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A natural clay mineral, sepiolite (Mg4Si6O15(OH)2·6H2O), with a unit cell formula
has fibrous structure, which has inside channels and sepiolite’s high surface area
lets inorganic and organic ions penetration into the clay structure. These
properties make to be candidate for removing cationic molecules, heavy metals,
organic compounds and even pesticides in industrial field. Polymer-based
cryogels are known to be frequently used in purification and removal processes.
In recent years, the use of sepiolite group of cryogels with composite materials
and cryogels in water treatment systems has attracted attention. In this thesis,
heavy metal (As, Pb, Cr, Cd etc.) removals from water environment with sepiolite
embedded cryogels was investigated. The surface morphology and porosity of
sepiolite embedded nanocomposite was characterized by Fourier Transform
Infrared (FTIR), scanning electron microscopy (SEM), transmission electron
microscopy (TEM), computed microtomography (mCT), puffing studies, flow and
surface area evaluations. Binding tests will be performed by investigation of
impact of initial concentration of a certified material. The impact of
nanocrystallized sepiolite mineral on the amount of adsorbed metal from certified
heavy metal solutions was determined using ICP-MS. Cryogels without sepiolite
added were prepared as controls. This study demonstrates that the presence of
i

sepiolite increases the heavy metal adsorption. The sepiolite embedded
nanocomposites were applied to a continuous treatment system for heavy metal
removal from water solutions. Accordingly, %90 of heavy metals (Cr, Fe, Co, Zn
and Cd) were adsorbed onto sepiolite embedded nanocomposite cryogels with
maximum adsorption capacity. The adsorption time of sepiolite embedded
nanocomposite cryogels was obtained as 30 minutes. Furthermore, the binding
isotherms were evaluated by Langmuir and Freundlich models for heavy metals
as Mn, Ni, As, Se, Cd, Sb and Co. It was calculated that Langmuir isotherm was
well fitted with adsorption via monolayer. In addition, the binding mechanism of
sepiolite embedded nanocomposite cryogels was defined by pseudo second
order kinetics. It was concluded that adsorption mechanism of heavy metals onto
sepiolite embedded nanocomposite cryogels can be explained by chemically
controlled.

Keywords: Sepiolite, Nanocomposite cryogel, Heavy metal removal, Adsorption
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ÖZET

SULARDAN AĞIR METAL ARITIMI İÇİN SEPİYOLİT İÇERİKLİ
NANOKOMPOZİT KARTUŞLAR

Çağtay ÇİÇEK

Yüksek Lisans, Çevre Mühendisliği
Tez Danışmanı: Doç. Dr. Müge ANDAÇ ÖZDİL
Haziran 2020, 86 sayfa

Sepiyolit (Mg4Si6O15(OH)2·6H2O), yeryüzünde jeolojik süreçler sonucunda doğal
yollarla oluşan ve kendine özgü nanometrik ölçekteki tüpsü kristal yapısı
nedeniyle üstün sorptif, reolojik ve katalitik niteliklere sahip olan kil grubu bir
fillosilikat mineralidir. Bu özellikleri ile sepiyolit endüstriyel bakımdan birçok
alanda kullanılmaktadır. Son yıllarda, yüksek akış yolu özellikli makrogözenekli
jel malzemelerin (kriyojellerin) ayırma ortamı olarak kullanılmasına yönelik
çalışmalar oldukça önem kazanmıştır. Bu tez çalışması kapsamında, sulardaki
ağır metallerin (As, Pb, Cr, Cd vb.) uzaklaştırılması amacıyla, farklı oranlarda
sepiyolit içeren makrogözenekli kompozit kartuşlar hazırlanmıştır. Hazırlanan
makrogözenekli nano-kompozit kartuşlar, taramalı elektron mikroskobu (SEM),
fourier transform kızılötesi (FTIR) spektroskopisi, bilgisayarlı mikro tomografi
(mCT), sepiyolit yükleme miktarı, jel oluşum verimi, akış dinamiği ve şişme
deneyleri ile karakterize edilmiştir. Ağır metal uzaklaştırma etkinliği çalışmaları
sürekli sistemde incelenmiştir. Buna göre, belirlenen ağır metallerin (Cr, Fe, Co,
Zn ve Cd) %90’ı sepiyolit içerikli nanokompozit kriyojeller üzerine en yüksek
kapasite ile adsorplanmışlardır. Sepiyolit içerikli nanokompozit kriyojellerin
adsorpsiyon zamanı 30 dakika olarak belirlenmiştir. Dahası, Mn, Ni, As, Se, Cd,
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Sb ve Co gibi ağır metallerin bağlanma izotermleri Langmuir ve Freundlich
modelleri ile incelenmiştir. Yapılan hesaplamalar sonucunda Langmuir izotermi
ile tek tabakalı adsorpsiyon modelinin örtüştüğü belirlenmiştir. Buna ek olarak,
ağır metallerin bağlanma mekanizması için yalancı ikinci derece kinetik modelinin
uyumlu olduğu gözlenmiştir. Buna bağlı olarak, bağlanma mekanizmasının
kimyasal kontrollü olarak ilerlediği sonucuna varılmıştır.

Anahtar Kelimeler: Sepiyolit, Nanokompozit kriyojel, Ağır metal uzaklaştırılması,
Adsorpsiyon.
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1. INTRODUCTION
We are living in an industrializing world and growing industries has toxical
consequences such as contamination of heavy metals in nature and especially
in waters. Heavy metal exposure may cause many diseases, health problems,
physcological problems and even deaths. In addition to that these diseases and
problems last for very long years and exposure to heavy metals has very toxic
effect on every living organism. Not only industries but some geological events
may also cause heavy metal contamination such as weather events, abrasion
and corrosion, volcanic eruptions [1][2][3][4].

Heavy metals are found in wastewater formed after industrial activities, garbage
leakage waters and leaking from mining sites due to rain. This water mixture into
the receptive environments, such as lakes, rivers, groundwater and accumulate
in sediments. Consequently, pollution values even miles away from the discharge
point protect without losing. Therefore, they protect pollution values without losing
it, even miles away from the discharge point [5].

Heavy metals have toxic and carcinogenic effects and there is also a tendency
to accumulate in live organisms. It is called bioaccumulation. Bioaccumulation
means when chemical concentration in a biological organism meets his
concentration in nature, it increased over the time. Compounds taken and stored
into the body, faster than metabolized or excreted [6].

Heavy metals are metals relevant with contamination and toxicity or ecotoxicity;
or It is defined as semi-metals. Nowadays, heavy metal has many definitions
depending on their atomic weight and chemical features. Density of heavy metals
is generally >5g/cm3. In medicine, the definition of heavy metal is regardless of
the atomic weights of the elements, it is defined as all metals which has toxic
effects [7][8].
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Heavy metals are explained as important and unimportant according to their
effect on biological processes. Those found in the components of vitamins and
hormones are classified as vital. In addition to that, they show toxic effect after a
certain concentration. In contrast to that, non-vital heavy metals have toxic effects
from the initial concentrations, even at low concentrations, they can affect the
human sanity and health problems [9].

But the main sources which are the contamination from heavy metals in
wastewaters, are industrial ativities, mining processes and agriculturing.
Exposing to heavy metals can cause also some deadly diseases like cancer,
immune system failure, kidney failure, hearth attacks, etc. [10][11]. Because of
these negative effects we need to remove them from our environment.

Heavy metal removal from aqueous samples has many diffrent methods, such as
adsorption, electrochemical treatment technologies, chemical precipitation [12].
Adsorption is the main focus of this master thesis.

Cryogels are super-microporous gel network, which are produced under semifrozen conditions [13]. Cryogels have three-dimensional hydrogen matrices and
it helps us to incorporate sepiolite into cryogels. Cryogels are also usable for
removal of heavy metal studies [14][15].

