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OZET

MANYETIK NANOI:AR’I:inJLLER KULLANILARAK KANALIZASYON
CAMUR SUZUNTU SUYUNDAN FOSFOR GERI KAZANIMI

Fosfor en temel besinlerden biridir, giibrelerin, deterjanlarin ve cilalarn iiretiminde kul-
lanilir. Asirt besin bosalmasindan kaynaklanan cevre kirliligi, atik su aritiminda en
onemli konudur. Besinler, yiizey suyu kaynaklari, yeralti1 suyu ve toprak {izerinde bir¢cok
olumsuz etki yaratir. Fosforun farkli sektorlerde yaygin olarak kullanilmasina ragmen,
fosfor yenilenemez ve degistirilemez siirli bir kaynaktir. Sonug olarak, fosfatin geri

kazanimi, uzaklastirmanin yani sira dikkate alinmalidir.

Bu calisma, kanalizasyon ¢amuru siipernatanindan fosfor gideriminde manyetik nano-
parcaciklarin (MNP'ler) kullanilmasinin etkinligini arastirmak i¢in yapilmistir. Calisma
kapsaminda farkli parametrelerin demir oksit manyetik nanoparcaciklarin kullanilma-

styla fosfat adsorpsiyonu iizerine etkilerini arastirmak i¢in toplu deneyler yapildi.

Demir oksit MNP birlikte ¢okeltme yontemiyle hazirlanmistir. MNP karakterizasyonu,
X-151m kirinmmi, Taramali Elektron Mikroskobu ve Fourier Transform Infrared Spekt-
roskopi Olgiimleri ile yapildi. Bu deneyler demir oksit MNP'nin etkili fosfat adsorpsiyo-
nunu kanitladi. Manyetik nanopartikiillerin yilizeyinde fosforun adsorbe oldugu varligi,
enerji dagitict x-1s11 spektroskopisi kullanilarak dogrulanmigtir. Partikiillerin ytlizey

yukiinii farkli pH degerlerinde belirlemek i¢in Zeta potansiyel dl¢limleri yapilmstir.

Denge caligmalari, sentetik P ¢ozeltisinin ve siipernatan ¢dzeltisinin Redlich-Peterson
izoterm modeliyle tutarli oldugunu gosterdi. Sips modeli kullanilarak hesaplanan demir
oksit MNP'nin teorik maksimum adsorpsiyon kapasitesi 20.8 mg / g'dir. Sentetik fosfat
¢Ozeltisinin ve siipernatan ¢ozeltisinin kinetik ¢alismalari, Elovich modeliyle tutarliydi.
En yiiksek adsorpsiyon kapasitesi, 1000 mg/L P ¢ozeltisi ve 0.3 g manyetik nanoparti-
kiiller ile 6l¢iilmiistiir. Fosforun demir oksit MNP yiizeyinden desorpsiyonu, MNP'lerin

1 saat boyunca 1 M NaOH c¢ozeltisi ile islenmesiyle etkili bir sekilde yapildi.

Bu calismanin amaci, fosfatin adsorpsiyonu i¢in MNP'yi degerlendirmektir. Fosfat geri
kazanimi i¢in daha ucuz ve daha uygun bir yontemi incelemek i¢in nanopartikiiller i¢in

daha dogru bir kullanim bulmak istiyoruz.



Anahtar Kelimeler: Manyetik nanopartikiiller, Fosfat giderimi, Fosfat geri kazanimi,

Adsorpsiyon, Zeta potansiyeli



ABSTRACT

PHOSPHATE RECOVERY FROM SEWAGE SLUDGE SUPERNATANTUSING
MAGNETIC NANOPARTICLES

Phosphorus is one of the most essential nutrients; it is used in the manufacture of ferti-
lizers, detergents, and polishers. Environmental pollution due excessive nutrient dis-
charges is the most important issue in wastewater treatment. Nutrients have many ad-
verse effects on surface water resources, groundwater and soil. Despite the extensive
uses of phosphorus in different sectors, phosphorus is a non-renewable and non-
interchangeable limited resource. Consequently, the recovery of phosphate should be

considered as well as the removal.

This study was carried out to investigate the efficiency of employing magnetic nanopar-
ticles (MNPs) in phosphorus removal from sewage sludge supernatant. In the scope of
the study, batch experiments were performed to investigate the effect of different pa-

rameters on phosphate adsorption using iron oxide magnetic nanoparticles.

The iron oxide MNP was prepared with co-precipitation method. MNP characterization
was done with X-ray diffraction, Scanning Electron Microscopy and Fourier Transform
Infrared Spectroscopy measurements. These experiments proved the effective phosphate
adsorption by iron oxide MNP. The presence adsorbed of the phosphorus on the surface
of magnetic nanoparticles was confirmed using energy-dispersive x-ray spectroscopy.
Zeta potential measurements were conducted to determine the surface charge of the par-
ticles at different pH values.

Equilibrium studies showed that the synthetic P solution and supernatant solution was
consistent with the Redlich-Peterson isotherm model. The theoretical maximum adsorp-
tion capacity of iron oxide MNP calculated using Sips model is 20.8 mg/g. The kinetics
studies of the synthetic phosphate solution and supernatant solution was consistent with
the Elovich model. The highest adsorption capacity was measured with 1000 mg/L P
solution and 0.3 g magnetic nanoparticles. Desorption of phosphorus from the iron ox-
ide MNP surface was effectively done by treating the MNPs with 1 M NaOH solution



for 1 hour.

The aim of this study to evaluate the MNP for the adsorption of phosphate. We would
like to find a more accurate usage for nanoparticles, moreover to examine a cheaper,
more available method for phosphate recovery.

Keywords: Magnetic nanoparticles, Phosphate removal, Phosphate recovery, Adsorp-
tion, Zeta potential
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1. Introduction
1.1. Phosphorus and Phosphate

Phosphorus is the 17th most abundant element in the universe and the 11th most abun-
dant element in the earth crust; moreover there are about 200 phosphorus minerals that
are known. Phosphorus is mostly appearing as white or red. The first one is more reac-
tive. Phosphates are the fully oxidized form (oxidation number +5) of phosphorus. In
water it occurs as PO,>, H,PO, and HPO,®. Plants are able to assimilate the last two
forms. In wastewater the following phosphates forms can be found organic phosphate,
inorganic phosphate and polyphosphate (Toy, 1973). The concentration of phosphorus
changes with the nature of the wastewater, such as municipal wastewater can contain 4-
15 mg/L PO,*, domestic wastewater has about 10-30 mg/L PO,> and treated sewage
has 1-5 mg/L of PO,> (Markeb et al., 2016).

1.1.1. Importance of Phosphorus

Phosphorus is one of the most essential nutrients, essential for the transformation of
Adenosine Triphosphate (ATP-energy transfer) and the creation of nucleotides. It has
important role in reproduction and it is an advanced glue in molecules (Kobel, 2017;
Farber, 1966). Additionally, it has importance in part of skeleton structures and of teeth
(Juhaszné and Dojcsakné, 2012; Saribuga, 2014). It has industrial usage as fertilizers,
water treatment, water softening, detergents, flame retardants, corrosion inhibitors

paints, food and beverage, polishers and pharmaceuticals (Westheimer, 1987).

Environmental pollution due to excessive nutrient discharges is the most important issue
in wastewater treatment. Nutrients have many adverse effects on surface water re-
sources, groundwater and soil. In contrast, even though the extended uses of phosphorus
in different sectors, phosphorus is a nonrenewable and non-interchangeable finite re-
source. According to studies we have reserve for 50-100 years (Cordell et al., 2019;
Mandel et al., 2013). Consequently, the recovery of phosphate should be considered as

well as the removal.



1.1.2. Harms Related to Phosphate

Discharged nutrients as nitrogen and phosphorus into surface waters cause eutrophica-
tion, which is harmful. Eutrophication is a cause of environmental and economic prob-
lems and it is dangerous for public health (Sawyer et al., 1994). Eutrophication is de-
rived from the Greek ‘eu’ — well and ‘trephein’ — nourish words. When nutrients are
oversupplied it causes excessive algae growth and toxic algae blossom. Therefore, oxy-
gen depleted or hypoxic zones are developed (Carpenter et al., 1998). It will damage the
aquatic life, causes fish kills, there can be changes in plant and animal species composi-
tion, the biodiversity can decrease, and the food webs can be disturbed (Franco et al.,
2017). The reduction of the eutrophication is possible just under 10 mg/L phosphate
concentration (Dryden and Stern, 1968).

