surface to
the bulk solution (Fig. 4.6). If the rate constant of the reaction between nZVI and the
oxidizing species is large, any reactant (O,, H", and contaminants that can accept
electrons) close to the nZV1 surface is immediately consumed. Under this circumstance,
the whole process will be controlled both by the continuous supply of O, H*, the
oxidized contaminants, and by the rapid escape of Fe?* and OH™ from the Fe® surface.
The concentration gradients will lead to molecular diffusion of the species (across the

oxide film) toward or away from the nZV1 surface [115].
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Fig. 4.6. lllustration of the process of contaminants (cont.) sequestration by ZVI [115].
The structure of the oxide film (e.g. composition, porosity, thickness, surface

groups) and the nature of the contaminant (size, chemical nature, affinity to oxide film)

can influence the resistance of the iron oxides film on mass transport of the solutes
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towards or away from the nZVI surface. For example, the process of aging of
oxyhydroxides is usually accompanied by dehydration and conversion to a less porous
structure. Therefore, the passive layer on the surface of pristine nZVI particles, as well
as the deposition of Fe®*/Fe** (oxy)hydroxideson nZVI surface in the process of
contaminants removal by nZVI, can act as a diffusion barrier for Fe?*, O,, H" and the
oxidized contaminants and thus can result in a drop in the corrosion rate. In addition, the
diffusion boundary layer (Fig. 4.6.) plays an important role in the mass transfer and
consequently in the process of contaminants removal by nZ V1.

The specific removal mechanisms involved in the nZVI-treatment of water
polluted by heavy metals depend on the standard redox potential (E°) of the metal
contaminant. Metals that have an E° that is more negative than, or similar to, that of Fe°
(e.g. Cd and Zn) are removed purely by adsorption to the iron (hydr)oxide shell. Metals
with E° much more positive than Fe® (e.g. Cr, As, Cu, U, and Se) are preferentially
removed by reduction and subsequent precipitation or co-precipitation. Metals with
slightly more positive E° than Fe° (e.g. Pb and Ni) can be removed by both reduction
and adsorption [105].

The metal-nZV1 interactions for various metals can be categorized as:
Reduction: Cr, As, Cu, U, Pb, Ni, Se, Co, Pd, Pt,Hg, Ag

Adsorption: Cr, As, U, Pb, Ni, Se, Co, Cd, Zn, Ba
Oxidation/reoxidation: As, U, Se, Pb

Co-precipitation: Cr, As, Ni, Se
Precipitation: Cu, Pb, Cd, Co, Zn

As it can be seen, most metals can react with nZVI by more than one
mechanism. For example, the carcinogenic, soluble and mobile Cr(VI) may be reduced
to less toxic Cr(I1l) by nZVI and immobilized by precipitation as Cr(OH)3 (Eq. 4.11) or
by incorporation into the iron (hydr)oxide shell forming alloy-like Cr**—Fe** hydroxides
(Egs. 4.12 and 4.13). Cr (VI) can also be directly adsorbed on the surface of nZVI (Eqg.
4.14).

» Reduction Cr (VI) to Cr (11):
3Fe’ + Cry07% + 7TH,0 — 3Fe®* + 2Cr(OH); + 80H" (4.11)
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» Co-precipitation:

XCr¥* + (1- x)Fe* + 3H,0 — CryFeq. x(OH)s + 3H" (4.12)

XCr¥* + (1- x)Fe* + 2H,0 — CrxFeq. xOOH + 3H" (4.13)
» Adsorption Cr (VI):

nZVI-FeOH + CrO,* — nZVI- Fe- CrO4 + OH’ (4.14)

The formation of mixed Cr**-Fe** hydroxides on the oxidized nZVI surface
layer may inhibit further electron transfer from the Fe° core to Cr(VI) at later reaction
times, favoring adsorption of Cr(VI) on the nZVI surface, especially at high Cr(VI)
concentrations.

On the other hand, cadmium (E° = —0.40 V) has a standard potential very close to
that of nZVI, thus the likelihood of Cd(Il) being reduced to Cd(0) on nZVI is low.
Therefore, the adsorption or surface complex formation on the surface ferri
oxyhydroxide layer is the most likely mechanism of cadmium removal by nZV1 [118].

The surface reactions of cadmium removal by nZVI may be described by the

following equations:
FeO +Cd**—FeOCd" (4.15)

FeOH+Cd**+H,0—FeOCdOH+2H" (4.16)

4.4. Synthesis of supported nZVI

Similar to other nanoscale materials, nZVI has a strong tendency to agglomerate
into larger particles resulting in diminishing reactivity in application conditions.
Difficulty in preparing stable, well-dispersed aqueous nZV1 suspensions has remained
an obstacle that hinders practical applications of nZVI in various environmental
systems. Another problem related to its small size is the difficult separation of nano iron
from the purified matrix. The remaining nZVI in the treatment system makes the
technology uneconomical and even generates secondary iron pollution.

Several strategies have been explored to overcome these disadvantages,
including coating the nanoparticle surface with polyelectrolytes or nonionic surfactants
and conjugating with a solid support, like activated carbon [119], zeolite [120], resin
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[121], chitosan/silica [122], polyelectrolyte multilayers [123], clays [124], starch and
carboxymethyl cellulose [125]. Apart from immobilizing nZVI, the support can affect
its physicochemical properties. The immobilizationof nZVI by above-mentioned
carriers can be achieved through the fixing of nZVI on their surface or trapping inside
their pores. Ex situ and in situ methods of synthesis have been applied, while the in situ
methods gain popularity for their technological advantages over the ex situ methods
[126].

Natural minerals as abundant resources are suitable supporting materials because
of the cheapness, availability, environmental stability, and high surface area.Various
natural minerals, including montmorillonite [127], bentonite [128], kaolinite [129, 130],
zeolite [131], palygorskite [132] and sepiolite [133, 134], have been used for the
preparation of composite adsorbents with nZVI for the removal of different pollutants
from water. It was shown that nZVI is more effective in Cr(VI) removal from aqueous
solutions when bentonite had been introduced as a support material due to reduction of
aggregation and increasing of specific surface area [128]. Similarly, in the case of
montmorillonite as a support, the dispersibility of nZVI was found to be increased with
decreasing tendency to agglomerate into larger particles, which provided good
adsorption properties for As(l11) and As(V) [127]. The presence of kaolinite during the
nZVI synthesis provided higher uptake capacities toward Cu®*, Co®*, Ni** and Pb*" ions
than in the case of pure kaolinite [129, 130]. Zeolite is also an effective dispersant and
stabilizer of nZV1, and the composite was superior to pure zeolite in removing Pb(ll)
from the aqueous solutions [131]. The presence of zero-valent iron nanoparticles on the
surface of fibrous palygorskite mineral strongly increased the decolourization capacity
for methylene blue in comparison to pure nZV1 and palygorskite [132].

Recently, sepiolite has also been used for nZV1 stabilization in order to enhance
the efficiency of Cr(VI) removal from water [133]. The composite was synthesized
using borohydride reduction method at a ratio sepiolite/Fe®* ~ 2.8:1. Batch experiments
showed that the removal efficiency of the composite was higher than of bare nZVI. The
acidic and neutral pH values were appropriate for Cr(VI) removal. The enhancement
was observed in Cr(VI) removal by increasing concentration of chloride, as one of the

most common ions in groundwater. Sepiolite was proven as an efficient and cost-
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effective stabilizer to enhance the colloidal stability of nZVI as well as to increase their
reactivity with contaminants.

Moreover, nZVI has been stabilized by using an acid activated sepiolite [134]
and the obtained composite with a sepiolite/iron mass ratio of 9:1 was used for the
removal of Cr(V1) and Pb®" ions from water. The removal mechanism was proposed as
a two-step interaction including both the physical adsorption of Cr(VI) and Pb(ll) on the
surface or inner layers of the sepiolite-supported nZVI particles and the subsequent
reduction of Cr(VI) to Cr(l11) and Pb(Il) to Pb(0) by nZVI. The removal efficiency of
Cr(VI) and Pb(ll) by S-nZVI was not affected to any considerable extent by the
presence of co-existing ions, such as H.PO,, SiOs*, Ca** and HCOs. The results
suggested that supporting nZV1 on sepiolite had the potential to become a promising

technique for in situ heavy metal-contaminated groundwater remediation.
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5. Experimental procedure

5.1. Materials and chemicals

The natural sepiolite used in the experiments (SEP) was obtained from Andrici
(Serbia). The fraction < 250 um was used in the experiments. The acid-activated sample
(AAS) was prepared according to a previous study [11]: 10 g of sepiolite was stirred
with 100 cm® of 4 mol/dm® HCI solution for 10 h, at room temperature. The solid was
separated from liquid by vacuum filtration and washed with distilled water until CI" ion
free. The obtained sample was dried at 110 °C for 2 h. The physico-chemical properties
of the sepiolite samples were reported previously [11].

All chemical reagents used in this work, FeSO,4-7H,0, NaBHj,, absolute ethanol,
HNO;, NaCl, HCI, NaOH, H;0,, Cd(NOs),-4H,0, K,Cr,O; and dye C.I. Reactive
Orange 16 were of analytical grade. The Cd**, Cr(VI) and dye solutions were prepared
by dissolving Cd(NO3),-4H,0, K,Cr,O7 and C.l. Reactive Orange 16, respectively, in
deionized water (Millipore Milli-Q 18 MQ).

5.2. Synthesis of SEP/AAS supported and pure nZVI

The pure nano zero-valent iron, nZVI, was synthesized using the conventional
chemical reduction procedure [126]. In brief, 100 cm® of 1 mol/dm® NaBH, solution,
prepared in degassed water, was added drop by drop to a magnetically stirred solution
of 5 g of FeSO,4 .7H,0 in 500 cm® of a mixture of ethanol and water (v/iv = 1:4), at
ambient temperature, under a N, atmosphere. The mixed liquid was used in order to
decrease the nZV1 oxidation [90, 135]. After complete addition of the NaBH, solution,
the mixture was left under stirring for 20 min. The reduction of ferrous ions (Fe’*) by
NaBHjy is represented by Eq. (4.2). The black precipitate (i.e. nZVI) was separated from
the liquid phase via vacuum filtration and washed three times with pure ethanol, under a
N, atmosphere. The nZVI was dried under vacuum for 12 h at 60 °C.

In order to synthesize SEP/AAS supported nZVI, a suspension of 5 g of SEP or
AAS in 500 cm?® of ethanol/water solution mixture (1:4 v/v) was first ultrasonicated for
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10 min, using a Sonics ultrasonic processor of 750W output with a 20 kHz converter
and a solid titanium probe of 19 mm diameter to provide de-aggregation of the
SEP/AAS. The pH of the suspension was adjusted to 4 by the addition of 0.1 mol/dm?®
HNO; solution and then 2.5, 5.0, 10.0 or 12,5 g of FeSO4-7H,O was added (the
SEP/AAS:Fe mass ratio was 10:1, 5:1, 2.5:1 or 2:1, respectively) in order to prepare
samples with different nZVI loads. The ultrasonic treatment was repeated for a further
10 min. The suspension was transferred to a flask and stirred for 30 min under a
nitrogen flow, followed by the dropwise addition of 100 cm® of a freshly prepared 0.5 or
1.0 or 2.0 or 2.5 mol/dm? solution of NaBH,, respectively, depending on the quantity of
FeSO4-7H,0. Molar ratio NaBH,:Fe** was approximately 5:1, which is much higher
than the stechiometric ratio (Eq. (4.2.)) in order to speed up the synthesis reaction and to
provide the uniform growth of nZVNI particles. The suspension was left in the flask
with stirring under a nitrogen atmosphere for 15 min. As in the case of pure nZVI, the
solid material was separated from the liquid phase via vacuum filtration, washed three
times with pure ethanol, under a N, atmosphere, and dried under vacuum for 12 h at 60
°C.

In order to investigate the influence of the duration of the ultrasonic treatment on
the nzZVI dispersibility and the composite properties, the samples with mass ratio
SEP/AAS:Fe = 2.5:1 were also prepared with prolonged ultrasound treatment of the
sepiolite suspension (30 min).

The experimental conditions of the composites preparation are systematized in
Table 5.1.