Cryogels are a good alternative material for heavy metal removal systems, due
to their high hydrophilicity, swelling in water-insoluble, biocompatibility, flexibility
and high mechanical stability properties. The poring material in cryogels is ice
crystals, unlike many polymers that contain toxic organic compounds as pores
[16].

Because of their physical, chemical and biologic properties; cryogels can be use
in various sizes and shapes. In addition to that their pore size is also very useful
for separating metal ions from water [17].
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But there are not many heavy metal adsorption studies from water by using
sepiolite embedded cryogels. Both cryogels and sepiolite have very high
efficiency for removal studies. This thesis study shows that this nanocomposite
cartridges are useful for removal of heavy metal from aqueous samples. In
addition to that, they are cost-friendly and have high efficiency.

In this study, we used sepiolite embedded cryogels to adsorb heavy metals from
aqueous solutions. Sepiolite has a lot of functional applications in cosmetics,
agriculture, detergents, deodorants, etc. On the other hand, it has high efficiency
for adsorbing heavy metals. Sepiolite is a clay mineral, which has the ability of
adsorbs heavy metals, due its crystal structure. It has a stable chemical form and
inexpensive clay mineral, which suits for the heavy metal removal by adding
some chemical component for filter to heavy metal ions. Sepiolite embedded
cryogels are very functional for adsorbing heavy metal ions [18][19][20].

This thesis study is composed of 4 chapters. First chapter contains general
information and literature summary about thesis topic. Second chapter of the
thesis contains data used, data source, data analysis and evaluation method.
Third chapter of the study includes the results and evaluation section. Fourth
chapter includes the general evaluations about the result of this study.
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2.GENERAL INFORMATION
2.1. Heavy Metals
These elements occur on earth and very toxic to the human health and
environment, there a lot of heavy metals in our habitat but the most known are
copper, lead, arsenic, cadmium, mercury, iron, manganese, silver, zinc,
selenium. The gravity of heavy metals is about 5 times the gravity of water [1].

These elements are naturally formed on the earth. Environmental pollution from
these metals is generally caused by anthropological activities such as industrial
activities, metal use in agriculture, mining and also weather events, abrasion and
corrosion; volcanic eruptions are also among the factors that cause heavy metal
pollution [1][2][3].

Figure 2.1.

Intracellular effects of metals [21].
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Exposure to heavy metals can give toxic on human body after a certain of
concentrations (1-10 ppm) and even at low concentrations, they cause
deterioration of psychological structure and cause health problems. But some of
them are very toxic even at very low concentrations (0.001-0.1 ppm) such as
mercury and cadmium [22].

Figure 2.2.

Symptoms due to heavy metals [23].
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Heavy metal exposure can cause serious diseases which are alzheimer,
parkinson’s, depression, headache, metallic taste and inflammation in the mouth,
thyroid problems, skin problems, digestion problems, hormone problems,
cardiovascular problems, immune system problems, prostate problems and
cancer. These health problems caused by heavy metals, need serious diagnoses
and treatments but most of them have limited treatment options; consequently,
this gives rise to high mortality rates. Mercury, lead, cadmium and copper are the
leading metals with the most toxic effects [10][11].

Heavy metal quantities are in the soil usually ranges from 1-100,000 mg kg-1.
Heavy metals have negative effects on soil quality, product yield and because of
it; this contamination deals great danger to every living being [24].

2.1.1. Copper (Cu)
Copper can be found in soil, water and atmosphere, also in animals and plants.
It has a reddish color and is used for wires, pipes, cookware, cables, birth control
pills, etc. It is also used in swimming pools and drinking waters in the form of
copper sulfate. The lower exposer of copper has no harm to human body. But
higher amount of it can cause diarrhea, headaches, dizziness, stomach cramps
and nausea [25].

The huge amount of exposure to copper dust can cause brain, kidney or liver
failure, which is called ‘Wilson’s diseases’ [26].
Copper concentration in the air is about 200 ng/m3. But at the area of smelters,
this number raises to 5,000 ng/m3. Because of that, people who lives near mining
and smelter industries have very big risk to exposure copper by the air. Many
people might be exposed to copper by the drinking water and concentration of it
is 1,300 ppb, but in the tap water it is about in the range of 20-75 ppb. But,
because of the dissolving of the copper from pipes of copper and the water
waiting in the pipes, concentration of the copper can reach over 1,000 ppb.
Because of the power plants exit water, algea control, etc. copper concentration
in the lakes and rivers is up to 2800 ppb, but generally copper concentration in
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the rivers and lakes is in the range of 0.5-1,000 ppb. If we examine the soil,
natural copper concentration is in the range of 2-250 ppb. Owing to minnings,
copper industries and sewage treatment plants; copper concentration in the soil
can rise to 17,000 ppb [25].

2.1.2. Lead (Pb)
This heavy metal naturally occurs in atmosphere and oceans. It can be found in
industrial sources, such as batteries, toys, gasoline, pipes, house paints, bullets,
vehicle exhausts, etc. and also in cigarettes, foods, drinking water and domestic
sources. The most important lead exposure caused by drinking water and foods
[27][28].

Exposure to lead in a long term can cause fetal brain damage, kidney diseases,
circulatory and nervous system diseases [29].

Detecting lead from waters, sediments, soils and dusts; the most common and
known methods are AAS, Atomic Emissions Spectroscopy (AES), X-ray
Fluorescence (XRF), ASV, Isotope Dilution Mass Spectrometry (IDMS) [30].

Table 2.1.

Quantitiy of lead in soil, water and air [31].

2.1.3. Arsenic (As)
Arsenic has no good effects on humans. It is highly toxic and cause several
damages on human body when exposed to it. Arsenic naturally occurs in waters,
some insecticides and fossil fuel combustions [27].
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It can also be found in industrial activities and the soil. Arsenic exposures can
cause muscle cramps, burning of throat and mouth, anorexia and vomiting. Huge
amount of arsenic in the human body can cause liver and skin cancer [32].

There are several methods for detecting arsenic such as ICP/MS, ICP/AES, AAS,
Colorimetric Photometry, XRF and GFAAS. Arsenic concentration in the soils is
in the range of 3-4 ppm, but in the contamined areas, which are mining and
industrial areas, may have higher concentration of arsenic. Concentration of
arsenic in groundwater and surface water is about 1 ppb, but in the contaminated
ares, it may rise to 1,000 ppb. In the air, arsenic concentration is in the range of
1-2,000 ng/m3 [33].

Figure 2.3.

Health problems caused by exposure to arsenic [34].
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2.1.4. Cadmium (Cd)
This heavy metal is mostly found in soils, sediments, air and seawater. Cadmium
compounds, using by mines and industries to process plastics, batteries, alloys
and pigments [35].

The largest source of cadmium is from tobaccos. It contains huge quantity of
metals [36]. Emitted cadmium from the industries into fertilizers, groundwater and
sewage which can be taken up by plants. Because of that, many people expose
to cadmium by the foods; such as fruits, grains, vegetables and cereals [37][38].

Figure 2.4.

Cadmium’s health effects on human body [39].
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Exposing to cadmium can cause lungs damage and lung cancer, kidney disease,
vomiting, diarrhea, fragile bones, anemia, liver diseases and nerve or brain
damages. Concentration of cadmium in the air is showing differences because of
the region characteristics. According to that, cadmium concentration in pastoral
regions is between the number values of 0.1-5 ng/m3, in urban regions is in the
range of 2-15 ng/m3, in industrial regions is in the range of 15-150 ng/m3.
Concentrations of cadmium minimum and maximum rates in the ocean are 5-110
ng/L, in the groundwater and surface water are generally <1 μg/L. Cadmium in
the soils at a concentration of 0.06-1.1 mg/kg. Some of the detection methods for
cadmium are AAS, GFAAS, ICP/MS, ICP/AES, XRF, NAA, Potentiometric
Stripping Analysis (PSA) and Radio Chemical Neutron Activation Analysis
(RNAA) [40].