1.1.3. Phosphorus Removal Technologies

The adsorbents which are used for phosphorus removal have to have high adsorption
rate, high potential of practical application and should be easily recyclable (Onyango et
al., 2007; Urano and Tachikawa, 1991).There are many studies about finding an effec-
tive method for phosphorus removal, such as chemical precipitation, biological treat-

ment and physical removal.

1.1.3.1. Physical removal

For physical treatment the important factor is the size of the pollutant, this treatment has
two types; sedimentation and filtration. In the case of sedimentation, they are using the
gravity and based on the precipitation of hardly dissoluble phosphorus. For filtration we
can use a membrane or sand filtration on which the solids cannot pass through. Reverse
osmosis (RO) is a type of filtration which uses the force of the pressure that is higher

than osmotic pressure through a semi-permeable membrane or filter (Choi, 2016).

1.1.3.2. Enhanced biological phosphorus removal (EBPR)

During biological treatment polyphosphate accumulating organisms (PAOs) are used to
turn nutrients into a simple end product (Welles, 2016). In this process the biological
system stimulates the growth of bacteria and in this way the bacteria will hold a huge
amount of inorganic phosphate, and its name is biomass. The biomass can be easily re-

moved by sedimentation. EBPR is achieved by submitting activated sludge to alternat-



ing anaerobic and aerobic/anoxic conditions. In anaerobic environment PAOs release
orthophosphate and in aerobic environment they pick up orthophosphate (Choi, 2016).
Phosphorus removal is achieved by wasting the excess sludge with phosphate accumu-
lating organisms having high level of poly-P (4-12%). Effluent P levels in the range 0.5-
2 mg/L could be achieved with EBPR process.

1.1.3.3. Chemical treatment

This operation includes chemical coagulation, adsorption and chemical precipitation.
These are unit processes and built up from different level as; preliminary, primary, sec-
ondary, advanced and disinfection (Bowker and Stensel, 1990). On these different levels
different matters are removed; in preliminary rags and floatables; primary suspended
solids and organic matters; secondary biodegradable organic matter, suspended solids
and P and on tertiary level residual suspended solids are removed. During precipitation
different metal salts are added such as; FeCL3-6H,0 (ferric-chloride) and NaAIO, (so-
dium-aluminate). After adsorption these materials become FePQO, (iron (111)-phosphate)
and AIPO,4 (aluminum-phosphate). After the procedure they are easily removable with
sedimentation or filtration. The optional pH for precipitation for Fe®" salts is 4.5-5, nev-
ertheless this cannot be reached, but they are quite effective on pH 7-8 too. To precipi-
tate 1 g of PO,> and reach 90 % of efficiency, 6-8 g of Fe** is needed.

Me** + PO, >MePO, (1.1)

Each of these methods has their own advantages and disadvantages in practice (Jeong-
yun et al., 2016). Although chemical precipitation is resulted with highest removal effi-
ciency and lowest effluent P, high sludge production and cost of chemical addition
make the process unfeasible for many cases. Biological treatment is not the best option
because of the fluctuating characteristics of water. The EBPR method’s disadvantage is
that if the air circulation is not adequate the phosphate can get back to the water treat-
ment system (Markeb et al., 2016).

In the last years, environmental researches have started to pay more attention about the
use of functionalized magnetic nanoparticles. These nanoparticles can be magnetic na-
noparticles, mainly nano zero-valent iron, magnetite (Fes04) and maghemite (y-Fe;O3)

nanoparticles (Giang et al., 2015). In the study of Jeongyun et al. (2016), they examined



the recovery of phosphate with the use of magnetic iron oxide (MIO) and iron oxide
nanotubes (INTs) with artificial wastewater (Jeongyun et al., 2016). Magnetic iron ox-
ide and iron oxide nanotubes are chosen as potent substitute, due to the iron oxide parti-
cles can simply be isolated from the solution using magnets and an INT fixed on the
surface of the iron foil is not inevitable for 10 recovery. Furthermore, the adsorbed
phosphate can be successfully desorbed with solutions pH above 7. Onto P recovery,
iron oxide particles need magnetic recovery equipment, though, when INT was used for
phosphate restoration, additional recovery step is not needful. The two strategies
demonstrated powerful adsorption performance for phosphate recovery in wastewater
(Jeongyun et al., 2016). A magnetic adsorbent includes two advantages, magnetic and
adsorption can be applied to adsorb pollutants and subsequently remove the pollutants
from the solution by a magnetic separation technology without using centrifugation or
filtration (Jiang et al., 2017).

1.2. Adsorption

German physicist Heinrich Kayser coined the term "adsorption™ in 1881. Adsorption is
defined as the adhesion of a chemical species onto the surface of particles. The material
that gets adsorbed on the surface is known as adsorbate and the surface on which ad-
sorption happens is known as adsorbent. Adsorption has two types; chemical adsorption
(chemisorption) and physical adsorption (physisorption). Physisorption is caused mostly
by van der Waals forces and electrostatic forces, low heat adsorption, non specific, mo-
lecular structure is not changing so it is reversible and takes places as multilayer. In con-
trast, chemisorption is caused by ion change, electrostatic attraction; chelating formation
it means strong attraction cause of this it’s hardly reversible. It is a high heat adsorption,
take places as monolayer; molecular structure is changing and mostly specific
(Haciosmanoglu, 2019; Sawyer et al., 1994).

1.2.1. Adsorption process

The steps of adsorption are: bulk, film and intraparticle transport and the adsorption of
the solutes on the active sites (Figure 1.1). The physical and chemical properties of the
adsorbent and the environmental circumstances play important rule in the type of ad-
sorption mechanism. There a lot of parameters which affects the adsorption process,

these are the characteristics of the sorbent (surface charge, area, etc.), the adsorbate



(molecular weight, size, solubility, etc.) and the solution (pH, ionic strength, tempera-
ture, etc.) moreover the duration of the adsorption (Loganathan et al., 2014).

The highest quantity of adsorption is significantly dependent on the surface area and the
pore size (Markeb, 2017).
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Figure 1.1. Adsorption
1.2.2. P removal by adsorption

For phosphate removal by adsorption several studies were carried out (Chitrakar et al.,
2006; Genzet al., 2004; Lueng et al., 2006; Zach-Maor et al. 2011a; Zeng et al., 2004)
and all of them proved that P removal by adsorption is quite an effective way. Further-
more, adsorption is a well established technology for water and wastewater treatment.
The previous studies showed that there are more and more selective and cost effective
sorbents that can be developed. In contrast with the chemical precipitation this tech-
nique does not produce large volumes of chemical sludge. Various types of phosphorus
adsorbents made from zeolites (Geelhoed et al., 1997), lanthanum and yttrium com-

pounds (Wasay et al., 1996; Zhang et al., 2015), aluminum compounds (Gao et al.,



2013; Guaya et al., 2015; Kabayama et al., 2003; Kabayama et al.,2005; Oliveira et al.,
2011), zero-valent iron (Wu et al., 2013), amine-functionalize, Pr(OH)s (Tang et al.,
2014), magnesium amorphous calcium carbonate (Xu et al., 2014), zirconium com-
pounds (Su et al., 2015; Zong et al., 2013) and iron (111) oxide compounds (Bastin et al.,
1999; Lakshmanan et al., 2014; Lin et al., 2013; Lueng et al., 2006; Markeb at al., 2016;
Zach-Maor et al., 2011a; Zeng et al., 2004; Zhu et al., 2013) were studied.

1.2.2.1. Sorption mechanism

The sorption mechanism regulates the capacity, energy and kinetics of adsorption of
phosphate. There are five mechanisms which are: ion exchange, hydrogen bonding, sur-
face precipitation, diffusion and ligand exchange. Ligand exchange is a type of chemi-
sorptions, it is strong and fast, and not always reversible and zeta-potential is reduced
with increasing pH. During ligand exchange the sorbing anion bonds with the metallic
anions by covalent bond, in this way the already bonded OH ions are released. The ad-
vantage for ligand exchangers is that they can extract high percentage of anions having
higher selectivity for adsorption from very dilute solutions of the anions even in the
presence of competing anions of lower selectivity. In this way P is able to form inner
sphere complexes at the surface of iron oxide, which can be monodentate, bidentate,

mononuclear or binuclear (Loganathan et al., 2014).