50



Table 5.1. The experimental conditions of the composites preparation

Support m(FeSO,-7H,0)  c(NaBH,) (mol/dm?) Mass ratio

Sample
(m=5g) (9) (V =100 cm®) support/Fe?*

SEP-nZVI1(10:1) SEP 2.5 0.5 10:1
AAS-nZVI1(10:1) AAS 2.5 0.5 10:1

SEP-nZVI(5:1) SEP 5.0 1.0 5:1

AAS-nZVI(5:1) AAS 5.0 1.0 5:1
SEP-nZVI1(2.5:1) SEP 10.0 2.0 25:1
AASZVI(251)  AAS 10.0 2.0 25:1
SEP-nZVI1(2.5:1)* SEP 10.0 2.0 2.5:1
AAS-nZVI(2.5:1)* AAS 10.0 2.0 2.5:1

SEP-nZVI1(2:1) SEP 125 2.5 2:1

AAS-nZVI(2:1) AAS 12.5 2.5 2:1

*Samples synthesized with the prolonged ultrasound treatment of the sepiolite

suspension (30 min instead of 10 min for the other samples)

5.3. Characterization and measurement

5.3.1. XRD analysis

The diffraction patterns of the samples were determined using a conventional
powder diffractometer (Ital Structures APD 2000) with Bragg—Brentano geometry and
CuKal,2 radiation (Ni filter). The XRD plots were recorded at room temperature in the
20 range 4-60° with a 0.02° 20 step and 2 s counting time per data point. A 1/2° source

slit and 0.1 mm receiving slit were used.

5.3.2. FTIR spectroscopy

The FTIR analysis was performed on a MB BOMAN HARTMANN 100
instrument in the wave number range from 4000 to 400 cm™. The samples were

prepared by the KBr disc method, at a sample to KBr mass ratio of 1:150.
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5.3.3. Thermal analysis

The differential-thermal and thermo-gravimetric analyses were conducted on an
SDT Q600 TGA/DSC instrument (TA Instruments), at a heating rate of 20 °C/min, in a
flow of either air or nitrogen, at a flow rate of 100 cm*/min. The sample mass was less

than 10 mg.

5.3.4. Scanning and transmission electron microscopy (SEM and TEM)

The morphological analysis of the samples was performed using a Tescan
MIRA3 field emission gun scanning electron microscope (FESEM), with electron
energies of 20 kV under high vacuum. The samples were sputter-coated with an Au-Pd
alloy to ensure conductivity.

The TEM analysis of some samples was performed on a JEOL T-100
instrument. The samples were ultrasonically dispersed in ethanol to form a dilute
suspension. A drop of the suspension was applied onto a holy carbon film supported by

a copper-mesh TEM grid and air-dried at room temperature.

5.3.5. Textural properties

The N, adsorption—desorption isotherms were measured at -196 °C on a
Micrometrics ASAP 2020 instrument. Before the measurements, the samples were out-
gassed at 150 °C for 10 h under reduced pressure (<1 torr). The specific surface area
(Seet) was calculated according to the Brunauer, Emmett, Teller (BET) method from
the linear part of the nitrogen adsorption isotherm [136]. The total pore volume (Viotar)
was given at p/po = 0.998. The volume of the mesopores (Vmesopore) @nd the mesopore
size distribution were analyzed according to the Barrett, Joyner and Halenda method
from the desorption isotherms [137]. The volume of the microspores (Vmicropore) Was

calculated according to a-plot analysis [138].
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5.3.6. Point of zero charge

The point of zero charge, pHpy., of the samples was determined by a batch
equilibration technique [139]. The three sets of measurements included samples with 20
cm?® of NaCl solution (concentration 0.1 mol/dm? in one set, 0.01 mol/dm? in the second
set and 0.001 mol/dm? in the third set) in PVC vessels. The initial pH values (pH;), in
the pH range from 2 to 8, were adjusted by the addition of a 0.1 mol/dm® solution of
HCI or NaOH to the electrolyte solutions. Then, 0.020 g of the sample was added to
each vessel. Equilibration was realized by shaking in a thermostatic bath for 24 h at 25
°C. The dispersions were then filtered and the final pH of the solutions (pHf) was
measured. The point of zero charge was determined as a pH value of the plateau on the

pHs vs. pH; dependence.
5.3.7. X-Ray photoelectron spectroscopy (XPS)

The XPS analyses of the sample SEP-nZV1(2.5:1), before and after exposure to
Cd?*" ions were realized using a PHI-TFA XPS spectrometer exciting a sample surface
with X-ray radiation from an Al monochromatic anode. The samples were in the form
of 1mm-thick pressed pellets. The analyzed area was 0.4 mm in diameter and the
analyzed depth was 3-5 nm. The XPS survey and narrow scan spectra of the emitted
photoelectrons were taken with 187 and 23 eV, respectively. In order to follow the
distribution of the elements in the subsurface region, XPS depth profiling was
performed by alternating cycles of ion sputtering to remove surface layers and
acquisition of photoelectron spectra. The ion sputtering was performed with 1 keV Ar”
beam rastering over a 3-3 mm? area. In this way, the depth distributions of the elements
were obtained. The total sputtering time was 20 min with a sputtering rate of 2 nm/min,
measured on a Ni/Cr reference multilayer structure. The base pressure in the XPS
analysis chamber was 3-10° mbar when the samples were loaded, whereas during the
sputtering with Ar* ions the pressure in the analysis chamber was 3-10® mbar. The
binding energy 284.8 eV for the C 1s peak (characteristic for C-C bonds) was used as
the reference energy for spectra alignment. The relative sensitivity factors (RSF),

provided by the instrument producer, was used to calculate the concentrations.
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5.4. Adsorption experiments

5.4.1. The adsorption of Cd** and Cr(VI)

The Cd®* and Cr(V1) solutions were prepared by dissolving Cd(NOs),-4H,0 and
K2Cr,0Oy, respectively, in deionized water (Millipore Milli-Q 18 MQ).

The batch technique was used for the adsorption experiments. The adsorbents
and ion solutions were equilibrated in a thermostated water bath with shaker. The initial
pH value (pH;) of the solutions was adjusted by using HNO3 or KOH solutions. The
adsorption of Cd?* ions was investigated at initial pH; = 7.0 + 0.1, while the adsorption
of Cr(VI) investigated at pH; = 2.0 £ 0.1 and pH; = 3.0 = 0.1. After equilibration, the
adsorbents were separated from the solutions and the pH values of the solutions were
determined using a pH meter (Ino Lab WTW series pH 720). The initial concentrations
of Cd** and Cr(V1), as well as the concentrations after the adsorption, were determined
using the atomic absorption spectrometer (AAS) (Perkin Elmer 730). All the adsorption
experiments were repeated twice; the reported values are the average of two
measurements.

The amount of cadmium or chromium adsorbed per unit mass of an adsorbent at

equilibrium, ge (mg/g), was calculated using the equation:

g. = i =V (51)

where: c; and c. are the initial and the equilibrium concentrations (mg/dm®), m is the
mass of an adsorbent (g), and V is the volume of a solution (dm?).

The adsorption of Cd** ions was investigated first at different rations
adsorbent/solution (S/L). For S/L = 0.02 g/20 cm?®, an initial concentration of Cd** ions
was ¢; = 130 mg/dm?, while for S/L = 0.02 g/100 cm®, an initial concentration of Cd**
ions was ¢; = 34.0 mg/dm?. The dispersions were equilibrated at 25 + 1 °C for 24 h.

The adsorption isotherms were determined at 25 °C for the pure compounds and
the composites with the ratio nZVI:SEP/AAS = 2.5:1, at S/L = 0.02 g/100 cm®. In
addition, the adsorption isotherm for the composite Fe(lll)-sepiolite, synthesized
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previously [12], was determined at the same initial pH value and temperature, at a ratio
S/L = 0.04 g/20 cm®.

The adsorption isotherms for the composites with the ratio nZVI:SEP/AAS = 2.5:1
were also determined at temperatures 40 and 50 °C in order to investigate the influence
of temperature on the Cd®* adsorption.

The influence of contact time on the Cd®* adsorption at 25 °C was investigated for
the samples SEP-nZV1(2.5:1) and AAS-nZVI(2.5:1), at a ratio S/L = 0.02 g/100 cm®
and initial concentration of 100 mg/dm®. The quantity of Cd*" ions adsorbed after
contact time (t) of 0.5, 1, 2, 4, 8, 16 and 24 h (q;) was calculated according to equation:

¢, —C,

m

0

Y% (5.2)

Q. =

where: ¢, is the concentration of Cd®* after contact time t.

The Cr(VI) adsorption was investigated at different initial concentrations in
order to determine adsorption isotherms and compare the maximal adsorption capacities
of the composite synthesized with different ration SEP/AAS:nZVI, at initial pH 2.0 +
0.1and 3.0 +0.1.

5.4.2. The removal of dye C.I. Reactive Orange 16

The removal of anionic dye C.I. Reactive Orange 16 was analyzed by using the
solution of concentration 74.0 mg/dm?®, with no pH adjustment (pH; of the solution was
~ 5.8). The solid/liquid ratio was 0.02 g/20 cm®. The experiments were performed in
two ways: 1) with H,O, at concentration 4, 8 or 12 mM and 2) without H,O,. The
suspensions of the composites and dye solution with or without H,O, were equilibrated
in a thermostated water bath with shaker for 24 h at 25 + 1 °C. Following this, the
solutions were centrifuged and the residual dye concentration and the pH:s were
determined.

The influence of temperature on the process of dye removal without H,O, was
investigated at different initial concentrations, at pH; = 5.0 £ 0.1, for the samples SEP-
nZV1(2.5:1) and AAS-nZVI1(2.5:1). After centrifugation, the dye concentration and pH;s
values were determined. The dye concentration was determined according to
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absorbance measurements at 493 nm, using a UV/Vis spectrophotometer Shimadzu UV-
1800 instrument. The amount of dye removed per unit mass of the adsorbent, ge (mg/g),

was calculated using the Eq. (5.1).
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6. Results and discussion

6.1. Samples characterization

6.1.1. XRD analysis

The XRD patterns of nZVI, SEP, AAS and the SEP/AAS-nZVI composites are
shown in Fig. 6.1. In the pattern for the pure nZVI, the characteristic peak for Fe° at 20
= 44.6 ° is broad and of the very low intensity, indicating poor crystallinity. In fact,
when the crystallites are smaller than 5 nm, the diffraction peaks are significantly
broadened and the intensities are very low [140]. In the case of composites with SEP
(Fig. 6.1a), the diffraction peak characteristic for Fe® is hardly noticeable, indicating an
almost amorphous phase of iron, i.e. the presence of very small crystallites, smaller than
in pure nZVI. On the other hand, in the patterns for the AAS-nZVI composites (Fig.
6.1b), the characteristic peak at 20 = 44.6 ° increased with increasing nZV1 quantity: the
peak is invisible in the pattern of AAS-nZVI1(10:1) composite, while in the case of
AAS-nZV1(2.5:1) and AAS-nZVI1(2:1) composites, this peak is even more intensive
than for pure nZVI. For the sample AAS-nZVI(2.5:1)*, obtained with the prolonged
ultrasound treatment of the sepiolite suspension, the XRD pattern indicates much
smaller crystallites then in the sample AAS-nZV1(2.5:1).

The signals of iron oxides (hematite, Fe,O3, or magnetite, FesO,4) were detected
neither in the XRD patterns of the composites nor in that of pure nZVI, which indicates
that iron was present mainly in its zero-valent state or that the iron-oxide compounds, if
present, were amorphous.

The intensities of SEP/AAS diffraction peaks gradually decreased as the
quantity of the nZV1 in the composites increased. This is due to the decreasing quantity
of SEP/AAS and the increased background noise from the fluoresced X-rays induced by

the presence of iron.
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Fig. 6.1. XRD patterns of the pure compounds and composites with: a) sepiolite, b)

acid-activated sepiolite.

6.1.2. FTIR spectroscopy

The FTIR spectra of the SEP/AAS-nZVI1 composites (Fig. 6.2) are similar and
display the characteristic absorption bands of sepiolite (Table 6.1) and nZVI.
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Fig. 6.2. FTIR spectra of the pure compounds and composites with: a) sepiolite, b) acid-

activated sepiolite.

Table 6.1. Characteristics bands of sepiolite [11]

Band position

Assignments

(cm™)
3690 stretching vibrations of OH group attached to the octahedral Mg”* ion
3568 stretching vibrations of OH group from coordinated water
3420 stretching vibrations of OH group from zeolitic and adsorbed water
1671 bending vibrations of OH group from coordinated, zeolitic and
adsorbed water
1016 stretching vibrations of Si-O in the Si-O-Si groups of the tetrahedral
sheet
690 bending vibration of OH group attached to the octahedral Mg** ion
460 Si-O-Si bending vibrations
437 Si—-O-Mg bending vibration
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The broad band in the FTIR spectra of the composites in the 1200-400 cm™*
range encompasses bonds characteristic of silicate structure of sepiolite and the bands
characteristic for the nZVI. The bands characteristic for the nZVI correspond to Fe-O
vibration, indicating a partial surface oxidation of nZV1. The broad absorption band at ~
1390 cm*, absent in the spectrum of sepiolite, could be also correlated with the
presence of oxidation products [141], as the intensity of this band increased as the nZVI
quantity in the composites increased. The intensity of this band was lower in the spectra
of the AAS-composites, which could be an indicator of a smaller quantity of iron oxides
in the AAS-NZVI than in the SEP-nZVI composites. However, the band at ~ 1390 cm ™
could also be assigned to the borate species produced during the synthesis and can not
be used with certainty as a confirmation of the presence of iron oxides in the
composites.