2.1.5. Mercury (Hg)
Mercury has a silver color and it looks like shiny metal. It is generally used for
thermometers, batteries, dental amalgams, automotive, building industries,
chemicals, metal processing and electrical equipments [41].

Mercury is very toxic heavy metal for the environment and human health. Most of
the exposures to mercury based on high consumption of seafood and
contaminated fish [42].

Exposure to mercury can cause Rheumatoid arthritis, brain damages, kidney
diseases and circulatory system diseases [29].
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Figure 2.5.

Mercury exposure chart [43].

Mercury concentration in the air is in the range of 10-20 ng/m3, this numbers rise
up in the contaminated areas. The unpolluted waters generally have less than 5
ng/L concentration of mercury; but in the rain waters and fresh snow, mercury
concentration is about 200 ng/L. Mercury concentration in the soil is in the range
of 20-625 ng/g. There are several methods to measure and detect the mercury
such as ETAAS, ICP/AES, ICP/MS, NAA, Anodic Stripping Voltammetry (ASV),
Atomic Fluorescence Spectrometry (AFS) and XRF [44].

2.2. Heavy Metal Removal Methods from Water Solutions
As known, heavy metals are very toxic even at the lowest concentrations (0.0010.1 ppm). Therefore, they had to be cleaned from the soil, water and air. Heavy
metals have some natrural (water) sources, such as erosions, volcanic eruptions
and explosions, activities of weather, living creature’s activities, and also
anthropogenic activities, such as agricultural activities, industrial activities,
mining, fuel combustion, sewage and landfills [45].
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There are many removals of heavy metal methods from aqueous samples and
the most commons are chemical precipitation, ion-exchange, membrane
filtration, electrochemical treatment technologies, adsorption [12].

2.2.1. Chemical Precipitation Methods
This is a simple and mostly cheap method. It can be removed from aqueous
samples by OH- and S2- precipitation [12]. As this method is cheap and easy to
apply, it is one of the most used methods. In this method, adsorption efficiency
at large range concentrations are considerably high.

In studies, CaO and H2S are used for Zn, Cu and Pb ions elimination, the removal
success is more than 90 percentage in all of them. In addition to that, when CaO
and MgO are used in Cr ions removal, the removal efficiency has reached 99
percentage (Table 2.2). Other studies can be examined in Table 2.2.

Table 2.2.

Chemical precipitation studies.

2.2.2. Ion Exchange Methods
Because of removal efficiency and treatment capacity, this method has been
widely used for removing heavy metals from waters [51].

12

This method is based on ion exchange between ion exchanger solid phase and
liquid phase. Heavy metals in water samples are replaced by cations in ion
exchangers.

Table 2.3.

Ion exchange studies.

As can be examined from Table 2.3, different studies have been applied for
removal Zn, Ni and Pb ions. While removal of Zn and Ni ions have high
efficiencies, removal of Pb ions have relatively low compared to the others (Table
2.3).

2.2.3. Membrane Filtration Methods
There are some membrane filtrations methods, which are using for remove
metals from water, such as 1) osmosis, 2) ultrafiltration, 3) electrodialysis and 4)
nanofiltration [55].

2.2.3.1. Reverse Osmosis Membranes
This membrane holds the contaminant particles and let it pass to purified water.
Reverse osmosis is very useful for salt purification from seawater, therefore it has
a very big amount of usage [56].

Considering the studies, this method is one of the most important method due to
its high removal success for heavy metal removal. When examined the studies
of RO, removing As ions from water solutions have more than 91%, removing Zn
ions from water solutions have 98.9%, removing Ni ions from water solutions

13

have 99.3%, removing Cu ions from water solutions have 99.5% efficiencies
(Table 2.4).

Table 2.4.

Reverse osmosis studies.

2.2.3.2. Ultrafiltration Membranes
This membrane technique is used to remove colloidal and dissolved materials.
There are two ultrafiltration methods, first one is polymer enhanced ultrafiltration,
and the other one is micellar enhanced ultrafiltration. PEUF is applied for
eleminate of heavy metals from aqueous samples. PEUF is using water soluble
polymers for metal ions. MEUF is also applied for separate metals from
wastewater. It depends on surfactants for wastewater [12].
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Table 2.5.

Ultrafiltration studies of membranes.

As seen in Table 2.5, Cu ions removal was achieved with polyethersulfone
membrane and ceramic memrane. Ceramic membrane also used for remove Pb
ions from water solutions. More than 90 percent removal efficiency has been
achieved with these two membranes. Polyethersulfone membrane also used for
Ni and Cr ions removal, the results are the same as high as Cu ions removal.
Polysulfone and amicon regenerated cellulose membranes are used for remove
Cd and Zn ions from water solutions, and this study achieved very high efficiency
numbers.

2.2.3.3. Electrodialysis Membranes
This membrane’s method is using electrical force for separating metal ions from
water. Electrodialysis is simply using exchange of anionic and cationic ions to
produce drinking water, salt from seawater, lakes and some industrial treatments
[67].

15

Table 2.6.

Electrodialysis studies of membranes.

The studies of heavy metal removal with electrodialysis from water solutions
show high efficiencies. In Table 2.6, removal of Cr has 95% removal success,
removal of Cu has 89% removal success. Based on these datas, this membrane
is more effective at low concentrations.

2.2.3.4. Nanofiltration Membranes
Nanofiltration is cheaper than the reverse osmosis method and has a higher flow
degree. It is a method that used for water and wastewater treatments.
Nanofiltration method has very good efficiency for eleminate metal ions from
aqueous samples [70].
In Table 2.7 shows us NF membrane’s efficiencies depend on metal ion’s
concentrations. As instance this membrane has very high removal success for
eleminate of Cr, Ni and As ions from aqueous samples. But the removal of Cr
ions has maximum %66 removal efficiency.
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Table 2.7.

Nanofiltration studies of membranes.

2.2.4. Electrochemical Treatment Technologies
This method’s purpose is giving the water cation or anion ions and separating
heavy metal ions through the electricity. Due to its electrical power,
electrochemical treatments need to big amount of investments, therefore it does
not have a widely usage. Some of the treatments are electroflotation (EF),
electrocoagulation (EC) and electrodeposition (ED). Electroflotation (EF) can be
use in liquid and solid contaminations and by the help of electrolysis, it can
separate the floating ions on the wastewater surface. Electrocoagulation (EC) is
using the electrical flow for floating to ions and separate them from the
wastewater surface. It is used in industrial treatments [12].

Electrodeposition (ED) is electroplating metal ions to conductive surfaces,
because of this, it prevents the corrosions and abrasions [75].

As we can examine in Table 2.8, some heavy metal ions removed from water
samples with very high efficiency at the range of 2-110 mg/L. Such as; Cu, Zn,
Ni, As, Mn. But Cr ions removal showed a hundred percentage yield even at high
concentration.
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Table 2.8.

Electrochemical treatment studies.

2.2.5. Adsorbents
2.2.5.1. Activated Carbon Adsorbents
Activated carbons have spacious mesopore and micropore capacity, internal
surface area, and also, they are very useful for heavy metal removal. It is
generally produced by heating processes and chemical processes [82].

Table 2.9.

Activated carbon studies.
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The only obstacle to their widespread use is they are relatively expensive. For
this reason, it is widely researched that, their cheaper versions and performances
remove various pollutants.

When Table 2.9 is examined, this membrane has the highest removal success in
removing Zn and Pb ions from water solutions. But removal of Cd ions has 68%
efficiency. But removal of Cu ions has 62% efficiency and removal of Ni ions have
78% efficiency.