1.3. Desorption/ Recovery

According to Cordell et al. (2011) 30 types of methods of phosphorus recovery from
sewage sludge exist, the most uncomplicated one is the immediate use of activated
sludge as manure (Cordell at al., 2011; Li et al., 2014; Xie et al., 2010).

As well sewage sludge can include important quantity of possibly dangerous organic
pollutants (Suciu et al., 2015; Tarayre et al., 2016; Zhou et al., 2016). The laws about
the heavy metal in the sludge are very strict because of this the techniques for sludge
treatment and indirect recovery of phosphorus are turning into more and more popular.
Many parameter like pH, COD (chemical oxygen demand), P, Mg and K amount, tem-
perature, time and intensity of oxygenation have an important influence on the efficien-
cy of the progress of desorption (de-Bashan and Bashan, 2004; Havukainen et al.,
2016).



Sewage sludge treatment and recycling was described in some studies before. In the
work of Johansson et al. (Johansson et al., 2008) the method was applied in restoration,

composing, hygienisation and agricultural use.

1.4. About Nanotechnology in General

The XXI. Century’s technical novelty is the ‘nano’. This technology has been developed
and appeared in most of economic sectors. The nanotechnology is used in a wide scope
of activities, for example in analytics, electronics, biomedical applications, environmen-
tal industry and in power generation (Kobel, 2007). A material science-based part of
nanotechnology is nanomaterials, its analyzing materials on nanoscale. Types of nano-
materials are nanoparticles, which has different, highly increased surface area ratio
(Saribuga, 2014). These nano-scale particles have significance in medical biology and
chemical industry too. Nano-sized iron oxide particles are nontoxic supermagnetic ma-
terials, furthermore because of their small size they have untapped great potentials
(Juhaszné and Dojcsakné, 2012). Likewise, their efficient use in membrane separation,

water treatment and purification processes have been presented.

Firstly, in the history William Fullarton used a magnet to detach iron minerals, he de-
fined the magnetic separation in 1792 (Yavuz et al., 2009). Magnetic separation tech-
niques are widely used in diverse areas from steel production to biotechnology. These
methods are commonly used because they are fast, cost effective and highly productive
(Cao et al., 2006). They have advantages during centrifugation, filtration and solid-

phase extraction.

Towler et al. (1996) reported heavy metal recovery from seawater samples by magnetic
sorbent (Towler et al., 1996). Magnetic nanoparticles can effectively remove heavy
metal ions because they can capture and transport them. According to this in the last
years scientists released more and more studies about the usage of MNPs. In a while
they started to examine these particles for biomedical applications too. For instance,
nanoparticles have shown well-seeming performance in contaminant takeout or toxicity
reducing. Furthermore, their impressive usage in membrane separation water treatment
and cleaning courses have been demonstrated.

The application of nanotechnology in the medical fields has been spreading in the last

years. Especially in sectors as drug delivery where the target is to lead the drug to the



disease site with slightest unwanted secondary effect and to decrease the dosage by
more localised and efficient targeting. This involves magnetic drug targeting, whereby
an external magnetic field gradient is applied at the target tissue to deliver the drug
through active targeting using high-affinity ligand attachment, as well as therapeutic
strategies (Fatima and Kyo-Seon, 2018).

In the result of phosphorus removal and recovery from wastewater, magnets can be
made of iron, cobalt and nickel. Iron is the most used one, it has a lots of natural phases
and the most suitable magnetic nanoparticles are Fe3O, and y-Fe,O3 and nanoscale
zerovalent iron (nZVI).

In the United States, many practical experiences of site remediation using nZVI has
been reported (Comba et al., 2011; Su et al., 2012). In Europe, although only three full
scale applications were reported, there were many pilot-test projects with the application
of nZVI for various contaminants (Mueller et al., 2012).

Magnetic nanoparticles have different physicochemical characteristic, these are caused
by the difference in their iron oxidation states and their ability for pollutant removal.
Out of nZVIs, magnetite (FesO4) with both Fe(ll) and Fe(lll), has been examine the
most, it is the favored type because of the presence of the Fe?* statewith the potential of

acting as an electron donor.

1.4.1. Nanomaterial

Nanomaterials have requirements: greatly small size, wished shape, high specific sur-
face area, high surface area to volume ratio, high catalytic capability, charge opposite to
targeted contaminants, large number of active sites for pollutants adsorption, strong me-
chanical feature, nanotoxicity, magnetic in nature for easily separating from final efflu-
ent, supermagnetic in nature and can be produced in bulk amount (Srivastava et al.,
2015).

Nanomaterials are generally considered to have a particle size of between 1 and 1000
nm. Nanostructures can be called a material if it contains independent structural units
which size is in the nanometer size range.

They have three layers, according to Shin et al., (Shin et al., 2016) the surface layer,
which may be functionalized with a variety of small molecules, metal ions, surfactants

and polymers. The shell layer is chemically dissimilar material from the core, which is



basically the central part of the NP and usually attributes the NP itself.

The application of magnetic nanoparticles is very wide, they can be successfully used to
produce magnetic fluids, to develop magnetic storage media, to catalyze reactions and to
treat wastewater. Another very important field of usage is medicine. In medication
MNPs firstly have been used in MRI as contrast material. Furthermore they can be used
for hyper-terminal treatment of tumors, as biosensors and as drug and gene delivery sys-
tems. These materials are successfully applied in cosmetology, dermatology, dental im-
plantology, and orthopedics and in surgery. The essential part of the drug delivery is to
direct the MNPs together with the drug substance to the desired location by magnetic
field and hold it there until the end of the treatment (Ramsden, 2009).

Moreover water treatment technologies apply MNPs. Due to their high specific surface
area, the particles are capable of adsorbing organic matter and heavy metal ions in water.
As a result of their magnetic properties, their removal is relatively simple, with a perma-
nent magnet, The material has been bound on the surface of the removed particles has
several methods, for example, can be easily removed by chemical removal or by mild
heat treatment (Abraham, 2016).

1.4.1.1. Classification of NM

Nanomaterials have been classified and grouped in a number of ways (they can be natu-
ral/synthetic; or according to their dimensionality, morphology, composition, uniformity
and agglomeration). Synthetic nanomaterials have four groups; such as carbonaceous,

metal based, dendrimers, composites (Markeb, 2017).



1.4.1.2.Synthesis methods of NP
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Figure 1.2. Synthesis methods for NPs, (adapted from: Horikoshi and Serpone, 2013)
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Figure 1.3. MNP Co-precipitation
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1.4.1.3. Characterization methods

Scanning electron microscopy (SEM) is used for the characterization of the surface
morphology of the adsorbents (Lalley et al., 2016). Fourier transform infrared (FTIR)
spectroscopy can access to the functional groups of the P.

With X-ray diffraction (XRD) the crystal structure of the MNP can be characterized
(Jeongyun et al., 2016).

Trasmission elentron microscope (TEM) and energy dispersive spectroscopy (EDS) can
be used together to identify the size of the NM.

Zeta potential determines the surface charge of each the sorbent.

The morphology and physical properties of the sorbents can be studied using a trans-
mission electron microscopy (TEM) (Wu et al., 2017).

Inductive Couples Plasma — optical emission spectroscopy (ICP-OES) is a technique in
which the composition of elements in (mostly water-dissolved) samples can be deter-
mined using plasma and spectrometer (Markeb, 2017).

Elemental (C, H, N) analyses can be conducted using an EA112 CHN elemental analyz-
er (Chenetal., 2011).

Physical adsorption: Pore and surface characteristics were measured by N, adsorption.

The surface area (SA) and average pore radius (APR) can be determined by multipoint.
1.4.2. Magnetic nanopatrticles

Iron is one of the most common elements on Earth. It can be found in nature in many
rocks in the form of different silicates and oxides. Iron can form multiple compounds

with oxygen that have different properties.