Besides bands characteristic for the nZVI and sepiolite structures, all spectra
show bands at ~2920 and ~2850 cm™, indicating the presence of C-H bonds [47, 142].
In the case of nZVI, these peaks can be assigned to ethanol used during synthesis, while
in the case of SEP to the organic impurities. The intensities of the peaks are lower in
spectra of AAS, owing to the removal of organic impurities during acid activation. The
intensities of these peaks in the composites vary depending on the SEP/AAS:nZ VI ratio.

6.1.3. SEM and TEM analysis

Scanning electron micrographs (SEM) of the pure compounds and the
SEP/AAS-nZVI composites are shown in Figs. 6.3 — 6.6.

The SEM micrographs of the SEP and AAS (Figs. 6.3a and 6.3b, respectively)
show that sepiolite particles exhibit a characteristic fibrous morphology, but they are
rarely isolated and form aggregates of close packet fibers, as usual. Acid-activation did
not cause de-aggregation and disintegration of the fibers bundles into smaller entities
(Fig. 6.3b), but fibers were shorter. The SEM micrograph of the nZVI1 (Fig. 6.3c) shows
highly aggregated spherical particles, with sizes between 100 and 200 nm, which form
necklace-like aggregates. This type of aggregation is attributed to magnetic interactions

between the Fe® particles [143]. As already stated, aggregation causes a decrease in the

60



specific surface area and the reactivity of nZVI, which explains why nZVI is usually
immobilized on different support materials.

Fig. 6.3. SEM micrograph of: a) SEP, b) AAS, c) nZVI.

When using SEP as the support, with the ultrasound treatment of the SEP
suspension during 10 min (Fig. 6.4), the nZVI particles were uniformly distributed
throughout the sepiolite matrix in the composites without noticeable aggregation, except
in the sample SEP-nZV1(2:1) with the highest content of nZVI (Fig. 6.4d). Obviously,
in order to reach a good dispersibility of nZVI particles, the SEP/nZVI mass ratio
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should not be lower than 2.5:1. The size of nZVI particles in the SEP-nZVI composites
was mainly smaller than 100 nm, i.e. smaller than of pure nZVI (Fig. 6.3c). It could be
noticed that, in comparison to pure sepiolite, the fibers in the composites were more
separated, as a result of application of an ultrasound probe during the synthesis of the
composites.

500 nm

a) SEP-nZVI(10:1) b) SEP-nZVI(5:1)

¢) SEP-nZVI1(2.5:1) d) SEP-nZVI(2:1)
Fig. 6.4. SEM micrographs of the SEP-nZV1 composites.

Contrary to expectations, the dispersibility of nZVI1 was not increased by using
AAS as the support (Fig. 6.5). Obviously, the fiber bundles of AAS (Fig. 6.3b) could

62



not have been destroyed by ultrasound treatment, indicating stronger interfibers bonds
than in SEP. Relatively good dispersibility of nZVI on AAS was achieved only with the
highest AAS/nZV1 ratio (sample AAS-nZV1(10:1)). With decreasing AAS/nZVI ratio,
the nZVI1 particles started to aggregate and at the ratios 2.5:1 and 2:1 (Fig. 6.5c and d),

the aggregates were similar to those of pure nZVI.

lpum

a) AAS-nZVI(10:1) b) AAS-nZVI(5:1)

c) AAS-nZVI(2.5:1) d) AAS-nZVI(2:1)
Fig. 6.5. SEM micrographs of the AAS-nZVI composites.

Prolonged ultrasound treatment of the support suspension did not have positive
effect on the SEP-based composite properties (Fig. 6.6a and c). It seems that the
treatment caused shortening of sepiolite fibers and their re-aggregation. On the other
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hand, in the case of the AAS-nZVI(2.5:1)* sample (Fig. 6.6b and d), nZVI particles
were slightly better dispersed than in the AAS-nZVI(2.5:1), although sepiolite fibers

still formed strong bundles and the nZV1 dispersivity was insufficiently good.

b) AAS-NZVI(2.5:1)*

500nm

¢) SEP-nZVI(2.5:1)* d) AAS-NZVI(2.5:1)*

Fig. 6.6. SEM micrographs of the samples: (a, c) SEP-nZV1(2.5:1)* and (b, d) AAS-
nZV1(2.5:1)*, at different magnifications

Transmission electron microscopy of the samples SEP-nZVI(2.5:1) and AAS-

nZVI1(2.5:1) (Fig. 6.7) confirmed that the natural sepiolite provided much better
dispersibility of nZVI (Fig. 6.7a) than acid-activated sepiolite, where the nZVI particles
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were highly aggregated (Fig. 6.7b), mostly apart from the sepiolite particles. The nZVI
particles in SEP-nZVI(2.5:1) were spherical and smaller than 100 nm, as already

determined by SEM microscopy.
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a) SEP-nZV1(2.5:1) b) AAS-nZV1(2.5:1)

Fig. 6.7. TEM micrographs of the samples: (a) SEP-nZV1(2.5:1) and (b) AAS-
nZVI1(2.5:1).

6.1.4. Textural properties

The N, adsorption—desorption isotherms and mesopore size distributions of
nZVI, SEP, AAS and the composites SEP-nZVI and AAS-nZVI are shown in Figs. 6.8
—6.10. The measured BET surface area, the volumes of the mesopores and micropores,
the overall pore volume and Dmax — the mesopore size at which the distribution of the
pore size distribution achieves its maximum and Daverage — the average mesopore
diameter are given in Table 6.2.

The shape of nitrogen isotherms for all the samples is of Type Ilb, indicating
that materials contain both mesopores, which are responsible for the hysteresis, and
macropores, responsible for the absence of a plateau at high p/po values. A plateau at

high p/po values is characteristic for Type IV isotherms [136].
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Table 6.2. The textural properties of the pure compounds and the composites

SBET; Vtotal ' Vmesoporey Vmicroporey Dmax, Daverage,
Sample ) 2 X s
m-/g cm®/g cm/g cm°/g nm nm
SEP 359.9 0.410 0.343 0.139 3.2 6.7
nZVI 30.1 0.055 0.051 0.010 3.8 7.1
SEP-nZVI(10:1) 228.4 0.406 0.369 0.089 3.2 9.4
SEP-nZVI(5:1) 132.0 0.279 0.261 0.050 4.1 10.6
SEP-nzVI(2.5:1) 120.5 0.273 0.268 0.043 4.1 9.8
SEP-nZVI(2:1) 42.6 0.099 0.095 0.016 4.0 10.5
AAS 461.6 0.472 0.368 0.161 3.2 4.8
AAS-nZVI1(10:1) 231.4 0.433 0.423 0.079 3.7 7.2
AAS-nZVI(5:1) 273.0 0.409 0.391 0.091 3.1 5.9
3.9/
AAS-nZVI1(2.5:1) 36.3 0.141 0.139 0.013 181 15.9
AAS-nZVI(2:1) 29.3 0.127 0.125 0.010 19.8 18.2
3.90/
SEP-nZVI1(2.5:1)* 87.9 0.296 0.284 0.035 18.2
18.6
AAS-nZVI1(2.5:1)* 111.2 0.299 0.292 0.039 6.6 10.2

The sharp maximum centered at 3.8 nm observed on the pore size distribution of
nZVI1, indicated that nZVI had a significant volume of small mesopores, which were
much smaller than the pores which can be formed between the nZVI particles sizes
100-200 nm (Fig. 6.3c). According to the literature, oxide layer on nZVI surface is
responsible for higher specific surface area of nZV1 than it could be expected according
to the particle size, so higher specific surface area and porosity of pure nZVI sample is
explained by oxidiation during the synthesis and drying [90, 95].

The volumes of both micro- and mesopores of nZVI were much smaller than
those of SEP/AAS, and hence, the specific surface area of nZVI was much lower than
those of SEP/AAS. Thus, Sger and the porosity of the composites decreased as the
quantity of nZVI in the composite increased (Table 6.2). In the case of the SEP/nZVI
composites, Sger and the porosity decreased gradually up to the SEP/nZV1 mass ratio =

2.5:1, and then suddenly decrease for the sample with the SEP/nZVI mass ratio = 2:1.
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Similarly, a drastic decrease of Sger and the porosity for AAS-nZVI composites
occurred when the AAS/NnZVI mass ratio was smaller than 5:1 (samples AAS—
nZV1(2.5:1) and AAS-nZVI1(2:1)). These results correlate well with the results of the
SEM analysis: the samples with a high degree of nZVI1 agglomeration (Fig. 6.4d, 6.5¢
and d) have a very low specific surface area and both micro and mesoporosity. The very
low micropore volumes of these samples (SEP-nzZVI(2:1), AAS-nZVI(2.5:1) and
AAS-nZVI1(2:1)) could be explained not only by nZVI aggregation, but also by the
closing of the sepiolite channels on nZV1 loading.

The textural characteristics of the samples SEP-nZVI(2.5:1)* and AAS-
nZV1(2.5:1)* are also in an accordance with the SEM results: the nZVI dispersibility in
the sample AAS-nZVI(2.5:1)* (Fig. 6.6b and d) is higher than in sample AAS-
nZV1(2.5:1) (Fig. 6.5c), which caused higher specific surface area, higher pore volume
and narrower pore size distribution. Similarly, higher aggregation of the sepiolite fibers
in the sample SEP-nZVI1(2.5:1)* (Fig. 6.6a and c) than in sample SEP-nZVI(2.5:1)
(6.5¢) caused lower specific surface area and wider pore size distribution. In addition,
the higer specific surface area of SEP-nZV1(2.5:1) in comparison to SEP-nZVI1(2.5:1)*
may be because of higher content of Fe(ll)/Fe(lll) oxide/oxyhidroxide, as a result of
oxidation of SEP-nZVI(2.5:1) during synthesis. Probably, prolonged ultrasound
treatment removed the oxygen from the system more efficiently and oxidation of the
sample SEP-nZVI(2.5:1)* was prevented.

The mesopore size distributions for samples SEP-nZVI(2.5:1)* and AAS-
nZV1(2.5:1)* show the shift of Dnax from the =~ 4.0 for samples SEP-nZV1(2.5:1) and
AAS-nZV1(2.5:1) to higer values (Table 6.2). Although presence of pores = 4.0 nm is
observed on the SEP-nZVI(2.5:1)* mesopore size distribution, larger Dmax and Dayerage
in comparison to SEP-nZVI(2.5:1) indicate presence of larger pores as a result of the
blocking micropores and small mesopores due to attachment of nZVI1 particles on the

sepiolite fibres.
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6.1.5. Thermal analysis

Thermal behavior of the SEP- and AAS-based composites was compared
according to DTA and TGA results of the samples SEP-nZVI(2.5:1) and AAS-
nZV1(2.5:1). To analyze deeply the thermal behavior of the composites, DTA and TGA

were performed in air and N, and the results are given in Fig. 6.12.
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Fig. 6.12. DTA and TGA of the samples: a) SEP-nZV1(2.5:1) and b) AAS-nZV1(2.5:1)

The endothermic peak centered at about 100 °C, present in all the DTA curves,
is attributed to the removal of physically bound water and ethanol used in the synthesis.
The TG curves for both samples show the same weight loss until =300 °C under both
atmospheres, corresponding to the removal of ethanol and adsorbed water, as well as
zeolitic water and some quantity of water bound in the sepiolite matrix. In the
temperature region from =350 °C to ~600 °C, where two exothermal peaks were
registered in both DTA curves recorded in air, the TGA curves show weight increases,
implying the oxidation of nZVI. The presence of the two exothermal peaks could be
explained by a two-stage oxidation process, probably from Fe(0) to Fe(ll) and from
Fe(Il) to Fe(lll). Additionally, it is possible that the first peak is a result of surface
oxidation, while the second is due to bulk oxidation [144]. A slow weight loss after

~550 °C in the case of sample SEP-nZV1(2.5:1) indicates the removal of constitutional
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water from sepiolite and its transformation into enstatite (MgSiO3), which was proved
by the appearance of an exothermal peak at about 760 °C [11]. This peak was not
visible for the sample AAS-nZV1(2.5:1), because the amount of Mg?* ions in AAS is
lower than in SEP due to the acid-activation.