2.2.5.2. Carbon Nanotubes Adsorbents
Carbon Nanotubes (CNTs) can use their thermal and chemical features with high
efficiencies. There are two types of CNTs due to their layers, which are multiwalled (MWCNTs) and single walled (SWCNTs) [86].

Table 2.10. Carbon nanotube studies.

In Table 2.10, MWCNTs and SWCNTs membranes have very high removal
success for adsorbing heavy metals from water solutions. As a best example of
this is Hg and Cu. These ions removed from water solutions with 100% efficiency.
Pb ions removed with 97% efficiency at 11 mg/L and removal of Cu ions have
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also high efficiency, such as 94% at 10 mg/L. Zn and Ni ions also removed with
successable rate.

2.2.5.3. Biosorption
Biosorption is a biological adsorption and it is using for eleminate of metals from
water samples. Biological polymers, industrial and agricultural wastes,
microorganisms, plants can be used as biosorption [90].

Biosorption is removing metal ions from aqueous by biomass. Biosorption of
metals generally depends on adsorption and ion replacement events.

Table 2.11. Biosorption studies.

As we can examine in Table 2.11, studies carried with two types of biosorptions.
Hypne Valentiae applied for removing Cd ions from water samples and it has
%87 efficiency at 25 mg/L.

Cashew nut shell applied for removing Cu ions from water samples with %86 at
10 mg/L. Both of these removal methods have very high removal success.

2.2.5.4. Coagulation and flocculation
Coagulation is converting the dissolved pollutants in the wastewater into chemical
collapsible flocs [93].
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At the end of mixing wastewater at constant speed, small particles occured by
the process of coagulation, that is the process of creating flocs that can collapse
easily, which is the definition of flocculation [94].

Table 2.12. Coagulation and flocculation studies.

In Table 2.12, as a result of these methods, extraordinary results were obtained
in heavy metal removal. Pb and Fe ions removed from water samples with 99%
efficiency which is very high. And removal Zn ions have also very high results
and they removed with 93% efficiency.

2.3. Sepiolite
Sepiolite (Mg4Si6O15(OH)2·6H2O) is a phyllosilicate mineral of clay group, which
occurs naturally as a result of geological processes on the earth and has superior
sorptive, rheological and catalytic properties due to its unique crystalline tubular
structure [18].

When the written sources are examined, it is seen that sepiolite has been known
since 1809. Cronstedt named the sepiolite in his book as ‘Keffekil Tartarorum’
[96][97]. But Werner named it ‘Meerschaum’, which is mean sea foam, in 1809
[98][99]. However, the name sepiolite was officially given by Glocker in 1847 and
he named it ‘Sepiolithus’. Sepiolithus is derived from squid fish in Greek
[100][101].
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Figure 2.6.

Crystal form of sepiolite [19].

Figure 2.7.

Scheme of fibre morphology in sepiolite [102].
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Due to the chemical properties of the sepiolite crystal, it can keep heavy metals
at the end of adsorption or cation exchange reactions. Chemically stable,
inexpensive and suitable for surface modification are the most distinctive features
of sepiolite in combination with different chemical components for various filtering
purposes. Sepiolite with these characteristics are used in many areas of industrial
maintenance and also Turkey has one of the world's largest sepiolite reserves
[18].

Table 2.13. Chemical compositon of sepiolite [18].

2.3.1. Applications of Sepiolite
Sepiolite has been used for eleminate of metals from aqueous samples. Beacuse
of the acid soaking methods, sepiolite can adsorb heavy metals in its pores [19].
Because of its porosity, surface area and sorption capacity, sepiolite can be used
in various applications [103].

Sepiolite with some suitable pretreatments has been functional in downstream
applications; environmental deodorants, absorbents, carriers, catalysts, paints,
polyesters, NCR paper, pharmaceutical treatments, agents of decolorizing,

23

agents of anti-caking, rubbers, carriers of phytosanitary, cigaret filters, plastisols,
filter aids, animal nutritions, detergents (dirt removal processes), cosmetics
(jewelry production etc.), agriculture, grease thickeners, coatings of asphalt and
drilling fluids [20].

Table 2.14. Sepiolite studies.

In Table 2.14, sepiolite application methods are given. Most of these methods
have been used in adsorbing heavy metals and the others applied in medicine
and other fields by using sepiolite. Such as DNA transfer, chitosan adsorption
and PLA-PCL preparation.

2.4. Cryogel
Cryogels are super-microporous gel networks developed by cryogelling of
compound monomers or polymeric precursors at temperatures which are
generally below zero [109].

Synthesizing cryogels must happen under semi-frozen situations and ice crystals
function like porogens and pores, which are acting like a connecting of network,
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are in the range of 20-100 μm, following the melting of ice crystals. After thawing
crystals of ice, took a form like network of polymer and porogen of connected
pores [13].

Figure 2.8.

Supermacroporous cryogel preparation [110].

Cryogels have hydrogel matrices, which are three dimensional, they are
synthesized by systems of indicator and activator under semi-frozen conditions.
Cryogel characteristics are splendid due to their pore size, which is up to 100 μm.
This gelation structure is compulsory for processes of purification and separation
due to their mechanic strength, biocompatibility, flexibility and diffusion paths
(which are very short). Cryogel preparation is very easy and reasonably priced,
because of that, after the use of cryogels, they can be thrown away to prevent
the possibility of contamination [111].
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Figure 2.9.

Composite cryogels [112].

Gel solution compounds, temperature, time of held and freezing degree of
gelation, crosslinking type and degree are the basic agents that specify the
characteristics of cryogel. In addition to that factors, pore size of cryogels are also
very important due to biomedical applications of cryogels [113][114].
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Figure 2.10. Left side is cryogel imaged by FIB/SEM (Arrow pointed to the
cells)/Right side is 3D print of rebuild cryogel [115].

It was confirmed if the temperature is lowered, smaller pores can be form in the
cryogelation studies. And also, the solvent crystallized faster to form smaller and
more solvent crystals, because of that, denser and thinner pore walls are
occurred [114][116].

2.4.1. Applications of Cryogel
Cryogels are used in many applications due to their hydrophobic polymer form,
which quickly combines mechanical properties. Furthermore, they have elasticity,
wide pore structure, short diffusion time, degradability, biocompatibility,
nontoxicity, short retention time for both desorption and adsorption [14].
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Some of the applications of cryogels are; heavy metal removal from
environmental samples, scaffolds, bacterial disinfection, energy storage,
bioreactor, target molecule capturing, phenol degradation, cell separation, tissue
engineering, immobilization of biomolecules, controlled drug delivery, oil removal
(from water), separator for organic pollutants, enzyme immobilization, affinity
purification, endocrine disruptive compounds (EDCs) recognition [14][15].

Table 2.15. Cryogel studies.

Cryogels can be used as columns and shape in various sizes, therefore it brings
a lot of advantages above on polymers. One of the greatest specialties of the
cryogel is removing heavy metal from waters due to their supermacroporous
structure. Their high pore volume and large pore size are very useful for
separating metal ions from water [17].
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Table 2.16. Heavy metal removal studies from waters by cryogel.

As we can see from Table 2.16, removing heavy metals by cryogel has many and
successful methods. Some of these methods are used as ion imprinted and their
removal success is very high because of their adsorption capacities. PHEMA-AC
and TNT methods are also very usefull applications for heavy metal removal.
These application methods have very high efficiency for adsorption.
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3. MATERIALS AND EXPERIMENTS
3.1. Materials
2-Hydroxyethyl methacrylate (HEMA) and poly ethylene glycol diacrylate
(PEGDA) was obtained from Sigma (St. Louis, MO, USA), N,N,N,N-tetramethylethylenediamine (TEMED), ammonium persulfate (APS) were from
BioRad (Hercules, CA, USA) and rest of the chemicals were provided from Merck
AG (Darmstadt, Germany). The purified water owned a particular conductivity of
18 mS/cm. Before using, glasswares were cautiously disinfected with dilute nitric
acid.