Table 1.1. Iron oxides (Adapted from Cornell and Schwertmann, 2000)

Name Magnetite Maghemite Hematite Wiistite Goethite
Magnetic ferro- ferro- antiferro- antiferro- antiferro-
property magnetic magnetic magnetic magnetic magnetic
Formula Fes0, v-Fe 03 a-Fe,03 FeO o-FeOOH
Color black brown red grey yellow
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These iron-oxides can turn to each other under appropriate circumstances; these trans-
formations can be for example realignment, oxidation, and dehydration. Among the na-
noscale supermagnetic iron oxide compounds, magnetite (FesO4) and maghemite (y
Fe,05) are at the center of biological research, they used to form a core of magnetic iron
oxide nanoparticles (MIONs). Magnetite is a mixed oxide, which means that it also con-
tains iron atoms with oxidation state Il and 111 in a ratio of 1: 2. Accordingly, the formula
is FeO - Fe;Os. It is a material with ferromagnetic properties; therefore it can be magnet-
ized and then becomes a permanent magnet itself. Maghemite (y-Fe,O3) contains brown
ferromagnetic iron oxide, contains only iron ions with oxidation state III (Abraham,
2016).

In addition to minerals, magnetite is found in various biological systems, such as magne-
totactic bacteria. These bacteria have a cell organ called a magnetosome, which is re-
sponsible for the synthesis of crystals. These crystals have narrow size distribution and
definite morphology. This morphology is different from the magnetite particles obtained
by laboratory synthesis, so that the particles can serve as a kind of biomarker (Kosa and
Poésfai, 2007).

It is important to note that the magnetic behavior of various iron oxide particles is highly
dependent on the particle size. Magnetite nanoparticles exhibit ferromagnetic over about
20 nm, while they exhibit super paramagnetic behavior. Maghemitic particles are charac-
terized by super paramagnetic behavior. An interesting aspect is the question of surface
properties and the properties of molecules that can be attached to the surface. Studies
have shown that carboxylic or amino group molecules are best bound to iron oxide parti-
cles (Cushing et al., 2004).

The magnetic property of a material is determined by the spin of its unmatched electrons.
Magnetic materials are unique units of magnetic wear consist of domains (Szittya, 1999).
The magnetic properties of the material are influenced by the amount of magnetic do-
mains, and how the domains of the material react in the presence or absence of an exter-
nal magnetic field. When a material consists of only one magnetic domain, it exhibits
superparamagnetic characteristics.

Due to their dipole character, the domains are aligned in the same direction as the mag-

netic field - while in the absence of magnetic field they will have diffuse distribution as a
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result of Brown Movement (Thorek et al., 2006).

This behavior can be observed in iron oxide particles also in a certain size range. The
particles between 50 and 100 nm are classified into a group of super paramagnetic iron
oxide nanoparticles (SPIONSs), while sizes below 50 nm are called ultra-small super par-
amagnetic (USPIO) iron oxides (Boyer et al., 2010). Generally, nanoscale iron oxide
particles have different coatings that help stability and improve application in, for exam-

ple, biological systems.

Fe Fe Fe

Figure 1.4. Chemical structure of magnetite

13



2. Materials and Methods
2.1. Materials

2.1.1. Synthetic P solution

Synthetic phosphate stock solution (1000 mg/L) was prepared by dissolving 2.177 g
KH,PO, and 0.028 g K;HPO,in 1 L deionized water.

2.1.2. Dewatered Sludge Supernatant

Sludge supernatant was taken from Atakéy WWTP plant, Istanbul. The following tests

were carried out to examine the important parameters of the supernatant (Table 2.1).

Table 2.1.Characterization of the supernatant

Parameter Value (mg/L)
oH ~8.1
Mg?* 3.74 (mg/L)
ca?* 3.50 (mg/L)
Chemical oxygen demand 381 (mg/L)
NH3-N 590 (mg/L)
PO,-P 166 (mg/L)
2.2. Methods

2.2.1. Synthesis of Magnetic Nanoparticles

The co-precipitation process was used in the synthesis of magnetite (Fe3s04) nanoparti-
cles (MNP). Iron (I11) (0.08 mol) and Iron (11) (0.04 mol) salts were dissolved in 700
mL deionized water, in a molar ratio of 2:1. This solution was mixed at 500 rpm and
heated up to 60 °C under N, atmosphere. After the salt solution was reached to the de-
sired temperature, NaOH (5 M) was added rapidly until the pH was 11. Formation of
black precipitates was observed immediately after the addition of the base (Figure 2.1).

The solution was allowed to stir at 500 rpm and at 60 °C for 30 min. Then, the solution
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was left to cool down and washed with deionized water and ethanol several times till the

pH decreased to 7.

Figure 2.1. MNP synthesis

The black precipitates were dried in the electric furnace (Figure 2.2) under vacuum at
60 °C for 24 hours.
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Figure 2.2. Electric furnace

After the drying step, the surface of the nanoparticles increased by using pestle and
mortar as a first step. In order to break down the agglomerates formed during drying,

powder was ground by beat beater with 0.5 mm grinding media (Figure 2.3).

Figure 2.3. Grinding machine
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After the grinding process the separation of the beats and the grinded material was nec-

essary (Figure 2.4). After this process the material was ready for usage.

L'*q N,
\y\ '

Figure 2.4. Separation

2.2.2. Physicochemical characterization of Fe3;O4

To characterize the MNP, we used zeta potential measurements, FTIR, XRD, SEM and
EDX, all have advantage to give different evidences for interpreting the adsorption
mechanism of phosphate.

The pHyyc is very useful parameter to understand the interaction between MNP and ani-
onic phosphate ion, the adsorption mechanism of phosphate. Zeta potential parameter is
a measure of surface charge and governs interactions with environmental media and
biota. pH, ionic strength and dissolved organic matter has influence on the pHy,.. This
value indicates the degree of repulsion between adjacent, similarly charged particles,
i.e., low values indicate poor stability and potential aggregation of particles. It is also
used to determine the pH of the phosphorus solution in adsorption experiments, for this

reason zeta potential analyzer (Malvern Instruments Zetasizer 2000) was used, with 1
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mM KCI as background electrolyte.

Fourier transform infrared spectroscopy (FT-IR; Jasco FT/IR-4700) was used to investi-
gate the phosphate interaction with MNP. It was performed with area of 4 cm™, using
KBr method, by, under atmospheric air and vacuum conditions (Figure 2.5). All sam-
ples were recorded into the range of 4000-400 cm™. FTIR analysis shows the functional
groups involved in the o-P binding to iron oxides and to find the type of inner sphere
complex formed by o-P with the iron oxide surface (Arai and Sparks, 2001; Elzinga and
Sparks, 2007; Parfitt and Atkinson, 1976; Persson et al., 1996; Russel et al., 1974) .

XRD (x-ray diffractometry) is one of the most important characterization methods to
find the structural properties of nanoparticles. It gives enough information about the
crystallinity and phase of NPs (Chitrakar et al., 2006). The XRD analysis was employed
to determine the average particles size (by Scherer formula) of FesO, MNPs after ex-
citement with Cu-Ka radiation at and, wavelength 0.154 nm and 260 range at (5° - 105°).
In this study x-ray diffraction was performed for raw magnetic iron oxide by Rigaku

XRD apparatus.

SEM (scanning electron microscope) was used for the characterization of the surface
morphology and to define particles size of the MNP (Lalley et al., 2016). Energy disper-
sive X-ray spectrometry (EDX) was used to determine Fe:P molar rations in vivianite
(Miot et al., 2009). For SEM and EDX we used Zeiss EVO MA10 (Figure 2.5).

As an additional experiment, Mg®* and Ca®" were measured with photoelectric flame
photometer, Perkin Elmer AAS 400.
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Figure 2.5. FT-IR (left) and SEM (right)

2.2.3. Adsorption experiments

Adsorption of phosphate ion onto magnetite was examined under batch conditions (fig-
ure 2.6). For pH adjustment 2M HCI solution was used. MNP was added to phosphate
samples 20 mL of aqueous phosphate samples and treated in ultrasonic bath (Bandelin
SONOREX digital 10p) for 10 minutes to evenly distribute magnetite nanoparticles.
The samples were placed into a temperature-controlled shaking incubator (IKA, Ger-
many) at fixed speed of 250 rpm and room temperature (25 °C), in 25 mL glass flaks.
Before chemical analyses, magnetite particles were attracted using a magnet and the

solution phase filtered through 0.45 pum membrane filters (Figure 2.6; 2.7).

The first tests were conducted as a function of the initial P concentration in synthetic P
solution. The initial concentrations of the samples were adjusted between from 25-1000
mg/L. In this experiment, pH was initially set to ~3. For equilibrium studies, 0.3 g mag-
netic nanoparticles were added to P solution, the other conditions were the same as it is

described at the previous part.