The TG curve of AAS-nZVI1(2.5:1) recorded in N2 shows no weight increase
and the DTA curve shows no exothermal peaks in the region =350 — 600 °C, which
confirms that nZV1 oxidation occurred in air at these temperatures. However, when the
sample SEP-nZVI1(2.5:1) was analyzed in N, a broad exothermal peak appeared in the
DTA curve and the TG curve showed a weight increase, similar to that during analysis
in air. It could be supposed that oxygen molecules were present in the channels of the
sepiolite structure, and during heating in N, atmosphere were displaced with nitrogen,
causing oxidation of nZVI attached to the sepiolite fibers. This did not occur when the
sample AAS-nZV1(2.5:1) was analyzed in N, probably because the channel structure
was highly destroyed during the acid-activation of sepiolite and oxygen was not trapped
inside.

The weight increase of SEP-nZV1(2.5:1) due to nZVI oxidation in air is lower
than that of AAS-nZV1(2.5:1) (Fig. 6.12). This could be explained by the lower content
of nZVI, i.e. higher content of Fe(ll)/Fe(l1l) oxide, due to the greater oxidation of SEP—
nZV1(2.5:1) during synthesis owing to the presence of oxygen molecules in the sepiolite

channels.

6.1.6. Point of zero charge

The point of zero charge (pHp.c) is an important parameter characterizing solids
used as adsorbents. The pHp, represents the solution pH value at which the net surface
charge of the solid equals zero. The surface is positively charged at pH<pHp, and
negatively charged at pH>pHc.

The values of pHy, of the samples are presented in Table 6.3. The position of
the plateau on the pHr on pH; dependences for all the samples was independent of the
NaCl concentration, indicating that there was no specific adsorption of Na" and CI~ onto

the samples surface, i.e. that NaCl was an indifferent electrolyte [11]. As an example,
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the dependences of pH; on pH; for the samples SEP-nZV1(2.5:1) and AAS-nZV1(2.5:1)
are presented in Fig. 6.13. It is also obvious that the samples have a high buffer
capacity, which means that over a wide range of pH; values, the pH; values were
constant and equal to the pHy,.. It should be mentioned that the buffer capacity depends
also on the solid/liquid ratio: the capacity decreases, i.e. the plateau narrows, when the

ratio decreases.

Table 6.3. pHy;¢ of the pure compounds and the composites

Sample PHpzc

nZVi 8.9+0.1

SEP 74+0.1
SEP-nZVI1(10:1) 8.9+0.1
SEP-nZVI(5:1) 9.0+0.1
SEP-nZVI(2.5:1) 9.2+£0.1
SEP-nZVI(2.5:1)* 9.3+£0.1
SEP-nZVI(2:1) 95+£0.1
AAS 6.9+0.1
AAS-nZV1(10:1) 9.3+£0.1
AAS-nZV1(5:1) 9.3+£0.1
AAS-nZV1(2.5:1) 94+0.1
AAS-nZVI1(2.5:1)* 9.2+01
AAS-nZV1(2:1) 95+0.1
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Fig. 6.13. pH¢ vs pH; after 24 h equilibration of 0.02 g of: a) SEP-nZV1(2.5:1) and b)
AAS-nZVI(2.5:1), with 20 cm?® of NaCl solution of different concentrations

The point of zero charge of the pure nZVI was slightly higher than the pHp;c
values reported in the literature for zero-valent iron (7.7-8.4) [145, 146, 147], but lies in
the wide range of values reported for pure iron-oxides (4.5-9.5) [148, 149]. The higher
value of pHy, for the nZV1 obtained in this work could be explained by the specific
adsorption of sulfate anions from FeSO, used in the synthesis. It is well known [11,
150] that specific adsorption of anions shifts the point of zero charge towards higher pH
values. The pHp,c of the composites were even higher, but slightly, than that of pure
nZVI1, and increased slightly with increasing quantity of nZV1. These results support the

assumption that specific adsorption of sulfate anions influences the values of the pHpyc.

6.1.7. Comparative analysis of the results of the composites characterizations

The presented results (paragraphs 6.1.1-6.1.6.) showed that properties of the
nZVl/sepiolite composites are influenced by the sepiolite/nZVI mass ratio, acid
activation of sepiolite and duration of sepiolite suspension treatment by ultrasound
probe. When nZV1-based composites are synthesized, the content of nZV1 should be as

large as possible, whereby the particles should be non-aggregated and homogeneously
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dispersed on the support surface. To address this issue, a support should have not only a
high specific surface area, but also appropriate porosity to provide large available
surface for the attachment of nZVI particles. The specific surface area of sepiolite is
relatively high, due to the small, fibrous particles and the presence of micro-channels in
the structure [11]. However, nZVI particles (sizes of tens of nm) cannot reach the
interior of these narrow channels (0.37x1.06 nm) and can be attached only at the outer
surface of the particles. Since acid activation increases the specific surface area and pore
size of sepiolite [11, 53, 61, 151], it was supposed that the dispersibility of the nZVI
particles could be improved by using an acid-activated sepiolite as the support. The
composites were synthesized with both sepiolites, untreated and acid-activated, at
different support/nZV1 ratios in order to determine the optimal content of nZVI, i.e. the
content at which non-aggregated particles are uniformly dispersed at the sepiolite
surface.

Generally, sepiolite fibers are highly aggregated, forming bundles (Fig. 6.3a).
SEM analysis showed that acid activation did not provide de-aggregation and formation
of individual fibers or smaller entities (Fig. 6.3b), although some researchers have
suggested using acid treatment as the de-aggregation method [52, 57-61]. In order to
separate the fibers and provide high surface area for the deposition of nZVI particles,
ultra-sonication of SEP and AAS suspension, before iron salt addition, was applied in
the composites synthesis. The treatment was lasted 10 or 30 min, to study the influence
of duration of the ultrasonication on the composites properties. According to the SEM
micrographs of the composites prepared by applying 10 min-ultrasound treatment (Fig.
6.4), it is obvious that natural sepiolite was efficiently de-aggregated, while the bundles
of acid-activated sepiolite (Fig. 6.5) were stable and resistant to the effect of the
ultrasound probe. Obviously, acid activation caused an increase in the specific surface
area (Table 6.2) due to extraction of structural magnesium [11], but it resulted in the
formation of new Si—-OH groups on the fibers surface and stronger interfiber bonds.
Therefore, untreated sepiolite is a better support for nZVI and good dispersibility was
achieved at SEP/nZVI mass ratios > 2.5:1. On the other hand, nZVI particles were well-
dispersed on the AAS surface only at mass ratios AAS/nZVI1 = 10:1. The results of the
SEM analysis are in good correlation with the results of the determination of the textural

parameters: the samples with high degree of agglomeration of nZV1 particles have a low
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specific surface area and both micro- and meso-porosity similar to the values for pure
nZVI.

Prolonged ultrasound treatment had negative effect on the morphological and
textural properties of SEP-based composite (Fig. 6.6 and Table 6.2), because the
sepiolite fibers in the sample obtained with 30 min-ultrasound treatment were shorter
and more aggregated. Obviously, during the first 10 minutes of the treatment, the
sepiolite fibers were separated (Fig. 6.4), but further treatment caused fibers breaking
and the aggregation of so-obtained short fibers. On the other hand, it seems that
prolonged ultrasound treatment increased to a small extent de-aggregation of shorter
AAS fibers, which provided slightly better dispersibility of nZVI in the composite (Fig.
6.6) than in the sample obtained with 10 min-ultrasound treatment (Fig. 6.5).

The presence of Fe° in the composites was confirmed by both XRD and
DTA/TGA. It was shown, according to a weight increase (due to Fe° oxidation) during
TGA in air, that AAS-based composites contain higher quantity of Fe° than the SEP-
based composite. It indicates higher content of iron-oxides the SEP/nZVI composites, as
a result of oxidation during the synthesis. More intensive oxidation of nZVI during
synthesis with SEP as a support is explained by the presence of oxygen molecules in the
sepiolite channels, which could not be efficiently removed during nitrogen purging
before addition of NaBH, to the suspension of sepiolite with Fe* ions. nZVI oxidation
during DTA/TGA of the SEP-nZVI composite in nitrogen confirmed the strong capture
of oxygen in the sepiolite structure, unlike the AAS, which fibers are shorter and
oxygen coud be easily removed from the chanels. Different quantity of Fe” in SEP- and
AAS-based composites explains differences in the intensities of the XRD peak
characteristic for zero-valent iron (Fig. 6.1): the intensity of the peak is lower for the
SEP-based composites, due to higher oxidation and, consequently, the Fe° crystalites
were smaller. The presence of crystalline iron-oxide phases was not confirmed by XRD
analysis, which indicates the presence of amorphous oxides.

The results of the characterization of the composites showed that better nZVI
dispersibility was achieved with SEP as the support, but a lower degree of oxidation
during the synthesis was achieved using AAS. The high pHpzc value of all the
composites indicated the high basicity of surface resulting from the presence of basic

Fe—-OH groups. The high buffer capacity indicated the large number of functional

75



groups that interact with H*/OH™ ions and that could also be available for the interaction

with ions from solution.

6.2. X-Ray photoelectron spectroscopy (XPS)

X-Ray photoelectron spectroscopy (XPS) was used to investigate the
composition and chemical state of the sample with the best nZV1 dispersibility (SEP-
nZV1(2.5:1)) and the same sample loaded with Cd** ions (SEP-nZV1(2.5:1)/Cd), on the
surface and after ion sputtering for 20 min. It was estimated that a depth of about 40 nm
beneath the original surface was reached after 20 min of ion sputtering.

The XPS wide-scan survey of the samples SEP-nZVI(2.5:1) and SEP-
nZV1(2.5:1)/Cd are shown in Fig. 6.14.
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Fig. 6.14. XPS wide-scan survey of the samples SEP-nZV1(2.5:1) and SEP-
nZVI1(2.5:1)/Cd.

In addition to Fe, Si, Mg and O, originating from nZVI and sepiolite, B, Na and
C were also present on the surface of the sample SEP-nZV1(2.5:1). The presence of B
and Na could be explained by incomplete washing of the sample, as there were no

signals of these elements in XPS spectra of the sample SEP-nZV1(2.5:1)/Cd. Similar
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results were obtained after sputtering: signals for Na and B were detected in the spectra
of the sample SEP-nZVI1(2.5:1) (Figs. 6.15), but not in the spectra of sample SEP-
nZV1(2.5:1)/Cd. Obviously, the compounds containing Na and B were rinsed out during
equilibration of the sample with the Cd®* solution. The intensities of the B 1s and Na 1s
peaks in the spectra before and after sputtering are similar, indicating the same content
of the elements at the surface and in sub-surface region. Bearing in mind these results,
the FTIR absorption band at ~1390 cm * (Fig. 6.2) indicates more likely the presence of

borate species than the presence of products of nZV1 oxidation.
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Fig. 6.15. High-resolution XPS (HR-XPS) spectra in the B 1s and Na 1s region of the
sample SEP-nZV1(2.5:1) before (a) and after sputtering (b).

On the other hand, carbon was present on the surface of both samples. The XPS
C 1s peak was fitted into three components (Fig. 6.16): peak 1 at 284.8 eV (C-C and C-
H bonds), peak 2 at 286.4 eV (C-O bonds) and peak 3 at 287.9 eV (C=0 bonds) [152].
The presence of C-C, C—H and C-O bonds could be related to the presence of ethanol,
used in the synthesis, or some organic impurities in the sepiolite, while the C=0 bonds
originated from CO, adsorbed from the atmosphere. The content of carbon in sample
SEP-nZVI1(2.5:1)/Cd was only slightly lower (23.2 at. %) than in the pristine sample
(25.1 at. %); therefore it is more likely that carbon in both samples originated from CO,
and organic impurities in the sepiolite, which could not be rinsed out during
equilibration of the sample with Cd®* solution. The XPS depth profiles of the samples
(the depth profile of sample SEP-nZV1(2.5:1)/Cd is presented in Fig. 6.17) showed that
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the concentration of carbon decreased suddenly with depth and even at 5 nm below the

surface, the carbon concentration was below 5 at. %. After 20 min sputtering, at a depth

of 40 nm, the concentration of carbon in both samples was about 2 at. %, indicating that

compounds containing carbon were located mainly on the surface. The intensity of the
peak 3 of the XPS C 1s peak of both samples after sputtering (Fig. 6.16) was very low,

indicating very low content of CO,, which means that the subsurface region was

analyzed after sputtering.

Intensity, a.u.

Intensity, a.u.

1750

1500 |

1250 4

1000 1§

750 1

500 1

250 1

1600

1400 |

1200 1

1000 1

800 1

600 1

400 1

200 |

o Row signal

a —Peak 1
—Peak 2

\ —Peak3

— —Total fit

275

285 290 300

Bindingenergy, eV

o Row signal
—Peak 1
—Peak 2
—Peak 3
— —Total fit

275

— T T
280 285 290 300

Bindingenergy, eV

Intensity, a.u.