The sepiolite minerals used were taken from lacustrine units in the countryside of
Türktaciri village of Polatlı district of Ankara province. Sepiolite levels alternate
with lacustrine carbonate rocks. Carbonate minerals (calcite, dolomite) are
encountered in sepiolite-rich levels up to 30% by volume.

3.2.Purification of Sepiolite
Sepiolite-rich rocks, which are moist due to their structure, were sized first by
using a hammer and then left to dry for 48-72 hours under room conditions. Dry
sepiolite rock fragments were crushed to smaller sizes by jaw crushers and handmilled in agate mortars. The milled material was sieved to <63 µm, 63-125 µm,
125-250 µm, 250-500 µm and >500 µm by wet sieving method and each size
range was kept in separate packages.
During the experimental studies, materials with the highest surface area (<63 µm)
were used. In order to eliminate the carbonate impurities contained in the ground
material, it was kept in 10-20% HCl solution which was rotated at 100 rpm at a
temperature of 50-75 °C. After the dissolution of the carbonate minerals, the
sample powders were washed with purified water in an ultrasonic bath until acid
residues were removed.

After washing, the filtered sample powders were plastered onto filter papers to
obtain a large surface area and calcined at 220 °C for 48 hours. Sepiolite, which
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lost both meteoric and crystalline water, was re-milled for the last time since it resolidified into thin leaves following drying. The powder samples obtained by
grinding were reduced to <63 µm by dry sieving. The obtained pure sepiolite
tubular nanocrystals were characterized using SEM-EDS (Carl Zeiss EVO 50 EP
- Bruker Xflash 3001 SDD).

3.3. Synthesis of Sepiolite Embedded Composite Cryogels
Sepiolite tubular nanocrystals (60-150 µm; 20, 50, 100 and 200 mg particles in 1
mL solution) of 1 mmol of 2-hydroxyethyl-methacrylate (HEMA) and 5 mmol of
PEGDA as crosslinker was added to the monomer solution in the ice bath.
The polymerization was applied for 24 h at -16°C in 50 mL of plastic tubes with a
diameter of 3.0 mm using (APS and TEMED, 1% w/v) respectively as initiator and
activator. As a control, cryogels without sepiolite tubular nanocrystals were
prepared under the same conditions. The cryogel composites, which reached
room temperature after polymerization, were washed to remove monomers which
did not interfere with the 10% ethanol solution and were dried in a lyophilizer until
use and stored at room temperature.

3.4. Characterization of Sepiolite Embedded Composite Cryogels
The size distribution and dispersity of the sepiolite tubular nanocrystals were
checked with Zetasizer (Nano S, Malvern Instruments, London, UK), which
measures the average format and polydispersity index of the sepiolite particles.
The particular surface area was analyzed by multi-point analysis by the BET
model. Cryogel pore volume and mean pore diameter were determined by
mercury porosimetry (Carlo Erba Model 200, Italy). To determine the equilibrium
swelling rate, the dry cryogel was weighed on a balance operating at ± 0.0001
precision and mixed with 50 mL of distilled water. The vessel was kept in a
constant temperature water bath for 24 hours (25 ± 0.5°C).

After that, the cryogel was hold up and drops on the surface was took out by
means of filter paper, then and it was weighed. Wet and dry weights were booked
and cryogel’s water ingredient (%) was determined according to [(W S-W 0)/W 0]
equivalence. Here, W 0 and WS denote the weight of the cryogel after and before
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buffing. FTIR (Nicolet iS10, Thermo Fisher Scientific, USA) was operated for
chemical structural characterization of cryogel. SEM was employed to
characterize the size, accidence of both sepiolite tubular nanocrystals and
composite cryogel. Micro-computed tomography device (Bruker Skyscan 1272)
was used and the 3-dimensional structure was put forward and further visual
analyzes were performed, for the purpose of adjust the amount of macroporosity.

3.5. Heavy Metal Removing from Water
3.5.1. Effect of Time
The composite cryogel (S8) containing sepiolite was illustrated with 100 mL of
water for 4 hours. Subsequently, 100 mL of Fe, Ni, As, Cd and Pb solutions at a
concentration of 1000 ppb was pumped through to the column under recirculation
for 2 hours. The solution’s flow value was 1 mL/min. Samples were taken by the
standard solution passed through the column at 0, 5, 10, 15, 30, 45, 60, and 120
minutes and examined by ICP-MS (Thermo). The adsorption quantity for all
samples was followed by observing the decrease in ICP-MS. Adsorbed each
element’squantity was calculated as;

Q=[(Ci-Cf)*V]/m

Eq.1

In the calculation, Q is the quantity of adsorbed element onto cryogel’s unit mass
(µg/g); Ci is concentration of the initial solution and Cf is concentration of the final
solution (µg/mL); V is aqua volume (mL), m is the used cryogel’s mass (g). These
experiments were performed three for statistical calculations and quality control.

3.5.2. Effect of Concentration
The composite cryogel (S8) containing sepiolite was illustrated with 100 mL of
water for 4 hours. Subsequently, 100 mL of Mn, Ni, As, Se, Cd, Sb, Co solutions
at a concentration of 50-1000 ppb was pumped through to the column under
recirculation for 30 minutes. The solution’s flow value was 1 mL/min. Samples
were taken from the standard solution passed into the column at the end of the
incubation time and examined by ICP-MS, Thermo. The adsorption quantity for
all samples was followed by observing the decrease in ICP-MS. Adsorbed each
element’s quantity was calculated as;
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Q=[(Ci-Cf)*V]/m

Eq.2

In the calculation, Q is the quantity of adsorbed element onto cryogel’s unit mass
(µg/g); Ci and Cf is concentration of the solution (µg/mL); V is the water phase’s
volume (mL), m is the used cryogel’s mass (g). These experiments were
performed three for statistical calculations and quality control.

3.6. Adsorption Isotherms
This term describes the link between the adsorbent concentration in the balanced
solution and the quantity of adsorbate which adsorbed to the solid phase.
Adsorption proceeds until there is a balance between the adsorbent
concentration collected on the adsorbent surface and the remaining adsorbate
concentration in the solution, this balance is explained by the adsorption
isotherms. Adsorption models of Langmuir and Freundlich are performed to
determine the interaction of adsorbed molecules with the adsorbent.

Langmuir adsorption isotherm is defined by Equation 3. This model expects that
the molecules bind to a certain quantity of regions, each capable of binding only
one molecule and these regions are equivalent in energy and also there is no
effect these molecules adsorbed in neighboring regions.

Q=Qmax*b*Ce/(1 + b*Ce)

Eq.3

Q is the capacity of elements that bind to the cryogel (mg/ml), Ce is the element
conctration in the solution (mg/g), b is constant of Langmuir (ml/mg) and Qmax is
the highest adsorption capacity (mg/g). When it is linearized, achieved equality
is:

1/Qe=1/(Qmax*b) * (1/Ce) + 1/Qmax

Eq.4

The point where the 1/Q graph crosses the y-axis against 1/Ce gives the value
of 1/Qmax and the slope gives the value of 1/Qmax * b.
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Freundlich equation 5 assumes that the binding of the adsorbent to the adsorbent
varies depending on if the adjacent binding regions are full.
Qeq=Kf*Ceq1/n

Eq.5

In this equation, Qeq is the amount of adsorption (mg/g) and Ce is the balance
concentration in the solution (mg/l). Kf and 1/n are Freundlich constants which
are indicating adsorption capacity and adsorption intensity. When this equation
is taken as the logarithm of both sides, equation 6 is obtained.

lnQeq=lnKf + 1/n lnCeq

Eq.6

Experimental data were adapted to Freundlich model and lnCeq was plotted
against lnQeq. Adsorption constants were calculated from the cut-off point and
slope [125][126].