19



The second set of experiments was performed to examine the adsorption kinetic by dif-
ferent contact times (1, 15, 30, 45, 60, 90, 120, 180, 240, 300, 1260 and 1440 minutes),
with both synthetic P solution (~500 mg/L of initial P; pH ~3) and supernatant (~136
mg/L of initial P; pH ~5). Adsorption kinetic experiments conducted with, 0.3 g mag-
netic nanoparticles, other conditions were the same as it is described at the first part.

Third set of tests were carried out to examine the connection between the adsorbent
dosage and P adsorption with supernatant batch test at various initial concentrations of
MNP (0.1, 0.2, 0.3, 0.4 and 0.5 g). At this test initial P concentration was ~136 mg/L
and pH adjustment was done until pH reached ~5, other conditions were the same as it

is described at the first part.

The fourth set of experiments was conducted to see the effect of pH on P adsorption
capacity, with supernatant at initial P concentration ~166 mg/L and 0.3 g MNP. The
initial pH of the supernatant was 8.1, and after adding 3.7 mL of 2M HCI solution to the
solution, initial pH decreased to ~5. The other experimental conditions were the same as

previously described

Figure 2.6. Batch
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Figure 2.7. Flow diagram of adsorption experiments

The amount of phosphate adsorbed (mg/g or mg P/g) were calculated based on the mass
balance equation given below:

_ (Co—Ceq)xV

q W (2.1)

where q is the adsorbent capacity (mg/g); Co is the initial concentration of anions in
solution (mg/L); Ceq is the final or equilibrium concentration of anions in solution
(mg/L); V is the volume of experimental solution (L); and W is the weight of adsorbent
(9) (Jiang et. al., 2013).

Removal efficiency was calculated as:
R% = L= 100 2.2)

[

where, C, is the initial P concentration and C, is the final P concentration (mg/L)
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Figure 2.8. Magnetic separation

2.2.4. Desorption experiments

Desorption experiments carried out to evaluate phosphorus recovery potential and reusa-
bility of MNPs. Preliminary experiments conducted to find the necessary contact time in
desorption experiments. In some desorption experiments, same NaOH solution was used
repeatedly to obtain concentrated phosphorus solution. In each cycle, after adsorption 20
mL of NaOH was added during desorption tests and shaked (250 rpm) for 1 hour at
room temperature. Flow diagram of the desorption experiments is given in Figure 2.9.
Desorption of phosphorus from MNP carried out at room temperature with 1h contact
time and 1 N NaOH solution. Different amounts of MNP was used in the experiments
with supernatant (0.2, 0.3, 0.4, 0.5 g) and synthetic P solution (0.3 g). We repeated the
adsorption-desorption process 9 times for evaluating the reusability of the magnetic na-
noparticles. Adsorption performance was tested after each desorption experiment.

Desorption rates (%) were calculated according to the following expression,
Dyes = (Z—d) + 100 (2.3)
where, qq is the desorbed PO,> (mg/g) and ga s initially adsorbed PO4* (mg/g).
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Figure 2.9. Flow diagram of desorption experiments

2.2.5. Analytical methods

The PO4> concentration was measured with Amino Acid Method (Method 8178), which
is a fast and accurate colorimetric measurement. The reaction between phosphate and
reagents (1 mL Amino Acid Reagent and 1 mL Molybdate Reagent) causes a blue tint
in the sample. The results will be displayed in mg/L (ppm) of phosphate (PO,%). These
reagents are designed to be used with samples that have an expected range of 0.0 to 30.0
mg/L phosphate. The phosphate concentrations were observed with HACH DR2500

Spectrophotometer on wavelength 880 nm.

For the characterization of supernatant solution and to determine the wastewater quality
parameters Chemical Oxygen Demand (COD) was measured with colorimetric method
with potassium dichromate (K,Cr,0;) and sulfuric acid (H,SO4) on 600 nm in HACH
spectrophotometer. The COD is the amount of oxygen consumed to chemically oxidize

organic water contaminants to inorganic end products.
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Ammonia was measured with direct Nesslerization Method with Mineral Stabilizer,
Polyvinyl Alcohol and Nessler reagent, the yellow color shows the present of NH3-N.

The samples were tested in HACH spectrophotometer on 380nm.

2.2.6. Validation of kinetic and isotherm models

For the evaluation of kinetic and isotherm data we used Microsoft Office Excel soft-

ware.

The acquired model was calculated according to Chi square (x?), correlation coefficient
(R?) and normalized root mean square error (NRMSE). Table 2.2 shows the equations

used for the calculation of these parameters.

Table 2.2. Validation parameters used for model evaluation

Parameter Equation
n
_ 2
Chi square x2 — (qexp qcalc)
Jcalc
i=1

Z?:l (qexp - CIcalc) 2

Correlation coefficient REP=1-g 5
i=1(qexp - Qexp,mean)

n

\/Z?=1(Qexp —Gcalc)?

Normalized root mean square error NRMSE =

Qexp,max — Qexpmin

Where n is the number of data points; dexp and dcaic are the quantities adsorbed deter-
mined experimentally and the quantities adsorbed calculated by the models, respective-
IY; Oexpmax @Nd Qexp,min, Qexpmean are the maximum, minimum and mean values of the

quantities adsorbed determined experimentally, respectively.
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3. Results and Discussion
3.1. Characterization of the adsorbent

The adsorbent material synthesized magnetic iron nanoparticles were characterized by
Zeta potential analyzer, Fourier transform infrared (FTIR) spectroscopy, X-ray diffrac-
tion (XRD), scanning electron microscopy (SEM) and energy dispersive X-ray spec-
trometry (EDX).

3.1.1. Point of zero charge

This value helped us to set the most fitting pH value during the experiments.

20
10

point of zero charge

12

Zeta (mV)

pH

Figure 3.1. Zeta potential at different pH values

The zeta potential measurements as a function of pH (Figure 3.1) showed that the iron
oxide surface charge is electropositive when pH values are lower than 5.6 and electro-
negative at pH values higher than 5.6. It means that the point of zero charge (pHzc) val-
ue was 5.6 for the produced MNP. The adsorption of the negatively charged phosphate
ion to positively charged nanoparticles is favorable below pHp,c. Because of the value of

point of zero charge for experiments we set pH below 5.6.
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3.1.2. FT-IR results

Fourier-transformed infrared spectroscopy results of pure magnetic iron oxide, after ad-

sorption and after desorption with synthetic P solution is given in Figure 3.2.

In the FT-IR spectrum of raw MNP (Figure 3.2 (a), the peaks of 1326.8, 1552.4 and
3182.0 cm™ indicated vibrations of functional group (Chen et. al., 2008; 2011) such as
OH, and corresponded to the bending vibration of the H,O molecules. Additionally, the
peaks at 848.5 cm™ corresponded to the Fe-OH vibration. There is a sharp peak at 540.0

cmthat is ascribable to Fe-O vibrations.

On the spectra of the MNP after the adsorption with synthetic P solution a few changes
seen compared with the spectra of the pure MNP. Peak at 1326.8 cm™ disappeared and
1003.8 cm™ can be seen on the FTIR spectra after adsorption, this peak is attributed to
the asymmetric stretch vibration of P-O of PO,> group on MNP (Xu et al., 2017). P-O
stretching bands encountered in PO,* units are often identified in the range 990-1100
cm™ (Salah et al., 2006). The characteristic adsorption bands of the Fe-O bond of mag-
netite were originally in 540.0 cm™ and 451.3 cm™. This result was the evidence that the
phosphorus was chemically bond to the surface of the magnetic iron oxide particles. Af-
ter phosphate adsorption these bands shifted to 539.0 cm™ and 455.1 cm™ and they di-
vide into smaller fractions. These diversions may sign that the interactions between

phosphate and MNP are intermolecular origin (Maciel et al., 2012).
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Figure 3.2. FTIR spectra of raw MNP (a) and MNP after adsorption with synthetic P solution (b)
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On the following figure the FTIR analysis of pure MNP, after adsorption with

(NH,4),SO, solution and after adsorption with supernatant is showed (Figure 3.3).

The FTIR analysis result of raw MNP was previously discussed for the interpretation of

Figure 3.2.

The peak at 1621.8 cm™*on Figure 3.3 (b) is more sharp than the peak at 1633.4 cm*

with supernatant, which shows the stronger NH, bending vibration in NH,.