Intensity, a.u.

500

450 4

400 4

350 1

300

° Row signal
—Peak 1
—Peak 2
—Peak 3
— —Total fit

250

550

500

450

400

350

300 -

250

275

285 290 295 300

Bindingenergy, eV

280

o Row signal
d —Peak 1
—Peak 2
—Peak 3

— —Total fit

275 280 285 290 295 300

Bindingenergy, eV

Fig. 6.16. C 1s spectra fitted with three peaks for: a) sample SEP-nZV1(2.5:1) before
sputtering, b) sample SEP-nZV1(2.5:1) after sputtering, ¢) sample SEP-nZV1(2.5:1)/Cd
before sputtering and d) sample SEP-nZV1(2.5:1)/Cd after sputtering.

The XPS depth profile (Fig. 6.17) shows that cadmium was present not only at
the surface, but also through the entire analyzed depth (insert in Fig. 6.17), whereby its
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concentration was higher on the surface than in the subsurface region, where the Cd

distribution was uniform.
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Fig. 6.17. Depth profile of the sample SEP-nZVI1/Cd; inset shows the dependence of Cd
on the depth.

The XPS O 1s spectra were also fitted with three components (Fig. 6.18) at
binding energies of 530.6 eV (peak 1, lattice oxygen, O%), 532.0 eV (peak 3, hydroxyl
groups, OH") and 533.0 eV (peak 2, bound and adsorbed water, OH,) [152].

At the surface of the sample SEP-nZVI1(2.5:1), the OH and OH, species
dominate over O% (Fig. 6.18a). Such high content of OH groups results from high
content of Si—-OH groups in sepiolite and probably due to the presence of Fe—OH groups
on the surface of nZVI, while OH, is present in sepiolite as bound to Mg in the structure
and zeolitic water [11], as well as adsorbed water. After Cd®* adsorption, the relative
contributions of the oxygen groups were changed (Fig. 6.18b), which could be an
indication of Cd** adsorption. A lower contribution of OH, in the surface O 1s spectrum
of the sample SEP-nZVI1(2.5:1)/Cd in comparison to the sample SEP-nZVI1(2.5:1)
indicate the exchange of Mg?* with Cd*, while the higher contribution of O* could
suggest the replacement of H* by Cd®* in OH groups, i.e., the inner-sphere complex
formation. Similar changes were observed after sputtering: the relative contribution of
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O%* was higher, while the contribution of OH, was lower after Cd** adsorption (Figs.

6.18c and 6.18d).
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Fig. 6.18. XPS spectra O 1s fitted with three peaks: a) sample SEP-nZV1(2.5:1) before
sputtering, b) sample SEP-nZV1(2.5:1)/Cd before sputtering, ¢) sample SEP-
nZV1(2.5:1) after sputtering and d) sample SEP-nZV1(2.5:1)/Cd after sputtering.

The XPS Fe 2p spectra of the samples before and after sputtering are shown in

Fig. 6.19.
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Fig. 6.19. Fe 2p spectra fitted with three peaks for: a) sample SEP-nZV1(2.5:1) before
sputtering, b) sample SEP-nZVI(2.5:1)/Cd before sputtering, c¢) sample SEP-
nZV1(2.5:1) after sputtering and d) sample SEP-nZV1(2.5:1)/Cd after sputtering.

In general, the Fe 2p spectrum consists of Fe 2ps, and 2py, doublet peaks
separated by 13.6 eV. The Fe 2ps;, peaks from all samples were fitted with three
components: a peak 1 at =707.0 eV characteristic for Fe’, a peak 2 at =711.0 eV
characteristic for Fe—OH/Fe-oxide species and a peak 3 at 713.5 — 715.0 eV [152]. The
later peak is a plasmon or satellite peak related to the main Fe 2ps;, peak at 711 eV
hydro—(oxide) species and is an effect of rearrangement of core electrons after emission
of primary photoelectrons. This plasmon peak is an indication of the presence of Fe-
hydro-oxide species. The Fe 2p spectra obtained at the surface of SEP-nZVI1(2.5:1)

before and after Cd?* adsorption (Figs. 6.19a and b) were composed of oxidized iron
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species, mainly of FeOOH. No metallic iron was present according to the absence of a
peak at about 707 eV, which is characteristic for Fe’.

In the subsurface region of both samples, zero-valent iron Fe® was present, as
seen from the peak at 707 eV in Fe 2p spectra obtained at a depth of about 40 nm (Figs.
6.19c and d). The relative intensity of zero-valent iron is higher in the SEP-nZV1(2.5:1)
than in the SEP-nZVI(2.5:1)/Cd sample: the Fe’ content decreased after Cd**
adsorption from 13 at. % to 5 at. % (with respect to total amount of Fe). The decrease of
Fe? content after Cd** adsorption is a result of iron oxidation by Cd** or by oxygen,
present in the Cd** solution. Considering the comparable standard electrode potentials
between Fe**/Fe’ (E® = -0.41 V) and Cd**/Cd° (E® = —0.40 V)[153, 154], the likelihood
of Cd** being reduced to Cd° on nZV1 is low.

The Cd 3d high-resolution spectra of the sample SEP-nZV1(2.5:1)/Cd before
and after sputtering are shown in Fig. 6.20. The positions of the 3ds/, and 3ds/, peaks are
at 405.5 eV and 412.2 eV, respectively, characteristic for both Cd(ll) and Cd(0)
oxidation states [152]. Therefore, according to the HRXPS spectra in the Cd 3d region,

it was not possible to determine whether Cd(0) really existed in the sample.
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Fig. 6.20. HRXPS spectra in the Cd 3d region of the sample SEP-nZV1(2.5:1)/Cd before
(a) and after sputtering (b).

XPS analysis showed that the Fe° content in the nZVI composite decreased after

Cd** adsorption due to oxidation during adsorption, but it was not possible to determine

82



if the oxidation agent was Cd®* or oxygen, present in the Cd®* solution. In addition, it
was shown that Cd was present not only at the surface of the adsorbent, but also in the
subsurface region. It has been shown [155] that, regardless of which specific
mechanisms are involved, heavy metals removal by zero-valent iron is determined by
their interactions with the products of Fe’ oxidation. Oxidized species are always
present on the nZVI surface, as shown by XPS analysis, and hence cadmium can form
complexes with the Fe—OH groups on the surface. In the case of the SEP-nZV1(2.5:1)
composite, the formation of surface complexes with Si—-OH groups of sepiolite is also a
mechanism of Cd** removal, as well as ion-exchange with Mg?* ions from the sepiolite
structure [11]. The presence of cadmium in the subsurface region of the sample is
explained by the porosity of the oxide layer on the surface of nZVI particles, which
allows the ions to penetrate the subsurface region. The analysis of the textural properties
of pure nZVI (Fig. 6.8 ) shows the presence of pores sizes (~ 4 nm) of which allows
hydrated Cd®* ions (sizes of about 0.4 nm) to enter. Passing through the pores, Cd** ions
can form complexes with the functional groups at the wall of the pores and also reach
the core of the nZVI particles. As already stated, it is unlikely that Cd** would be
reduced by Fe’ in the core. More likely, Fe® is oxidized by the oxygen present in the
solution and Cd** ions are co-precipitated with the in-situ formed iron-oxide species

and/or form complexes with the newly formed Fe—~OH groups.

6.3. Adsorption experiments

6.3.1. Cd** adsorption
6.3.1.1. Adsorption at different solid/liquid ratios

The adsorption of Cd®* ions were investigated at pH; = 7.0 + 0.1 at different
solid/liquid (S/L) ratios in order to optimize the conditions of adsorption process, i.e. to
avoid precipitation of Cd(OH),. During equilibration of a solution of Cd?* ions with an
adsorbent, the pH value changes and the final value generally depends on pHy,c of the
adsorbent, solid/liquid ratio, mechanisms of adsorption (when cations form inner-sphere
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complexes, solution pH value decreases in comparison to the value in a solution of inert
electrolyte) [11], etc. According to the results of the pHp,c determination (Fig. 6.13, as
an example), upon the equilibration of the adsorbents with solutions of NaCl as inert
electrolyte, the values of pH; were between 8.9 and 9.5, depending on the type of the
sample, over a wide range of pH; values, at S/L = 0.02 g/20 cm®. At these pH values, the
precipitation of Cd(OH), should start at relatively low Cd** concentrations (according to
the value of the solubility product constant of Cd(OH),, the precipitation starts at the
concentration of about 10—15 mg/dm?® for pH = 9 and even lower at higher pH values).
When the adsorption experiments were performed at S/L = 0.02 g/20 cm® and ¢; = 130
mg/dm?®, the pH; values in all cases were lower than PHpz, indicating specific
adsorption of Cd**, i.e. formation of inner-sphere complexes. However, in some cases,
the pHs was near 9. In order to avoid Cd(OH), precipitation with certainty, the
experiments were then conducted at a lower S/L ratio (0.02/100 cm®) and at lower Cd**

concentration (34.0 mg/dm?®). The results are shown in Table 6.4.

Table 6.4. Adsorption capacity, ge, and pH; for the adsorption of Cd*" onto the
composites and pure compounds from a solution of concentration ¢; = 34.0 mg/dm? at
pH; = 7.0 £ 0.1, for S/L = 0.02 g/100 cm® [156]

Sample pHs de (MY/9)
SEP 6.2 255
AAS 6.0 18.7
nZVI 8.6 164.9
SEP-nZVI(10:1) 6.8 54.8
SEP-nZVI(5:1) 6.9 72.7
SEP-nZVI(2.5:1) 7.3 111.4
SEP-nZVI(2:1) 7.6 121.9
AAS-nZVI1(10:1) 6.7 55.5
AAS-nZVI(5:1) 6.8 60.8
AAS-nZVI1(2.5:1) 7.2 1232
AAS-nZVI1(2:1) 7.2 1233
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As seen from Table 6.4, the adsorption capacity of AAS was lower than that of
SEP due to the removal of structural magnesium during acid activation, as was shown
previously [11], while the capacity of nZVI was much higher than those of both SEP
and ASEP. Therefore, the adsorption capacities of the composites increased as the
quantity of nZVI increased, regardless of the decrease in the specific surface area (Table
6.2). Except for nZVI, final pH values were far below 9, and increased as the quantity of
nZVI in the composites increased. As was mentioned previously, the pHs depends on
the interactions of the surface functional groups with H*/OH™ and Cd** ions. The
formation of inner-sphere complexes of Cd”" with surface functional groups causes a
decrease in the solution pH and the decrease is proportional to the quantity of adsorbed
Cd?* ions [11]. However, compared to SEP and AAS, a smaller decrease was found in
the case of nZVI, which had the highest adsorption capacity. This indicates a much
higher number of surface functional groups, which can bind both H" and Cd* ions,
resulting in the increased adsorption capacity of nZVI.

The adsorption capacity of AAS-nZVI(2:1) was practically the same as that of
AAS-nZV1(2.5:1), regardless of the higher nZVI quantity, probably due to high
aggregation of nZVI particles in AAS-nZV1(2:1). Unlike the AAS-based samples, the
adsorption capacity of the SEP-nZV1 composites increased continually with increasing
quantity of nZVI, owing to better dispersibility of the nZVI1 particles in SEP-nZVI than
in AAS-nZVI. However, despite the better nZVI dispersibility, the adsorption
capacities of the composites SEP-nZVI were not higher than those of the AAS-nZVI
composites.

In order to compare the maximal adsorption capacity of the composites, the
adsorption isotherms were determined for the samples with ratio SEP/AAS:nZVI1 =
2.5:1 and compared with the adsorption isotherms for the pure compounds. To avoid

Cd(OH), precipitation, the experiments were performed at ratio S/L=0.02g/100 cm?®,

6.3.1.2. Adsorption isotherms

The adsorption isotherms for SEP-nZV1(2.5:1) and AAS-nZVI1(2.5:1) and for

the pure compounds are presented in Fig. 6.21. In addition, to analyze the influence of
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prolonged ultrasound treatment on the Cd*" adsorption, the adsorption isotherms for
SEP-nZVI(2.5:1)* and AAS-nZV1(2.5:1)* were also determined and shown in Fig.
6.21. In all cases, the final pH was below 8.5, i.e. Cd(OH), was not precipitated. The
adsorption results were analyzed by the Langmuir [16], Freundlich [18] and Sips
isotherm models [19]. The isotherms parameters and the related correlation coefficients

are given in Table 6.5.
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Fig. 6.21. Adsorption isotherms for pure compounds and samples SEP:nZV1(2.5:1)
SEP-nZVI1(2.5:1)*, AAS:nZV1(2.5:1) and AAS-nZVI(2.5:1)* at pH; = 7.0 £ 0.1 and
S/L=0.02 g/100 cm®.