3.7. Adsorption Kinetics
The speed control mechanism can change according to three possible
mechanisms during the adsorption process: (1) Film diffusion process or external
surface mass transfer in the initial stages of the adsorption process. (2) This stage
is followed by reaction or constant speed step. (3) In the last stage, the intra-pore
diffusion step is occurred where the adsorption process decreases significantly.
These speed control mechanisms are explained by the pseudo-first-order kinetic
model (controlled with diffusion) and the pseudo-second-order kinetic model
(controlled with chemicals).

The step determining the adsorption rate is compatible with analyte and its
diffusion to the adsorbent surface is compatible with the adsorption process
pseudo-first order adsorption model. In conditions where the interaction among
the analyte and the adsorbent determining the adsorption rate, the adsorption
process is compatible with the pseudo-second order kinetic model. The
adsorption process is called diffusion controlled in the first kinetic model; it is
called chemically controlled in the second kinetic model.
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Interaction time is important to figure out the steps that affect the velocity of the
adsorption process. Mechanisms that control this process are mass transfer and
chemical reaction. In determining these mechanisms, pseudo 1st and 2nd order
kinetic models were applied to the experimental data. It is expected that the
restrained concentrations are equal to the surface concentration of the adsorbent.
1st order speed equation is the most commonly calculated equation in the
adsorption of solute from liquid solution. The following equation has been applied;

dqt/dt=k1(qeq-qt)

Eq.7

In Eq.7, k1 is the pseudo-first order adsorption rate constant (min-1), qeq and qt
are the number of elements adsorbed at balance time and at any time of t (mg/g).
When qt=0, at t=0 and qt=qt, at t=t boundary conditions and integral are applied;

log[qeq/(qeq-qt)=(k1*t)/2.303

Eq.8

the above equation is achieved. When equation 8 is linearized by reorganizing:

log(qeq-qt)=log(qeq)-(k1*t)/2.303

Eq.9

Linearity of the log(qeq) graph to ‘’t’’ shows the practicality of the kinetic model.

Pseudo-second order equation can be explained by adsorption balance capacity
is given as below:
dqt/dt=k2(qeq-qt)2

Eq.10

In equation 10, k2 is the pseudo-second order velocity constant (g.mg-1.min-1).
The following equation is obtained by performing the boundary requirements of
qt=0 at time t=0 and qt=qt at time t=t.

1/(qeq-qt)]=(1/qeq)+k2t

Eq.11
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The linear state of this equation is;
(t/qt)=(1/k2qeq2)+(1/qeq)*t

Eq.12

In order for the second order kinetics to be practicable, the graph of t/qt to t must
be linear. Speed constant (k2), equilibrium adsorption (qeq) are obtained from the
cut-off point and slope, respectively [127][128].

3.8. Heavy Metal Adsorption from a Certified Water Sample

Separation from multiple pollutant environments is required especially in places
where it will be used for purification. For achieving this goal, these procedures
were performed in order to control the amount of sepiolite added composite
cryogels heavier than the standard solution containing certified multi-elements.
The certified multi-element standard solution contains 21 different elements.
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4. RESULTS AND DISCUSSION
Sepiolite embedded composite cryogel production is carried out in an almost
frozen system, where ice crystals act as porogen and freezing continues
apparently in the non-frozen micro-phase of the frozen path.

After gelation is done, which is in the micro phase, the reaction system outcomes
of melting in a system of large pores (gapformerly filled by ice crystals) encircled
by intense hydrogel barriers consist in unfrozen microphase.

4.1. Characterization of Sepiolite
Since sepiolite re-solidified into thin leaves after drying and also it already lost its
crystalline and meteoric water, it was re-milled for the last time.
Provided powder samples were reduced to <63 µm by dry sieving. The obtained
pure sepiolite tubular nanocrystals were characterized using SEM-EDS (Carl
Zeiss EVO 50 EP-Bruker Xflash 3001 SDD).
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Figure 4.1.

Sepiolite before the acid treatment illustrated by 5 µM in scale
(SEM).
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(A)

Figure 4.2.

Sepiolite after the acid treatment illustrated by 5 µM in scale (SEM).
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(B)

Figure 4.3.

Sepiolite after the acid treatment illustrated by 500 nm in scale
(SEM).
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4.2. Preparation of Sepiolite Embedded Cryogels
Sepiolite tubular nanocrystals (60-150 µm; 200 mg particles in 1 mL solution) of
1 mmol of HEMA and 5 mmol of PEGDA as crosslinker was mixed to the
monomer in ice bath. The polymerization was applied for 24 h at -16°C in 50 mL
of plastic tubes with a diameter of 3.0 mm using (APS and TEMED, 1% w/v)
respectively as initiator and activator. The cryogel composites, which reached
room temperature after polymerization, were washed to remove monomers which
did not interfere with the 10% ethanol solution and were dried in a lyophilizer until
use and stored at room temperature. The schematic procedure of the preparation
of cryogels is in Figure 4.4. In addition, the real image of the prepared column is
in Figure 4.5.

Figure 4.4.

Scheme of a typical procedure for cryogel preparation.
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Figure4.5.

Photograph of the sepiolite embedded nanocomposite cryogel
column.

4.3. Characterization of Nanocomposite Cryogels
Sepiolite-embedded composite cryogels were prepared with cryo-polymerization
under zero temperatures. After polymerization, cryogel composites, which
reached room temperature, were washed with a 10% ethanol solution to remove
unreacted monomers and made ready for use by cutting with 0.8- and 1.2-mm
diameter perforators. For characterization studies, it was also left to dry in a
lyophilizer and stored at temperature of room. Figure 4.6 shows optical
photographs of sepiolite containing cryogel composites prepared in different
ratios.
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Figure 4.6.

Composite cryogel containing sepiolite in different ratios (SN: 0%,
S1: 1%, S2: 2%, S4: 4% and S8: 8%).

After the synthesing of cryogels, polymerization actualize in the concentrated
melt monomers and unfrozen liquids containing initiator. Ice crystals, which are
occured at freezing, like pore. Therefore, the size and the shape of the crystals
adjust the physical properties of the pores created. The magnitude of the crystals
based on the freezing rate of the system, provided that concentration, volume,
geometrical format of the sample must not change [129].

The initial temperature is an important factor in determining freezing rate, at this
thesis study all solutions were kept close to 0°C as they were waited in an ice
bath with the freezing temparature before mixing. Various measures were taken
to obtain a repeatable freezing mold, such as the small size samples and uniform
figure (The syringes, which are 50 mL, filled with the final solution, which is 46
mL) were applied. The moments when monomer and initiator were blended
(when the polymerization fire up) and the syringes were filled with polymersol
which were immersed in the cryostat cooler were fully controlled.
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Sepiolite size distribution was examined by using Zetasizer analyzer. According
to results, the size distribution of the sepiolite particles was determined to be in
the range of 600-1000 nm.

The dense and wide-pore PHEMA cryogel is advantageous when working with
viscous liquids and allows smooth fluids flow through the cryogel. This reduces
the diffusion resistance and facilitates mass transfer. These properties of PHEMA
cryogel enable the analyte-ligand interaction to be affected efficiently in the
column. However, large pore diameters are a reason for their low surface area
properties and no effective increase in binding capacity is observed [130].

Therefore, the sepiolite-containing PHEMA cryogels prepared within the scope of
this thesis were prepared by forming composites in the presence of sepiolite to
enhanced the surface area, thus provide high binding efficiency. Table 4.1 shows
measurements of BET and pore diameters.