FTIR spectrum of MNP after adsorption with supernatant shows that the adsorption was
different than the MNP with synthetic P solution. After the evaluation of FTIR analysis
of the adsorption with supernatant it was confirmed the MNP could adsorb the NHj3 too.
To get a clearer picture about the meaning of the peaks, FTIR analysis of adsorbed NH3
with (NH4).SO, solution was done.

The peak at 1633.4 cm ™ shows NH, bending vibration in NH,, the presence of a broad
peak at the wave number 3218.6 cm ' is attributed to the physical absorption of water
molecules by N-H or O-H groups (Bautista et al., 2005). The peak at 1326.8 cm™ in this
case disappeared too, but a new peak appeared at 1012 cm™. The peak of 1012 shows
FeOH groups, P-OFe vibration, P-O, it means that the phosphorus was chemically bond
to the surface of the MNP. Ligand exchange mechanism was supported by FT-IR analy-

Sis.
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Figure 3.3. FTIR spectra of raw MNP (a), after adsorption of NH3-N (b) and after adsorption with supernatant (c)
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3.1.3. XRD results

The XRD analysis was employed to determine the structural construction and crystal-

line size of raw MNP (Figure 3.4).

100 ~

(311)

90

Intensity

5 15 25 35 45 55 65 75 85 95 105
2 Theta (degrees)

Figure 3.4. X-ray diffraction pattern of pure MNP

XRD patterns well determined that the crystal structure of iron oxide in the magnetite
phase is matches with our synthesized magnetic nanoparticles. The main diffraction
peaks (220, 311, 400, 422, 440 and 511) of raw MNP can be seen on Figure 3.4. The
characteristic for Fe3O,4 crystal phase is equivalent with the Joint Committee of Powder
Diffraction Standards (JCPDS) database, which means they MNP was successfully syn-
thesized.

The outcome of x-ray diffractometry additionally can be used to calculate the crystal

size of the sample based on Scherrer (Scherrer, 1918) equation, described as:

KA
T= Fcos? (3.1)

where 1 shows the size of the crystalline domains (nm), K is Scherrer constant (0.9), A is

the X-ray wavelength (A), A is the half high width of the diffraction peak of the sample
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(FWHM), and 0 is the diffraction angle ().

Using the previous equation with 0.154 nm wavelength for Cu-Ka radiation, the esti-

mated crystalline size of MNP is 10.35 nm.

3.1.4. SEM results

For the characterization of the microstructure of the MNP after adsorption SEM analysis

was used (Figure 3.5)

Figure 3.5. SEM images of MNP after adsorption

As the results shows on Figure 3.5 the adsorbent particles were nano sized, and the sizes
were approximately 50 nm. The anomalistic shape of MNP has a rough surface was
noticed, which was because of the use of crushed MNP. The particles in the synthetic
magnetite samples are in most cases aggregates, and it is proved by our SEM analysis
too (Sun et al., 1998). Because of the agglomeration of nanoparticles, the surface area
and number of surface reaction sites can be reduced. Moreover, the intraparticles diffu-
sion distance is increased and the result of it the adsorption capacity is reduced as well
(Lai etal., 2016).

SEM results were evaluated according to JUPAC classification of porous solids, and it

is the following; macroporous> 50 nm, mesoporous 2-50 nm and microporous < 2 nm.

According to JUPAC classification all samples have highly porous structure and mostly

macroporous (pores have diameters higher than 50 nm). Moreover in the samples we

31



can find pores with diameters between 2-50 nm, and it shows the existence of meso-

phores.

3.1.5. EDX results

Figure 3.6 shows the elements founds on the surface of MNP after adsorption according

to their weight percentage.

EDX analyses were carried out to prove the adsorption of P and N elements.

Weight % Weight %

HFe;41.6%
HC;226%
o HFe; 75.9%
MO;22%
9 H0;18.4%
HN;54%
. 0,
Mg 3.7 % MC;33%
” HP;2.4%
MP;25%
MCa;2.2%

Figure 3.6. EDX after adsorption of PO,> from supernatant (left) and synthetic P (right)

solutions.

According to EDX results after adsorption with supernatant (Figure 3.6 left), we can

confirm that the MNP is capable of the adsorption of P, C, moreover N, Ca and Mg.
3.2.Adsorption performance
3.2.1. Effect of P concentration — equilibrium tests

The initial P concentrations were varied from 29 to 1046 mg/L, adsorbent dosage was

15 g/L, and the reaction time was 24 h with ~3 as initial pH.
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Figure 3.7. Effect of initial phosphate concentration (dosage of adsorbent: 15 g/L; ini-
tial P concentrations: 54-1046 mg/L; pH: ~ 3; 24 h; 25 °C)

As Figure 3.7 shows the P concentration increased and the removal efficiency decreased
from ~ 96 % (with 54 mg/L initial P concentration) to ~ 31 % (with 1046 mg/L initial P
concentration), because the limitation of surface area and the MNP had no more capa-
bility to adsorb additional phosphorus. The highest and lowest equilibrium adsorption
capacities were 29.5 mg/g and 2.1 mg/g, respectively.

To analyze the equilibrium data for the adsorption of MNP, two parameter (Freundlich

and Langmuir) and three parameter isotherm models (Sips, Redlich-Peterson) were test-
ed.

The Freundlich isotherm (Freundlich, 1907) is applicable for non-ideal adsorption on

heterogeneous surfaces with multi-layer sorption and it’s expressed as:

qe = KpCJT" (3.2)

where ¢ is the equilibrium adsorption amount (mg/L) at equilibrium concentration of

Ce (mg/L), K is Freundlich coefficient characteristic of the adsorption affinity, related
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to the adsorption capacity of the adsorbent ((mg/g)/(mg/L)*™ and 1/n is the Freundlich

intensity parameter (Davila et. al., 2005).

The other tested isotherm in this study is the Langmuir model (Langmuir et.al., 1918).
This isotherm can describe monolayer adsorption on homogeneous surface as;

Q?naxKLCe (3 3)
1+ K1, Ce ’

qe =

where ¢ is the equilibrium adsorption amount (mg/g) at equilibrium concentration of Ce
(mg/L), K. is Langmuir constant and Qax is the maximum adsorption capacity calcu-

lated from Langmuir model.

The Sips isotherms (Sips, 1948) in an empirical model which combines the ability of
Langmuir and Freundlich isotherms. In pursuance of this model, the surface of the sor-
bent can be homo- or heterogeneous.

1/n
am KsC,''S

Qe = — 75 (3.4)

1+ KsC,

where ¢ is the equilibrium adsorption amount (mg/g) at equilibrium concentration of
C.™ (mg/L), K is the Sips equilibrium constant, 1/ns is the Sips heterogeneity constant

and gmax_ is the maximum adsorption capacity calculated from Sips model.

Redlich and Peterson (Su et. al., 2012) proposed an empirical equation, which can be
used to represent adsorption equilibria over a wide concentration range:

KRrCe
€ 1+ack

(3.5)

where Kg and b are Redlich-Peterson constants and C is equilibrium concentration. The
ratio of Kgr/ar indicates the adsorption capacity, it is applicable in either homogenous or

heterogeneous systems because of its versatility.
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Table 3.1. Equilibrium adsorption isotherms’ parameters

Model Model parameters Goodness of fit measures
O (M) = 20.825 R?=0.936
m = .
. . max (M99 X% = 4.782
angmuir K. (L/mg) = 0.0279
NRMSE = 0.04
Ke ((mg/g)/(mg/L)*"™) = R?=0.979
2 _
Freundlich 0.314 x'=13
1/nk = 2.823 NRMSE = 0.0518
o’ (Mg/g) = 34.161 R?=0.988
Sips Ks (mg/L) = 0.0629 x? = 0.757

Redlich- Peterson

1/ns = 0.4988

Kgr (mg/L) =2.179
a=0.453
b=0.769

NRMSE = 0.0106

R%=0.992
X% =0.64
NRMSE = 0.032

Table 3.1 shows that determination coefficient (R?) value was comparatively higher at
the Redlich-Peterson isotherm, because this it is the most suitable to represent our re-
sults in the test with phosphate solution by MNP, with high R? (0.992), high x? (0.64)
and NRMSE (0.032).
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Figure 3.8. Redlich-Peterson isotherm model for synthetic phosphate solution and su-
pernatant concentration (dosage of adsorbent: 15 g/L; initial P concentrations for syn-
thetic P solution: 54-1046 mg/L; pH: ~3; for supernatant solution: 166 mg/L; pH: ~ 5;
24 h; 25 °C)

Synthetic P solution and supernatant solution was consistent with the Redlich-Peterson
isotherm. The difference between the results is the maximum adsorption capacity
(0°max)- This value is significantly bigger at the P solution, because of higher initial P

concentrations.