The adsorption isotherms confirmed much higher adsorption capacity of nZVI
for Cd** ions compared to SEP and AAS, while the capacities of composites lied
between the capacities of the pure compounds. In addition, the capacity of AAS-
nZV1(2.5:1) was higher than that of SEP-nZVI1(2.5:1) but, in both cases, the values
were significantly higher than expected for a simple mixture of nZVI and SEP/AAS at
the mass ratio 2.5:1 (for 71 mas. % of SEP/AAS and 29 mas. % of nZVI, the adsorption
capacity would be approximately 0.71-:25 mg/g + 0.29-400 mg/g ~133 mg/g, where 25
mg/q is the capacity of SEP and 400 mg/g capacity of nZVI, Table 6.5.). This indicates
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that the presence of SEP or AAS improved the dispersion of nZVI, i.e. decreased
agglomeration in comparison to pure nZVI, providing higher adsorption capacity.
Despite the fact that the dispersion of nZV1 in SEP-nZV1(2.5:1) is higher than in AAS-
nZV1(2.5:1), its adsorption capacity is lower than that of AAS-nZVI1(2.5:1). The reason
could be higher oxidation of SEP-nZVI1(2.5:1) during the synthesis, as was evidenced
by thermal analysis (Fig. 6.12). According to the literature, the adsorption capacities of
iron oxides and hydroxides are much lower [157, 158, 159, 160] than that of nZV1 [118,
161, 162, 163], although the capacities of the nZVI samples differ significantly among
themselves due to both different conditions during the adsorption experiments and
different properties of the nZVI1 samples, mainly particle size and oxidation/aggregation
degree.

To compare the adsorption capacity of sepiolite/nZVI and sepiolite/iron(111)-
oxyhydroxide composites, the adsorption isotherm for the Fe(l11)-sepiolite, synthesized
previously [12] with a ratio SEP/Fe = 3.5:1, was determined at the same initial pH value
(Fig. 6.22). The Langmuir, Freundlich and Sips models fit curves are presented with the

experimental data in Fig. 6.22.

Langmuir
- o = Freundlich
- —-Sips
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Fig.6.22. The adsorption isotherm for Cd** ions onto Fe(l11)-sepiolite at 25 °C and
initial pH =7.0 £ 0.1 [164].

Obviously, the adsorption capacity of the sepiolite/iron(l11)-oxyhydroxide is
much lower than that of nZVI-based composites. Thus, in order to obtain a SEP/AAS-
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nZV1 composite with high adsorption capacity, it is necessary to prevent both
aggregation and oxidation during the synthesis. On the other hand, according to XPS
analysis, oxidation during adsorption is beneficial for cadmium removal. Moreover, in
recent investigations [155], strong oxidation agents were used with zero-valent iron
(ZV1) in order to accelerate the oxidation during adsorption. It was shown that the
combination of zero-valent iron and oxidation agent was a very efficient way for the
removal of some heavy metals from water through multiple mechanisms, including
adsorption and co-precipitation.

Prolonged ultrasound treatment of the support suspension provided higher
adsorption capacity for the SEP-based composite (sample SEP-nZVI1(2.5:1)*), despite
worse textural and microstructure properties in comparison to sample SEP-nZVI(2.5:1).
On the other hand, the maximum Cd*" uptake capacity of AAS-nZVI composite
decreased with the ultrasound treatment prolongation. Having in mind that the
prolonged treatment caused the shortening of sepiolite fibers (Fig. 6.6), it can be
supposed that removal of oxygen from the sepiolite channels was more efficient and the
nZVI oxidation during synthesis was less pronounced. In that way, the adsorption
capacity was higher, regardless of lower dispersibility and lower specific surface area.
In the case of sample AAS-nZV1(2.5:1)*, the dispersibility and specific surface area are
higher than of sample AAS-nZVI(2.5:1), but nZVI1 crystals are smaller, according to
XRD analysis (Fig. 6.1), which probably caused higher oxidation during synthesis and
consequently lower adsorption capacity.

The results presented in Table 6.5 show that all three models applied fit the
adsorption equilibrium data well. It is well known that the Langmuir model assumes
monolayer adsorption at specific homogeneous sites and formation of strong, usually
chemical bonds [16], while the Freundlich model describes adsorption, possibly
multilayer, on a heterogeneous surface consisting of non-identical and energetically
non-uniform sites [18]. The Sips model combines the Freundlich and Langmuir ones,
assuming heterogeneous adsorption at lower concentration as it predicts the Freundlich
model and formation of monolayer at higher concentration, as in the case of the
Langmuir model [19]. Based on good fiting of the results with all three models,
formation of strong bonds between Cd** and adsorbents sites of different energy is

assumed, until a monolayer was formed.
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Table 6.5. Langmuir, Freundlich and Sips isotherms constants for the adsorption of Cd®* onto the composites and pure compounds at pH; =

7.0 £ 0.1 (gm (Mg/g), KL (dm*/mg), Ks (mg®™™ dm*"/g), K. (dm*mg)"s))

AAS- SEP- AAS- SEP- Fe(ll1)-
nZVI N N SEP AAS o
nZv1(2.5:1) nzZVI(2.5:1) nzZVI(2.5:1) nZVI(2.5:1) sepiolite
Qm 399.3 291.2 240.4 242.0 267.8 27.2 26.0 41.1
Langmuir KL 1.12 0.87 0.32 0.22 1.58 0.11 0.03 0.35
R? 0.997 0.936 0.981 0.928 0.899 0.983 0.932 0.888
Kt 255.7 127.0 92.7 116.7 148.1 8.4 2.8 12.3
Freundlich
1/n 0.12 0.22 0.23 0.16 0.17 0.24 0.42 0.31
R 0.964 0.866 0.978 0.937 0.926 0.985 0.917 0.938
Qm 397.6 302.0 286.3 224.2 357.4 36.3 25.5 79.3
Si Ka 1.12 0.85 0.35 0.01 0.72 0.18 0.03 0.18
ips
P Ns 1.04 0.81 0.62 0.16 0.41 0.55 1.03 0.46
R® 0.996 0.928 0.990 0.784 0.905 0.987 0.916 0.948
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6.3.1.3. Effect of contact time

The effect of the contact time on the amount of Cd** adsorbed onto SEP-
nZV1(2.5:1) and AAS-nZV1(2.5:1) is shown in Fig. 6.23. It can be seen that the removal
of Cd** ions by adsorption onto SEP-nZVI1(2.5:1) and AAS-nZVI(2.5:1) was comprised
of three steps: rapid adsorption in the first 0.5 h, then slightly decreased adsorption,
followed by its slow increase after 2 h, until the equilibrium was reached. The high
number of active sites available at the beginning of adsorption explains the initial fast
Cd*" uptake at the composites surface. However, some rapidly adsorbed ions were
desorbed in the next step. After that, a slow increase of the amount of adsorbed Cd*
ions was observed, since the most of adsorption sites were occupied and Cd**

concentration in the solutions was decreased; thus, the adsorption became less efficient.
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Fig. 6.23. The effect of contact time on Cd** adsorption onto: a) SEP-nZVI1(2.5:1) and
b) AAS-nZVI1(2.5:1), at 25°C and initial pH of 7 + 0.1 (ci(Cd*") = 100 mg/dm?; S/L =
0.02 g/100 cm®).
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In order to obtain more information about the mechanism of adsorption and the
potential rate-controlling steps, the two most widely applied kinetic models were used
to fit the experimental data: the pseudo-first order and the pseudo-second order kinetic
models (Egs. 2.9 and 2.16). The obtained parameters for the adsorption kinetics are
given in Table 6.6, while the pseudo-second order model fits are shown in Fig. 6.24.

Table 6.6. Kinetic parameters for Cd** adsorption onto SEP-nZVI(2.5:1) and AAS-
nZVI1(2.5:1)

Pseudo-first order Pseudo-second order

Adsorbent ka, Ge. e, G h,
/min mglg R® g/mg:min mglg R? mg/g-min
SEP-
0.000967 53.0 0.586 0.0000386 161.0 0.958 1.00
nZVI(2.5:1)
AAS-
0.002276 63.9 0.565 0.0001091 202.4 0.985 4.47
nZVI(2.5:1)
19 n [ ]
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Fig. 6.24. Linear fitting of the kinetic data for Cd®* adsorption onto: a) SEP-nZVI1(2.5:1)
and AAS-nZVI1(2.5:1) by the pseudo-second order kinetic model.
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According to obtained kinetic parameters (Table 6.6) it is clear that the pseudo-
second order model fits the experimental data better than the pseudo-first order model,
since the g, values estimated by this model are in good agreement with the experimental
results and that the values of the correlation coefficients are close to 1. The fact that the
pseudo-second order model gave better agreement with the experimental data is not
surprising, since this seems to be a generally prevalent observation in heavy metal
adsorption studies [165]. Further, this suggests that the rate-limiting step in heavy metal
adsorption is chemisorption, which involves valence forces through the sharing or
exchange of electrons between adsorbent and adsorbate, complexation, coordination
and/or chelation, rather than physisorption [165]. As the correlation coefficients values
for the pseudo-second order model are high (Table 6.6), it can be stated that the
adsorption of Cd** onto SEP-nZVI and AAS-nZ V1 occurs through chemisorptions, as it
already concluded according to adsorption modeling (formation of strong bonds with
the adsorbent sites) and final pH values (formation of inner-sphere complexes).

Kinetic analysis confirmed that adsorption capacity of AAS-nZVI was higher
than of SEP-nZV1, as shown by adsorption isotherms (Fig. 6.21). In addition, according
to the values of rate constants, the rate of adsorption onto AAS-nZVI was higher, as

well as initial adsorption rate.

6.3.1.4. Effect of temperature
The effect of temperature on the Cd** adsorption onto samples SEP-nZV1(2.5:1),

SEP-nZVI(2.5:1)*, AAS-nZVI(2.5:1) and AAS-nZVI(2.5:1)* is illustrated in Fig. 6.25,
where the adsorption isotherms at 25, 40 and 50 °C are presented.
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Fig. 6.25. Adsorption isotherms for Cd®* ions at different temperature onto: a) SEP-
nZVI1(2.5:1), b) AAS-nZVI(2.5:1), ¢) SEP-nZVI(2.5:1)" and d) AAS-nZVI(2.5:1) at
pH=7.0 £ 0.1.

It is known that the adsorption capacity of an adsorbent increases with the

temperature increase if the adsorption process is endothermic and vice versa, the

capacity decreases with the temperature if the process is exothermic. According to Fig.

6.24, Cd*" adsorption on all investigated adsorbents increased with the temperature

increasing from 25 to 40 °C and than decreased with further increase of temperature up

to 50 °C. Such unusual behavior can be explained taking into account that several

factors possibly affect the temperature-dependence of sorption reactions. First, Cd**

ions are well-hydrated in aqua solutions and, in order to be adsorbed onto an adsorbent,
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the ions have to denude of their hydration sheath [166], which is an endothermic
process. On the other hand, the adsorption of dehydrated ions is exothermic process.
Overall enthalpy change of the ions adsorption depends on the values of dehydration
end adsorption enthalpy. As the adsorption of Cd?* ions increased from 25 to 40 °C, it
can be supposed that the enthalpy of dehydration was higher than the enthalpy of
adsorption. But, with the further temperature increase, the Cd®* adsorption decreased,
which indicates an exothermic process. The results suggest that endothermicity of the
dehydration process decrease with the temperature, while the enthalpy of adsorption
increased, so the overall process of adsorption became exothermal, which caused the
decreasing of the adsorption capacity. In addition, some authors stated that physical
damage to the adsorbent could occur at high temperature, reducing its adsorption
capacity. Decreasing of adsorption capacity with the temperature increasing can be also
attributed to the increased solubility of the metal ions in the solution which favored the
migration of metal ions from the adsorbent to the liquid phase [167]. Further, aqueous
speciation of the adsorbate solutes is temperature dependent, which will in turn affect
adsorption process. Moreover, an increase in temperature causes a decrease in the point
of zero charge, which changes the surface charge of adsorbent at constant pH value
[168] and, consequently, its adsorption capacity. Taking into account all the mentioned
possible influences of the temperature on the capacity of adsorbent, the observed
dependence of Cd®* adsorption on temperature is not unexpected. Because of such
temperature dependence of Cd®* adsorption, thermodynamic parameters of the Cd?*
adsorption could not have been determined.