Table 4.1.

Surface area measurements.

D-H Pore Total Surface Area: It was studied between 17 and 3000 Å diameter.

1

BJH Pore Total Volume: Worked between 17 and 3000 Å diameter.

2

The S8 cryogel’s particular surface area was determined at the value of 1170.8
m2/g on average in the multi-point analysis according to the BET model,
approximately 47 times the surface area of a plain cryogel based on PHEMA
(average 25.6 m2/g) [130]. This result shows that the added sepiolite increases
the surface area and the desired target is achieved. The total surface area of the
S8 composite cryogel pore is 80.40 m2/g and the mean pore diameter is between
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the values of 20-76 Å, which indicates that the S8 composite cryogel has a
macroporous structure. This macroporosity allows the passage of liquids, such
as wastewater, even at high flow rates. The mean pore volume and diameter are
also supported by SEM images (Figure 4.8).

To determine the equilibrium swelling rate, the dry cryogel was weighed on a
balance operating at ± 0.0001 precision and located in a beaker consist of distilled
water, which is 50 mL. The PHEMA cryogel’s swelling degree balance was
changed between 3.03-7.28 g H2O/g cryogel by changing the crosslinker ratio.
PHEMA monolithic cryogel is sponge-like and has elasticity. Similarly, cryogel
containing sepiolite has a sponge-like elastic structure. When cryogel is taken up
by the hands and tightened up with reasonable pressure, the water accumulated
in the pores can be easily removed. Dehydrated and compressed cryogel
restored to its original shape and size within the seconds of re-contact with water.

Table 4.2.

Equilibrium swelling properties of composite cryogels.

Cryogels were dehyrated at 60 °C and kept dry almost indefinitely. Water vapor
was absorbed by one of the cryogels which are the 88% of cryogel’s weight.
Cryogels, which are immersed in liquid, were rehydrated in a short time without
spoiling their supermacroporous forms. Because of this special ability, cryogels
draw all the attention by the mean of chromatographic carriers. The pore volume
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is one of the important abilities of chromatographic substance. 3–4% of the fully
dried cryogel’s total weight is dry polymer.

The adsorbed water from vapor, which is closely bound by polymer, constitutes
approximately 4–5% of the weight. Water, which is closely connected by polymer,
creates the walls of pore. Therefore, the water in the pore’s accounts for 80% of
the remaining cryogel weight. Because of the flexible cryogels, a serious quantity
of water in the pores can be mechanically tightened from swollen monolithic
models. Because of this, the basic region of the cryogel volume consist of the
interconnected supermacropores.

Structural analysis of sepiolite, sepiolite-free (SN) and sepiolite-containing (S8)
composite cryogels was examined in the FTIR spectrum in between the value of
4000-600 cm-1 (Figure 4.7). The characteristic peaks of SN cryogel are at 3424
cm-1 (O-H stretch), 2951 and 2873 cm-1 (C-C stretch), 1720 cm-1 (C=O stretch)
and 1242 and 848 cm-1 (C-O and C-O-C) frequencies. The characteristic peaks
of the S8 composite cryogel are 3385 cm-1 (O-H stretch), 2950 and 2875 cm-1 (CC strain), 1721 cm-1 (C = O strain) and 1156 and 881 cm-1 (C-O and C-O-C
stretching) frequencies. And also, the characteristic peak at 1436 cm-1 seen in
the sepiolite confirmed the incorporation of the sepiolite into the S8 composite
cryogel.
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Figure 4.7.

The FTIR spectra of sepiolite (Sep), sepiolite-free (SN) and
sepiolite-containing (S8) composite cryogels between the values of
4000-600 cm-1.

The ice crystals shaped during the formation of a PHEMA-based plain cryogel
melt the cryogel to room temperature when the polymerization process comes to
an end to form the interconnected porous polymer network.

The diameters of these interconnected pores vary in the range of approximately
10-200 µm depending on the polymerization conditions. The SEM image of the
composite cryogels without sepiolite (A, SN) and containing 8% sepiolite (B, S8)
is indicated in Figure 4.8.
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Although the interconnected pore structure between the values of 10-100 µM is
shown in Figure 4.9A layered structural image is formed after sepiolite enters the
cryogel structure (Figure 4.9B). The multilayered structural image of S8
composite cryogel containing sepiolite is supported by mCT analysis (Figure 4.9).
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Figure 4.8.

(A) SN Cryogel and (B) S8 Cryogel images of SEM.
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Figure 4.9.

Micro-computed tomography (µCT) Analysis (A) SN Cryogel (B) S8
Cryogel.
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4.4. Heavy Metals Adsorption Studies
4.4.1. Effect of Time
100 mL of heavy metal solutions containing Mn, Ni, As, Se, Cd, Sb and Co at a
concentration of 1000 ppb were pumped from the compound cryogel columns
under recirculation for 2 hours. Under a constant flow rate, samples were taken
from the standard solutions passed through the columns after 0, 5, 10, 15, 30,
45, 60 and 120 minutes and analyzed by ICP-MS. The amount of 7 different
heavy metal adsorption of cryogel columns against time is stated in Figure 4.10.

Figure 4.10. Changing of Heavy Metal Adsorption Capacity Over time for
sepiolite embedded cryogel (50 ppb, 25°C, 1 mL/min).

4.4.2. Effect of Concentration
As shown in Figure 4.10, the composite cryogel absorbed 97% of all metals in
water after 30 minutes. The adsorption capacity of heavy metals on composite
cryogels increased with increasing consantrations of heavy metals and
composite cryogel tend to reach adsorption plateau as aspected. It was observed
that, the maximum adsorption capacities of composite cryogels for all heavy
metals were the highest value due to the higher sepiolite amount (S8). As shown
in Figure 4.11, the capacity of max binding was monitored at 30 minutes. So, it
can be said that 30 minutes will be sufficient for maximum binding capacity.

51

Figure 4.11. Changing of Heavy Metal Adsorption Capacity Over Concentration
for sepiolite embedded cryogel (2 Hours, 25°C, 1 mL/min).

4.5. Adsorption Isotherms
Langmuir adsorption isotherm is defined by Equation 13. This model expects that
the molecules bind to a certain quantity of regions, each capable of binding only
one molecule and these regions are also equivalent in energy. This model also
assumes it has no effection between molecules adsorbed in neighboring regions.

Q=Qmax * b * Ce/(1 + bCe)

Eq.13

In Eq.13, Q is the number of elements that bind to the cryogel (mg/g), b is the
Langmuir constant (mL/mg), Ce is the equilibrium concentration (mg/mL) and
Qmax is the highest adsorption capacity (mg/g). When it is linearized, the
equation below is obtained:

1/Qe=1/(Qmax*b)(1/Ce) + 1/Qmax

Eq.14

The point where the 1/Q graph crosses the y-axis against 1/Ce gives the value
of 1/Qmax and the slope gives the value of 1/Qmax.b (Figure 4.12 and 4.13).
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Figure 4.12. Langmuir isotherm curves of the elements.
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Figure 4.13. Langmuir isotherm curves of the elements.

Freundlich equation (Figure 4.12 and Figure 4.13) assumes that the binding
between the adsorbent varies depending on whether the adjacent binding regions
are full.

Qeq=Kf*Ceq*1/n

Eq.15
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In this equation, Qeq is amount of adsorption (mg/g) and Ce is the balance
element concentration (mg/L). Kf and 1/n are Freundlich constants show ads
capacity and intensity.

lnQeq=lnKf + 1/n lnCeq

Eq.16

Experimental data are adapted to Freundlich model and lnCeq is plotted against
lnQeq (Figure 4.14 and Figure 4.15). Adsorption constants were calculated from
the cut-off point and slope.