In Table 3.2 the maximum adsorption capacities of the previous studies are given,

which use similar experimental conditions (pH and °C).

Table 3.2. Comparison of phosphate adsorption capacity of MNP

Adsorbent title Adsorption capacity pH °C Reference
(mg/g)

Magnetite 3.65 2.77 44.85 Tuetal.,

2015
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Fe304/ZrO,/chitosan 26.5 3 25 Jiang et al.,

composite 2013
MIO 15.2 4 25 Choi et al.,
2016

MIO 5.03 - 30 Yoon et al.,
2014

Magnetite 27.15 ~7 25 Vicente et
al., 2010

Magnetite 20.83 ~3 25 This study

3.2.2. Kinetic analysis

Kinetic models are used to evaluate the performance of the adsorbent for the removal of
target phosphorus for aqueous solutions. Three avowed kinetic models, the pseudo-first
order (PFO), the pseudo-second order (PSO) and the Elovich models have been tested in

this study.

Lagergren’s equation (Lagergren, 1898), the pseudo-first order equation is described as:

qe = q. (1 — e™f1t) (3.6)

where, g; and g are the amounts of phosphorus adsorbed (mg/g7) at time, t (min) and at
equilibrium, kj is the rate constant of PFO equation (1/min).
Pseudo-second order is given as:

qé kat
1+qek2t

a: = (3.7)
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where, g; and ge are the amounts of phosphorus adsorbed (mg/g) at time, t (min) and at

equilibrium, k; is the rate constant of PSO equation (g/mg min).

Elovich equation is shown as the following equation:

G = %ln(l + apt) (3.8)
where, g; is the amount of phosphorus adsorbed (mg/g) at time, t (min); a and B are con-
stants.

Kinetic and equilibrium adsorption measurements have essential role to get information
for the design and operation of phosphate removal process in water/wastewater treat-

ment (Yuchi, 2014).

In Kinetic measurements both synthetic P solution (initial P concentration 554 mg/L)
and supernatant (initial P concentration 166 mg/L) solution were used, varied reaction

time was tested from 1 to 1440 min.

Table 3.3. Evaluation of kinetic models for P adsorption by MNP with P solution

Model Model constant R? NG NRMSE
PFO k; = 0.0604 min 0.397 141.866 0.628
PSO k, = 0.0778 g/(mg-min)  0.637 5.661 0.499

o =22559.55 mg/(g-min)
Elovich 0.924 1.343 0.066
B=1.06 g/mg
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Figure 3.9. Elovich kinetic model of synthetic P solution and supernatant adsorption
(dosage of adsorbent: 15 g/L; initial P concentrations for synthetic P solution: 554
mg/L; pH: ~3; for supernatant solution: 166 mg/L; pH: ~ 5: 1-1440 min; 25 °C)

The P adsorption trend profile is similar (Figure 3.9) and both synthetic P and superna-
tant solution was consistent with Elovich kinetic model. The difference is the lower
equilibrium P concentration of the supernatant solution, because of the initial P concen-

tration is lower too.

The adsorption with synthetic P solution the PO,* is quickly adsorbed in the first 90
minutes. The P adsorption rate increased with time till the measurement at the 120" mi-
nute, after that time period it became almost steady. Equilibrium P amount was
achieved to be 16.11 mg/g. The phosphate concentration decreased progressively with
increasing contact time until equilibrium was reached. The phosphate concentration
decreased to 326 mg/L at 120 min of contact time and further decreased to 317 mg/L at
24 h. The phosphate sorption reached equilibrium at 2 h of reaction time with a phos-
phate concentration of 326 mg/L. The sorption capacity increased from 11 to 16.4 mg/g
with increasing reaction time from 1 to 1440 min. With initial phosphorus concentration

of about 554 mg/L, the concentration after treatment can achieve nearly 317 mg/L
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(about 43 % of removal efficiency). The efficiency increased quickly in 120 minutes
after started shaking and began slowly until reached saturated. Removal efficiency of

about more than 40 % can be reached after 120 minutes.

When the supernatant was the aqueous solution, after a fast adsorption period occurred
for 1-30 min, the adsorption of the measured phosphate slowed down. Equilibrium was
achieved to be ~12 mg/g. The results show that the phosphate adsorbed amount in-
creased with increasing contact time until equilibrium was reached. The phosphate con-
centration decreased to 49 mg/L at 30 min of contact time and further decreased to 10
mg/L at 24 h. The phosphate sorption reached equilibrium at 5 h of contact time with a
phosphate concentration of 19 mg/L. The adsorption capacity increased from 6.22 to
12.09 mg/g with longer reaction time from 1 to 1440 min. With initial phosphorus con-
centration of about 167 mg/L, the concentration after treatment can achieve nearly 10
mg/L (about 94 % of removal efficiency). The efficiency increased swiftly in 30
minutes after started shaking and slowed down until reached saturated. Removal effi-

ciency of about more than 70 % can be reached after 30 minutes.

This result (Figure 3.9) shows the competence of MNP in phosphate sorption at a short

reaction time to reach equilibrium.
3.2.3. Effect of adsorbent dosage

The effect of adsorbent dosage on phosphorus adsorption was examined with superna-
tant solution by varying the adsorbent dosage from 10 to 25 g/L with an initial P con-
centration of 136 mg/L. The importance of the MNP concentration is showed on Figure
3.10.
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Figure 3.10. Phosphate removal efficiency by MNP and adsorption capacity as a func-
tion of adsorbent dose (dosage of adsorbent: 10-25 g/L; initial P concentrations: 136
mg/L; pH: ~3; 24 h; 25 °C)

The removal efficiency of P in supernatant solution increased with the increase of ad-
sorbent dosage (Figure 3.10). The adsorbed P increased from 69.9 % at 10 g/L adsor-
bent dosage to the maximum removal of 89 % at 25 g/L adsorbent dosage. The growth
in the phosphate adsorption with the increase in the adsorbent dosage can be associated
with the increase in magnetic iron oxide adsorbent’s surface adsorption site. However
results show there is just 5 % difference - in removal efficiency -, between adsorbent
dose of 15 g/L and 25 g/L. It means there is no need for extra surface capacity because
of the low initial P concentration, and the optimum dosage is 15 g/L.

The adsorption capacity decreased with increasing adsorbent dose, at 10 g/L the sorp-
tion capacity was 11.3 mg/g and decreased to 9 mg/g at 15 g/L. The adsorption capacity
decreased to 6.9 mg/g at 20 g/L and decreased further to 5.8 mg/g at 25 g/L.

3.2.4. Effect of pH

The effect of pH on phosphate adsorption was examined with supernatant solution (ini-
tial P ~166 mg/L; 0.3 g adsorbent). This experiment was important, to see how adsorp-
tion capacity changes, when pH of the supernatant solution is not adjusted. pH adjust-
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ment requires chemicals, which can be expensive, this is why we compared adjusted
(initial ph ~5) and non-adjusted (initial pH 8.1) pH (Figure 3.11).
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Figure 3.11. Removal efficiency with different initial pH (dosage of adsorbent: 15 g/L;
initial P concentrations: 166 mg/L; pH: ~ 5, ~8; 24 h; 25 °C)

The removal efficiency at pH ~5 was 94 % and at pH ~8 it decreased to 54 %. There is
steady decrease of the amount of adsorbed phosphate from 3.63 to 1.79 mg/g as pH in-
creased from ~5 to ~8; this might be caused by electrostatic attraction. At higher pH, the
phosphate adsorption capacity is reduced because of the strong competition between P
species (H,PO4, HPO,* and PO,¥) and hydroxyl (OH") ions on the adsorbent surface
(Ajmal et al., 2018; Jung et al., 2015; Lalley et al., 2016).

3.2.4.1.Adsorption of NH4-N

For examination of the NH4-N adsorption capacity of MNP was tested on supernatant
solution and NH, solution after adsorption.