The Langmuir, Freundlich and Sips isotherms parameternd the coefficients of
correlation are presented in Tables 6.7-6.9. Obviously, none of the three models fits the
results of the adsorption on higher temperatures well.
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Table 6.7. Langmuir isotherm constants and coefficient of correlation for the adsorption

of Cd?* onto the composites, at different temperatures

Adsorbent T, °C K., dm*/mg Om, Mg/g R?
25 0.32 240.4 0.981
SEP-nZVI(2.5:1) 40 3.12 255.0 0.703
50 1.68 150.2 0.892
25 0.87 291.2 0.936
AAS-nZVI(2.5:1) 40 1.17 328.3 0.664
50 0.81 233.9 0.932
25 1.58 267.8 0.899
SEP-nZVI1(2.5:1)" 40 0.87 319.6 0.572
50 1.34 199.3 0.696
25 0.22 242.0 0.928
AAS-nZVI(2.5:1)" 40 0.654 233.7 0.738
50 0.871 127.9 0.589

Table 6.8. Freundlich isotherm constants and coefficient of correlation for the

adsorption of Cd®* onto the composites, at different temperatures

Adsorbent T, °C Ks, dm°/mg 1/n R’
25 92.7 0.23 0.978
SEP-nZVI(2.5:1) 40 173.1 0.10 0.703
50 88.4 0.13 0.892
25 127.0 0.22 0.866
AAS-nZVI(2.5:1) 40 172.7 0.16 0.472
50 107.4 0.21 0.808
25 148.1 0.17 0.926
SEP-nZVI(2.5:1)" 40 189.6 0.13 0.589
50 100.2 0.20 0.784
25 116.7 0.16 0.937
AAS-nZVI(2.5:1)" 40 111.4 0.18 0.904
50 66.3 0.18 0.664
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Table 6.9. Sips isotherm constants and coefficient of correlation for the adsorption of

Cd** onto the composites, at different temperatures

Adsorbent T, °C Qm, Mg/g Ka Ns R?
25 286.3 0.35 0.62 0.990
SEP-nZVI(2.5:1) 40 269.1 194.6 124.8 0.467
50 164.4 1.20 0.57 0.955
25 302.0 0.85 0.81 0.928
AAS-nZVI(25:1) 40 275.9 0.63 5.53 0.503
50 230.0 0.82 1.13 0.911
25 357.4 0.72 0.41 0.905
SEP-nZVI(Z.S:l)* 40 238.9 0.02 74.69 0.201
50 187.6 0.003 0.20 0.677
25 224.2 0.01 0.16 0.784
AAS-nZV|(2.521)* 40 100.4 235.3 39.61 0.234
50 171.3 0.56 0.47 0.573

6.3.2. Cr(VI) adsorption

The adsorption of Cr(IV) ions were investigated at pH; =2.0 £ 0.1 and 3.0 £ 0.1
at different initial concentration in order to determine the adsorption isotherms for the
composites and to compare their maximal adsorption capacity.

Solution pH is an important parameter that influences the adsorption because it
determines both the surface charge of the adsorbent and existing form of Cr(VI).
Regardless of different forms, Cr(VI) is always present as anion: HCrO,4 is the main
species at low concentrations at pH 2-4, CrO,* becomes dominant species at pH > 7,
whereas Cr,0-* and HCr,O5 exist only in solutions of high concentration.

It was shown that the removal of Cr(VI) by various adsorbents is highly
dependent on the solution pH [47, 67, 102, 121, 128, 133, 134]. Generally, the
efficiency of Cr (V1) removal decreases with the increase in pH. One of the reasons is

the increasing of negative charge on the adsorbent surface and, thus, stronger repulsive
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forces between Cr(VI) anions and negatively charged surface. When pH decreases,
more H* ions are present in solution and degree of protonation of the surface functional
groups of the adsorbent increases, which is favorable for the adsorption of negatively
charged ions. In addition, in the case of nZVI and the nZVI-based composites, acid
condition favors the reduction of Cr(VI) to Cr(l11) by nZVI:

Cr,0/% + 2Fe + 14H*— 2Cr** + 2Fe** + 7TH,0 (6.1)

It is believed that the removal of Cr(VI) involves instantaneous adsorption of Cr(\V1) on
the nZV1 surface, where the electron transfer takes place. With the oxidation of nZV1 to
Fe**, Cr(V1) is reduced to Cr**, followed by the subsequent precipitation of mixed Cr
and Fe hydroxides [78] (Egs. 4.11. - 4.14).

At higher pH values, Cr(I11) and Fe(l11) hydroxides are undoubtedly developed,
forming passivation layer which hindered Cr(VI) access to the nzZVI surface and
inhibited further decomposition of surface iron. At lower pH values, high concentration
of H" causes corrosion of nZVI particles, additionally due to nZVI reaction with
dissolved oxygen and with water itself (Egs. 4.6-4.8). This would renew the fresh
reactive sites and improve electron transfer from nzZVI to Cr(VI), leading to a
significant increase in the reduction of Cr(\V1) to Cr(lI) [135]. It should be noted that,
although lower pH values could regenerate the reactive sites in nZVI particles, this
would also decrease the lifespan of nZVI particles in longer periods.

Taking into account foregoing analysis and the fact that the commercial method
for the removal of Cr(VI) from water is its reduction in acid conditions and Cr(OH)3
precipitation in basic conditions [169], the Cr(VI) adsorption onto nZVI composites was
analyzed in this work in acid conditions, at pH; = 2.0 + 0.1 and 3.0 = 0.1. The
dependences of the adsorbed amount of Cr(VI), g, on the Cr(VI) equilibrium
concentration, c., are shown in Figs. 6.26 and 6.27. Final pH values were in the region
2.5-3 for pH; = 2.0 and for pH; = 3.0 in the region 6.5-9. As the Cr(VI) concentration
increased, final pH decreased.
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Fig. 6.26. Adsorption isotherm for Cr(V1) ions onto SEP-nZVI (a) and AAS-nZVI (b)
composites at pH; = 2.0 £ 0.1.
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Fig. 6.27. Adsorption isotherm for Cr(V1) ions onto SEP-nZVI (a) and AAS-nZVI (b)
composites at pH; =3.0 £ 0.1.

As seen from Figs. 6.26 and 6.27, the adsorption capacity increased as the
quantity of nZVI in the composite increased. According to the literature [47], adsorption
capacities of the sepiolite and acid-activated sepiolites for Cr(\V1) were negligible, even
at low initial pH values, due to negatively charged surfaces in a wide range of pH
values. Therefore, the content of nZVI1 was the factor that determined the adsorption

capacity of the composites.
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The adsorption capacities of AAS-nZVI composites were higher than of SEP-
nZVI, as it is the case in Cd*" adsorption. Obviously, degree of nZVI oxidation during
synthesis is the factor that determines the adsorption capacity more than nZV1 particles
dispersivity.

Adsorption capacities of the composites were higher at pH; = 2.0 + 0.1 than at
pH; = 3.0 £ 0.1, as it was expected according to the literature. During the equilibration
of the adsorbents with Cr(\V1) solutions, pH value changed owing to different processes:
interactions of H*/OH" ions with the surface functional groups (as in the case of
equilibration with inert electrolyte during pHpzc determination), interactions of Cr(VI)
anions with the surface functional groups, Cr(V1) reduction to Cr®" and its interaction
with the surface functional groups, precipitation of Cr(OH)s; and Fe(OH)s etc. Final pH
values (pHy) were higher than pH;, mainly owing to high consumption of H" ions in the
interaction with the adsorbent surface (high buffer capacity of adsorbents). Reasonably,
final pH values were lower for pH; = 2.0 + 0.1 than for pH; = 3.0 + 0.1. Having in mind
this pH increase which occured regardless the presence or absence of Cr(VI), it was
difficult to detect the pH changes due to Cr(VI) interactions with the adsorbent and/or
H*/OH ions from the solution. Some conclusions can be drawn, however, from the pH
changes recorded with the increase of Cr(VI) concentration during adsorption isotherms
determination. Namely, pH decreased with the Cr(VI) concentration increasing,
indicating higher releasing of H* ions into solution than the consumption/binding of the
ions to the surface, i.e. higher consumption of OH™ ions. This H* releasing or OH"
consumption suggests specific adsorption of Cr** ions (inner-sphere complexes) or
formation of Cr(OH); and Fe(OH)s. Accordingly, it can be concluded that the
mechanism of Cr(VI) removal by SEP/AAS-nZVI composites involves Cr(VI)
reduction and adsorption of Cr** or Cr(OH); precipitation. In addition, electrostatic
interactions between protonated surface and Cr(VI) anions is possible, especially at
lower pH values.

The parameters of isotherm models are shown in Tables 6.10 and 6.11 for the
samples with high adsorption capacity. By comparing the correlation coefficients, it was
found that the equilibrium data was best described by Sips isotherm model.
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Table 6.10. Langmuir, Freundlich and Sips isotherms constants for the adsorption of
Cr(VI) onto the composites of SEP and AAS at pH; = 2.0 + 0.1(gm (mg/g), K.
(dm¥mg), K (mg*™™ dm*/g), K, (dm*/mg)"s))

SEP- SEP- AAS- AAS-
nZVI(2.5:1)  nzZVI(2:1)  nzVI25:1)  nzZVI(2:1)
KL 0.026 0.061 0.002 0.043
Langmuir
Qm 23.1 30.8 63.5 77.3
model
R? 0.859 0.748 0.897 0.857
. dlich Kt 1.16 3.65 1.00 4.86
reundlic
R? 0.790 0.645 0.897 0.857
Om 13.0 23.8 44.0 53.9
Sips model Ka 0.076 0.013 0.017 0.032
Ns 2.66 3.94 3.28 0.833
R? 0.956 0.901 0.962 0.811

Table 6.11. Langmuir, Freundlich and Sips isotherms constants for the adsorption of
Cr(IV) onto the composites of SEP and AAS at pH; = 3.0 £ 0.1(gm (mMg/g), K.
(dm%mg), K¢ (mg™"™ dm*"/g), K, (dm%*mg)"s))

SEP- SEP- AAS- AAS-

nZVI(2.5:1) nzZVI(2:1) nzVI(25:1)  nZVI(2:1)
Langmir K. 0.035 0.192 0.040 0.051
model Um 5.4 11.7 43.9 62.7
R? 0.967 0.972 0.909 0.969
Ereundlich Ks 0.45 3.79 3.00 4.65
retin ) :C N 0.52 0.27 0.61 0.64

moae 5

R 0.995 0.940 0.839 0.922
Um 47 13.0 26.7 40.4
Sips model Ka 0.032 0.226 0.009 0.029
Ns 0.52 0.77 2.05 1.64
R? 0.994 0.968 0.974 0.999
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6.3.3. Removal of dye C.I. Reactive Orange 16

6.3.3.1. Reductive and oxidative removal

Removal of anionic dye C.l. Reactive Orange 16 by the composites was
analyzed in two ways: with addition of H,O, to provide heterogeneous Fenton oxidation
and without H,O,, when adsorption/reduction processes were dominant. The results
obtained in the experiments without H,O; are given in Table 6.12, while those obtained
with different H,O, concentrations are given in Table 6.13. In both cases, experiments
were performed with the solution of dye concentration 74.0 mg/dm® with no pH

adjustment (pH; of the solution was ~ 5.8).

Table 6.12. Results of adsorption of dye onto composites and pure compounds at pH; =
5.8 and temperature of 25 °C (c; = 74.0 mg/dm?®, S/L = 0.04 g/20 cm®)

Sample pHs Je, My/g

nZVI 9.32 32.47

SEP 7.45 0.74
SEP-nZVI(10:1) 9.24 0.83
SEP-nZVI(5:1) 9.35 0.93
SEP-nZVI(2.5:1) 9.43 22.56
SEP-nZV1(2:1) 9.49 16.14
AAS 7.11 0.46
AAS-nZVI1(10:1) 9.32 0.31
AAS-nZVI1(5:1) 9.43 0.89
AAS-nZVI(2.5:1) 9.55 18.63
AAS-nZVI1(2:1) 9.69 14.22

Similar as for chromates, adsorption capacities of sepiolite and acid-activated
sepiolite for the dye were very low, as already shown [170]. Removal capacity of nZVI
was much higher, while those of composites lied between the capacity of nZVI and

SEP/AAS. As it was observed for chromates, the capacities of the composites with low
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quantity of nZVI (ratio 10:1 and 5:1) were very low, comparable to the SEP and AAS
capacities.