Figure 4.14. Freundlich isotherm curves of the elements.
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Figure 4.15. Freundlich isotherm curves of the elements.
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Table 4.3.

The experimental binding capacity (Qexp) found and Langmuir and
Freundlich constants calculated for Mn, Ni, As, Se, Cd, Sb, and Co.

Calculated numbers for isotherms are given in Table 4.3. Show the writen datas,
the adsorption process from the correlation coefficients fit the Langmuir
adsorption model for Mn, Ni, As, Se, Cd, Sb and Co. In addition, the maximum
adsorption value calculated from isotherm results matches the experimental data.

4.6. Adsorption Kinetics
Interaction time is important to figure out the steps that affect the velocity of the
adsorption process. Mechanisms that control the process are mass transfer and
chemical reaction. In determining these mechanisms, pseudo 1st and 2nd order
kinetic models were applied. It is showed the calculated concentration are equal
to the adsorbed concentration of the adsorbent. Lagergren's 1st degree velocity
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equation is the most commonly applied equation in the ads of solute in aqua
media. It is shown with the following equation;

dqt/dt=k1(qeq-qt)

Eq.17

In equation 17, k1 is the pseudo-first order adsorption rate constant (min1-), qeq
and qt are the amount of elements adsorbed at equilibrium time and at any time
of t (mg/g);

log[qeq/(qeq-qt)]=(k1 * t)/2.303

Eq.18

Equality 18 can be linearized by rearranging;

log(qeq-qt)=log(qeq) - (k1 * t)/2.303

Eq.19

Linearity of the log(qeq) graph to t shows the applicability of the kinetic model
(Figure 4.16 and 4.17). In the pseudo-first-order kinetic expression, log(qeq) must
be equal to the cut point of the ordinate axis of the log(qeq-qt) graph to t.

Pseudo-second order equation originates from adsorption balance capacity can
be given as below:
dqt/dt=k2(qeq-qt)2

Eq.20

In equation 20, k2 is the pseudo-second order velocity constant (g.mg1-.min1-).
The following equation is obtained by using the boundary conditions of qt=0 at
time t=0 and qt=qt at timet=t in equality.

1/(qeq-qt)]=(1/qeq) + k2 * t

Eq.21
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The linear state of this equation is below;
(t/qt)=(1/k2qeq2) + (1/qeq) * t

Eq.22

For second order kinetics to be applicable, the graph of t/qt must be linear against
t (Figure 4.18). Speed constant and equilibrium adsorption is taken from cut-off
point and slope.

Figure 4.16. Graphs of pseudo-first order adsorption kinetics for the adsorption
of elements.
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Figure 4.17. Graphs of pseudo-first order adsorption kinetics for the adsorption
of elements.
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Figure 4.18. Graphs of pseudo-second order adsorption kinetics for the
adsorption of elements.
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The pseudo-first and pseudo-second-order kinetic parameters calculated from
the kinetic analysis data of the 7 different elements adsorption are given in Table
3.4. When the coefficients in chart are examined; interactions between sepiolite
embedded composite cryogel and the elements all seem to be more appropriate
for the pseudo second degree kinetic model. Adsorption capacity value achieved
from pseudo-second order is compatible with experimental results. When the
kinetic data were analyzed, it was obtained that the adsorption of sepiolite
embedded composite cryogel elements was chemically controlled without any
diffusion restriction.

Table 4.4.

The pseudo 1st and 2nd order kinetic parameters calculated from
kinetic analyses of the adsorption studies for 7 different elements.
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4.7. Application to Certified Water
The certified multi-element standard solution contains 21 different elements
(Table 4.5 and 4.6). Each element’s initial concentrations in 1000 ppb solution
are also shown in Table 4.5 and Table 4.6. Samples taken at the times specified
earlier section of the heavy metal solution which interacted with the composite
cryogel for 2 hours were detected by ICP-MS.

The concentration values and % adsorption values of the samples taken at each
time were calculated according to Eq.1.

Table 4.5.

Heavy metals in certified standard solution and their adsorption. %
on composite cryogel (2 Hours, 1mL/min).
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Table 4.6.

Heavy metals in certified standard solution and their adsorption. %
on composite cryogel (2 Hours, 1 mL/min).
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Table 4.7.

Comparison of adsorption in this thesis and other adsorption
studies with cryogel.

Table 4.7. compares the removal methods of heavy metals with sepiolite
embedded nanocomposite cryogels. According to Table 4.7, the heavy
metals [Cd(II), Cu(II), As (III, V) and Ni(II)] adsorption capacities of sepiolite
embedded nanocomposite cryogels were relatively high with regard to
literature [110-112].
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5. CONCLUSION
- Sepiolite tubular nanocrystals embedded composite cryogels were synthesized
to efficiently remove heavy metals from the water solution.
- Composite cryogels offer significant potential for water treatment applications
without clogging problems and medium flow resistance.
- In principle, the mutal effects between sepiolite nanocrystals and heavy metals
have been considered in the process of complexation and polymerization.
Therefore, composite cryogels exhibited high yield in the heavy metal removal.
- As stated in the results obtained, it would be very useful for multiple metal
separation in aqueous medium.
- Synthesis of sepiolite embedded composite cryogel’s advantages are capable
to work with viscous and smooth liquids, such as wastewater, due their wide-pore
structure.
- These liquids can flow through the sepiolite embedded cryogels. That properties
simplified mass transfer, decreased the resistance of diffusion and their
increased surface area provided us high binding efficiency.
- After the characterization studies of nanocomposite cryogels, their shapes have
become spong-like elastic. Thus, even when pressure was applied such as hand
compressing, they preserved their structure without disintegration.
- Composite cryogels was examined in the FTIR spectrum is between the values
of 4000-600 cm-1.
- The characteristic climax of sepiolite detected at 1436 cm-1, which shows that
the incorporation of the sepiolite into the S8 composite cryogel.
- According to SEM images, the interconnected pore structure of composite
cryogels are between the values of 10-100 µM, layered structural image is formed
after sepiolite enters the cryogel structure.
- Micro-computed tomography (µCT) analysis results showed that sepiolite
embedded into the composite cryogels as impeccable.
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- Cryogel’s swelling degree balance was changed between 3.03-7.28 g H2O/g
cryogel by changing the crosslinker ratio.
- After tested with physical interventions it was seen that, cryogel containing
sepiolite has a sponge-like elastic structure.
- After the adsorption experiments, the composite cryogel absorbed 97% of Cd
and Co metals in water after 30 minutes. Maximum binding capacity were
recorded at 30 min.
- The correlation coefficients of adsorption proces fit the Langmuir adsorption
model for Mn, Ni, As, Se, Cd, Sb and Co. And also, Langmuir isotherm matches
the experimental data.
- After the examined kinetic parameters, the adsorption of sepiolite embedded
composite cryogel elements was chemically controlled without any diffusion
restriction.
- Interactions between the heavy metals and composite cryogel are controlled
chemically due to the interaction of heavy metal cations are through to the
hydroxyl groups of sepiolites.
- The adsorption of heavy metal results showed us in this thesis study, heavy
metal binding capacity of sepiolite embedded cryogels have amazing high
efficiencies.
- >90% of Cr, Fe, Co, Zn and Cd metals were absorbed from water samples at
25°C in two hours by sepiolite embedded cryogels. But in the observed
adsorption results showed us the sufficient time for maximum binding capacity is
30 minutes.
- Sepiolite embedded composite cryogels used as columns in this thesis study.
Due to their flow resistance and durability, they can be used at high pressure
flows and they can be produced almost in any shapes.
- Sepiolite embedded composite cryogels showed hihg efficiency for heavy metal
removal, and materials, which are used in production and also production stages
are low-cost.
- Considering the experiment studies and the results, sepiolite embedded
composite cryogels have critical importance for heavy metalremoving from
aqueous media.
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