During supernatant adsorption experiments NH4-N values were measured. Initial NHz-N
concentration of supernatant was 740 mg/L, at this measurement initial pH was ~5. Ta-
ble 3.4 shows the final NH4-N concentrations after adsorption, with different MNP dos-

age.
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Table 3.4. NH4-N concentrations of supernatant after adsorption

MNP dosage (g/L) Final NH4-N concentration (mg/L)
10 560
15 520
20 580
25 660

Additionally NH, solution was tested with initial NH4-N concentration 1280 mg/L,
adsorbent dosage of 15 g/L and with different initial pH (Table 3.5).

Table 3.5. Adsorption results of NH, solution

pH Final NH4-N concentration (mg/L)
8.4 (pH adjustment was not done) 1170
3 1100

These tests (Figure 3.4 and 3.5) confirm that the MNP is able for the adsorption of
the NH4-N.

3.3.Desorption experiments

Batch desorption tests were carried out to examine the recovery of phosphate with
MNP. Desorption experiments were done with synthetic P solution and supernatant, too.
A lot of studies (de Vicente et al., 2010; Tu and You, 2014; Zach-Maor et al., 2011b)
proved that the NaOH solution is the most effective on desorbing P from magnetic iron
oxide, by reason of this NaOH solution was used for desorption in our tests. Jeongyun et
al. (2016), presented that the other alternative solution for desorption the NaCl can be,
but their study described that the NaOH solution is more effective (Jeongyun et al.,
2016).

For the desorption experiment the previously fully adsorbed MNP was used in an alka-
line solution (NaOH ph ~12). The used magnetic nanoparticles dosage was the same as
what we used for adsorption experiments; with P solution 0.3 g and with supernatant
0.2,0.3,0.4and 0.5 g.

In each cycle 20 mL of NaOH was added during desorption tests and shaked for 1 hour

at room temperature. In desorption experiments we reused the NaOH in each cycle, just
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1-5 mL was added. The adsorption performance was tested in each cycle, in total 9-9
adsorption-desorption test had been made with synthetic P solution and 5-5 with super-

natant solution.

The initial P concentration of synthetic P solution was ~520 and 1100 mg/L and the
amount of adsorbent was 15 g/L.
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Figure 3.12. Efficiency of PO,-P adsorption/ desorption in each cycles (500 mg/L)
(dosage of adsorbent: 15 g/L; initial pH: ~3; 24 h; 25 °C)
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Figure 3.13. Efficiency of PO,-P adsorption/ desorption in each cycles (1000 mg/L)
(dosage of adsorbent: 15 g/L; initial pH: ~3; 24 h; 25 °C)

Figure 3.12 shows the synthetic phosphate solution’s nine adsorption/ desorption cycle,
with 520 mg/L, and the highest desorption capacity 94 %, in average it was 81.6%. Fig-
ure 3.13 shows the phosphate solution’s nine adsorption/ desorption cycle, with 1100
mg/L, and in this case the maximum desorption capacity 96 %, in average it was 74.7%.
The biggest desorbed amount was 6.26 mg with 520 mg/L and 4.31 mg with 1100 mg/L

in one hour.

With supernatant we examined 5-5 adsorption/desorption cycle, with 10, 15, 20 and 25
g/L adsorbent amount and initial P concentration was ~140 mg/L. These tests were car-

ried out to confirm the optimum adsorbent dosage.
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Figure 3.14. Efficiency of PO,-P adsorption/ desorption in each cycles (10 g/L MNP)
(initial P concentrations: 140 mg/L; initial pH: ~5; 24h; 25 °C)
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Figure 3.15. Efficiency of PO,-P adsorption/ desorption in each cycles (15 g/L MNP)
(initial P concentrations: 140 mg/L; initial pH: ~5; 24h; 25 °C)
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Figure 3.16. Efficiency of PO,4-P adsorption/ desorption in each cycles (20 g/L MNP)

(initial P concentrations: 140 mg/L; initial pH: ~5; 24h; 25 °C)
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Figure 3.17. Efficiency of PO,-P adsorption/ desorption in each cycles (25 g/L MNP)

(initial P concentrations: 140 mg/L; initial pH: ~5; 24h; 25 °C)
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Figure 3.14, 3.15, 3.16 and 3.17 shows the five adsorption/ desorption cycle of the su-
pernatant with different adsorbent dosages. When the adsorbent dose was 10 g/L the
highest desorption capacity was at the 4. cycle (Figure 3.14). With 15 g/L adsorbent
dosage the desorption efficiency was 80 %, the tests with this amount of adsorbent dose
showed the highest average desorption efficiency (67%) (Figure 3.15). Figure 3.16
shows that the most effective desorption was carried out with 20 g/L, in the third cycle
of the experiment. The least effective desorption is shown on Figure 3.17 with 25 g/L
MNP. The highest desorbed amount of P was 3.28 mg with 10 g/L in the first cycle.

These results confirm that the optimum MNP dosage can be 15 g/L for desorption of P

with supernatant (initial P concentration 140 mg/L).

3.3.1. Desorption of NH4-N

The NaOH solution, which was used at desorption experiments was tested for Mg and
Ca ions after cycle 5 but there was no sign of these ions. The reason can be that the

NaOH solution has no ability for the desorption of the NHs.

The other additional experiment was the measurement of NH4-N after desorption of
supernatant. The initial NH4-N concentration of supernatant was 590 mg/L. Table 3.6
shows the NH;-N amount in the NaOH solution which was used for desorption with
different adsorbent dosages (0.2, 0.3, 0.4 and 0.5 g).

Table 3.6. NH4-N concentrations in NaOH solution after 5 adsorption-desorption cycles

NH.-N
MNP (g/L)
(mg/L)
10 200
15 320
20 110
25 90

According to these results, it is proved that the magnetic nanomaterial is capable for the

adsorption of NH4-N, too.
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4. Conclusions

In this study, the adsorption, desorption and reusability of phosphate was examined
from sewage sludge supernatant. For this reason magnetic iron oxide nanoparticles were
used in various conditions.

The result of FT-IR, XRD and SEM tests showed that the magnetic nanoparticles were
produced successfully and declarable that the phosphate unites with the MNP via elec-
trostatic attraction, as a result forming a new outer sphere surface complex and inner-
sphere surface complex under acidic condition.

XRD analysis showed that the chrystalline size of the MNP is 10.34 nm

FT-IR analysis results show the interaction between the MNP and P, moreover a MNP
and NHj.

On FTIR and EDX analyses showed that the magnetic nanomaterial is able for the ad-
sorption of both phosphate and ammonium too.

Batch studies were used to accomplish the adsorption and desorption tests, with P solu-
tion and supernatant too.

For evaluation of the equilibrium tests, different isotherm models were used, the most
consistent was the Redlich-Peterson isotherm. The maximum amount of phosphate ad-
sorbed per unit weight of adsorbent was 20.83 mg/g according to Langmuir isotherm
and 34.16 due to Sips model, for pure magnetic nanoparticles.

Kinetic studies showed that in the test with P solution and supernatant solution phos-
phate adsorption followed Elovich kinetic model. This experiment was carried out for
the declaration of optimum reaction time. The test results showed that the MNP is able
for the high percentage of adsorption in 2 hours contact time.

Furthermore due to the tests with different initial pH, it has effect on adsorption capaci-
ty as well, which was visible in a test with the supernatant. When the pH was adjusted
to ~5 the removal efficiency was 94 %, at pH ~8 adjustment was not done and the re-
moval efficiency decreased to 54 %. In the study of Nguyen et al. (2014) the same result
was reported, they found with the changing surface properties the type of phosphate
changing too and this is the main cause for decreasing phosphate removal efficiency
with increasing pH (Nguyen et al., 2014). At different pH, different dominant phosphate

species can be found and the forms of these species depend on the ionization constants
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of phosphoric acid. At pH 7.5 phosphorous mainly can be found in the form of H,PO,",
at pH 12 the dominant form is HPO,*™ (Li et al., 2016a, 2016b).

Different adsorbent dosages were tested, and it is seen the optimum adsorbent dosage
was 15 g/L on synthetic P solution and on supernatant solution, too.

Desorption tests were carried out as nine adsorption/desorption experiment on synthetic
P solution and 5-5 on supernatant solution. According to the results, the maximum
phosphorous desorption was 96 %, when the initial P solution was ~500 mg/L.

The highest average P desorption efficiency with supernatant solution was 67 % (15 g/L
of MNP). Desorption experiments proved that the MNP can be reused several times.
This study presented that the magnetic iron oxide nanoparticle is a great sorbent for

phosphate from aqueous solutions with desorption and reuse.
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