According to final pH values (Table 6.12), which are close to pHpzc, the surface
of the adsorbents is not positively charged and electrostatic interactions between dye
anions and surface are not favorable. Therefore, the dye removal involves other
mechanisms. According to the literature [170, 171, 172] adsorption followed by
reduction is the main mechanism of dye removal. Upon reduction, chromofore structure
in dye is degraded, leading to decolorization of dye solution. It is shown that Fe® can
easily degrade azo structure (-N=N-), but the resulting intermediate organic compounds
needs further mineralization into CO,, H,O and inorganic ions to achieve complete
degradation. On the other hand, the resulting organic compounds can be adsorbed on the
oxidized surface of nZV1 or support. Therefore, the reductive mechanism implys a close
contact between dye molecule and Fe°, which is not likely in the case of the composites
SEP/AAS-nZVI at pH; = 5.8, due to negative charge of the surface. Consequently, the
removal efficiency of the composites with low content of nZV1 is low — electrons are
probably spent on other oxidation agents before they reach dye molecules. The highest
efficiency was achieved with the composites at ratio 2.5:1, while further increase of
nZVI1 quantity decreased the removal efficiency. In addition, higher efficiency was
achieved with SEP-nZV1(2.5:1) than with AAS-nZVI1(2.5:1), contrary to results on
Cr(VI) removal. Unlike Cr(VI1), dye removal was investigated at relatively high pH; and
final pH values were very high, causing formation of passivation layer. In the case of
composites with more aggregated nZV1 particles, the passivation layer blocs the nZVI
particles in the interior, preventing their reaction with the dye.

Dye removal by heterogeneous Fenton process implies oxidation by reactive
OH’ radicals (Eq. 6.2) formed by reaction of hydrogen peroxide with ferrous ions (Eq.
4.10) generated in situ by nZVI corrosion (Egs. 4.9).

OH’ + dye — oxidized dye + H,0O (6.2)

The nZVI surface can reduce the ferric ions formed in the reaction 4.13 down to
ferrous ions, and faster recycling of ferric iron at the iron surface occurs through Eg.
(6.3):

2Fe** + Fe¥ — 3Fe® (6.3)
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As a source of OH" generation, H,0O, plays a very important role in Fenton’s
reaction. The effect of H,O, dosage on the dye removal was examined by varying initial
concentration of H,O, (Table 6.13). Another main parameter in Fenton’s reaction that
catalytically decomposes H.O, to generate OH' is Fe?*. The concentration of Fe?*
depends on the nZVI concentration and the conditions in the system (pH value, oxygen
concentration etc.). In the experiments, concentration of the composites was constant,
but the content of nZVI in the composites was different, therefore the nzVI

concentration of was different (Table 6.13).

Table 6.13. Results of dye removal by the samples nZVI, SEP-nZVI and AAS-nZVI in
the presence of different concentration of H,O,, at pH; = 5.8 and temperature of 25 °C
(ci = 74.0 mg/dm?®, S/L = 0.04 g/20 cm®)

c(H202) =4 mM c(H20,) =8 mM c(H207) =12 mM

Sample
pH:  de, Mg/g pHs Ce, Mg/g pH¢ Ce, MQ/Y

nZVI 9.03 18.49 9.18 13.06 9.19 17.01
SEP-nZVI(10:1) 8.99 2.70 9.28 5.66 8.92 6.22
SEP-nzVI(5:1) 9.07 2.58 941 6.16 9.39 6.53
SEP-nZVI1(2.5:1) 9.04 2.09 9.39 3.70 9.37 4.93
SEP-nzZVI(2:1) 9.14 5.79 9.47 4.01 9.48 5.66
AAS-nZV1(10:1) 9.12 2.65 9.40 4.07 9.40 4.63
AAS-nZVI(5:1) 8.51 0.12 8.78 1.04 9.03 1.10
AAS-nZVI(25:1) 923  3.39 9.56 5.41 9.53 6.22
AAS-nZV1(2:1) 9.39 3.88 9.72 6.22 9.70 6.84

Following listed results, the efficiency of the nZVI composites is lower than of
pure nZVI1, and there is no regular dependence of the efficiency on the nZVI quantity in
the composite. Increasing of H,O, concentration enhances the dye removal, but not
significantly. Namely, in the presence of excess H,O,, its scavenging effect towards
OH’ radicals is significant, resulting in the formation of less reactive species such as
HO,'[173, 174].
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In comparison to reductive mechanism, higher efficiency was achieved with
composites with lower quantities (ratio 10:1 and 5:1), while the efficiency of the
composites with higher nZVI quantities is significantly lower. In addition, reductive
mechanism for nZVI is more efficient than oxidative mechanism, as opposed to the
literature [175]. Besides concentration of H,O, and Fe®*, many parameters influence the
efficiency of Fenton oxidation process: solution pH, presence of some other organic
substances, presence of ions that scavenge the radicals, etc. High pH values (pHs, Table
6.13) were unfavorable for the Fenton reaction, because of the Fe(OH)s precipitation,
preventing Fe?* regeneration. It is well known that Fenton process is effective at low
pH values, generally at pH = 2-4. Taking into account the efficiency of the nZVI and
the composites (Table 6.13), it can be concluded that the supports used do not have
positive influence on the heterogeneous Fenton process. Most likely, SEP/AAS reacts
with H,0,, decreasing the quantity of H,O, responsible for generating of OH" radicals

in the reaction with Fe?" ions.

6.3.3.2. Effect of temperature on the reductive removal of dye

Reductive removal of dye by the samples which showed the highest efficiency,
SEP-nZVI(2.5:1) and AAS-nZV1(2.5:1), was investigated at different temperatures, by
determining the dependence of g, on c.. The results are presented in Fig. 6.28.
Langmuir, Freundlich and Sips isotherms constants are summarized in Table 6.14. In
the Fig. 6.28, the Langmuir fit curves, as the best fit, are presented with the

experimental data.
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Fig. 6.28. Adsorption isotherms for dye onto: a) SEP-nZVI1(2.5:1) and b) AAS-

nZVI1(2.5:1) atpH=5and T = 25, 40, 50 °C.

Table 6.14. Langmuir, Freundlich and Sips isotherms constants correlation coefficients
(R?) for the adsorption of C. |. Reactive Orange 16 onto SEP-nZVI(2.5:1) and AAS-
nZVI(2.5:1) at pH; = 5.0 + 0.1 and different temperatures ((qm (Mg/g), K. (dm*mg), Ks
(mg®™™ dm*"/g), K, (dm*mg)"s))

SEP-nZVI(2.5:1)

AAS-NZVI(2.5:1)

T,°C T,°C
25 40 50 25 40 50
KL 0.020 0.017 0.011 0.016 0.003 0.001
Langmuir Om 70.3 387.4 395.8 65.4 375.3 384.2
model R 0.788 0.965 0.959 0.911 0.961 0.948
K 0.525 5.31 13.63 2.9 4.78 4.70
Freundlich  1/n 4.25 1.02 0.79 0.65 0.87 1.01
model R 0.741 0.965 0.938 0.862 0.956 0.934
Om 52.07 67.5 69.24 14.58 58.72 53.35
Sips Ka 0.005 0.007 0.01 0.054 0.015 30.9
model Ns 1.6 87.4 135.7 66.8 67.2 86.1
R 0.761 0.346 0.267 0.421 0.386  0.438
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It is evident that the removal efficiency increased significantly with the
temperature increase, and was slightly more intensive for the sample SEP-nZV1(2.5:1)
than for AAS-nZVI(2.5:1). Such strong influence of temperature on the removal
efficiency should be related to the following issues: (i) rate of reaction (reduction)
increases with the temperature, (ii) decrease in the point of zero charge with increasing
temperature changes the surface charge of the samples leading to lower final pH values;
therefore, passive layer is formed to a lesser extent; (iii) the removal of the passivation
layer from the nZVI particles is more intensive at higher temperatures, rendering the
nZVI surface more available for the dye and thus resulting in more efficient reduction
process. nZVI particles are better dispersed in the sample SEP-nZVI(2.5:1) than in
AAS-nZV1(2.5:1), so the surface of nZVI after removal of oxide layer is larger and
more available in SEP-based composite.
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7. Conclusions

In this investigation, nanoscale zero-valent iron (nZV1) particles were loaded via
chemical reduction onto natural (SEP) and partially acid-activated (AAS) sepiolites at
different support/nZVI mass ratios (10:1, 5:1, 2.5:1 and 2:1) in order to obtain
composites with good nZVI dispersibility and high efficiency for the removal of Cd*,
CrO4* and dye C. I. Reactive Orange 16 from water. In the synthesis process, duration
of the ultrasonic treatment of the SEP/AAS suspensions was varied (10 and 30 min) to
achieve good de-aggregation of the sepiolite fibers to host efficiently nZV1 particles.

Morphology analysis by scanning electron microscopy (SEM) showed that good
dispersibility without noticeable aggregation of the spherical nZVI1 particles was
achieved with SEP at the SEP:nZVI mass ratios > 2.5:1. Despite the higher surface area
of AAS, the dispersibility of nZVI particles was lower when AAS was used as the
support, because of stronger bonds between the AAS fibers, which could not be broken
during synthesis of the composites. The results of SEM analysis were in good
correlation with those of the textural parameters determination: the samples with high
degree of nZVI agglomeration had low specific surface area and both micro- and meso-
porosity, similar to the values for pure nZVI. Prolonged ultrasound treatment improved
de-aggregation of AAS, but caused shortening of the fibers in SEP and their re-
aggregation.

The presence of Fe® in the composites was confirmed by both X-ray diffraction
(XRD) and differential-thermal/thermo-gravimetric (DTA/TGA) analyses. The
DTA/TGA results in air and nitrogen indicated higher content of iron oxide in the
composite with SEP than with AAS, at the same support/nZV1 ratio. The iron oxide was
formed by Fe’ oxidation during synthesis. This was explained by the presence of
oxygen molecules in the channels of SEP, which were destroyed during acid-activation
of sepiolite. Thus, oxygen was not trapped inside the AAS sample.

Based on SEM and DTA/TGA results, nZVI particles were better dispersed
when SEP was used as a support, but a lower degree of oxidation during the synthesis

was achieved using AAS.
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The high values of point of zero charge of all the composites indicate high
basicity of surface due to the presence of basic Fe-OH groups, proven by infrared
spectroscopy (FTIR).

X-Ray photoelectron spectroscopy (XPS) of the SEP/nZVI composite, ratio
2.5:1, before and after Cd®* adsorption, confirmed that the surface of nZVI was
composed of oxidized iron species. Metallic iron was not present on the surface but it
was detected after sputtering, at a depth of 40 nm beneath the original surface. The
content of Fe® decreased after Cd** adsorption as a result of the oxidation during
adsorption process. The XPS depth profile showed that cadmium was present not only
at the surface of the composite, but also in the subsurface region, whereas its
concentration was higher on the surface.

Regardless of the decrease in the specific surface area, the adsorption capacities
of the composites for Cd** ions increased as the quantity of nZVI increased, due to
much higher adsorption capacity of nZV1 for Cd®* than that of both SEP and ASEP. The
adsorption isotherms confirmed that the presence of SEP and AAS as supports
decreased agglomeration of nZVI particles in comparison to pure nZVI, providing
higher adsorption capacities of nZV1 in the composites than of pure nZVI. Taking into
account that the adsorption capacities of the SEP/nZVI composites were higher than that
of previously studied sepiolite/iron(l11)-oxide composite, it was concluded that the
prevention of both aggregation and oxidation during the synthesis was necessary to
obtain SEP/AAS-nZVI composite with a high adsorption capacity. On the other hand,
oxidation during adsorption was beneficial for cadmium removal. Despite worse
textural and microstructural parameters, prolonged ultrasound treatment of the support
suspension provided higher adsorption capacity for the SEP-based composite, while the
opposite was found in the case of AAS-based composite. Such findings confirmed the
positive influence of the nZVI oxidation during the synthesis on the adsorption capacity.
Based on modeling of adsorption data, the formation of strong bonds between Cd** and
adsorbents sites of different energy and monolayer formation were supposed.

Adsorption capacity of the composites obtained at support/nZVI ratio = 2.5:1 for
Cd** ions increased with a temperature increase from 25 to 40 °C, but decreased with

further temperature increase to 50 °C.
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The content of nZV1 in the composites was a determining factor for efficiency of
CrO4* removal from water as the capacity of support was negligible. The adsorption
capacities of AAS-nZVI composites were higher than of SEP-nZVI, suggesting that the
degree of nZVI oxidation during synthesis had stronger influence on adsorption
capacity than dispersivity degree of nZVI particles. The suggested possible mechanisms
of CrO,* removal by the composites comprise CrO,* reduction to Cr**, followed by
Cr® adsorption or Cr(OH); and Fe(OH); co-precipitation and electrostatic attraction
between CrO4% and protonated functional groups of the composite.

The efficiency of the composites with small content of nZVI for the removal of
anionic dye C. I. Reactive Orange 16 was very low, but it was increased significantly
when H,O, was used due to the formation of Fenton reagens. On the other hand, the
efficiency of the composites with higher content of nZVI was much higher without
H,0O,, when reductive mechanism was dominant, especially at higher temperatures.

The influence of temperature on the removal of the dye and Cd** ions indicated
that the in situ formed oxide layer onto nZV1 particles was beneficial for the removal of
Cd?*, but the detachment of oxide layer was desirable for the reductive mechanism of

the removal.
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