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ABSTRACT

DESIGNING OF ION-IMPRINTED CRYOGELS AND THEIR USE
FOR HEAVY METAL REMOVAL

Mitra JALILZADEH

Doctor of Philosophy, Department of Chemistry
Supervisor: Prof. Dr. Serap SENEL
January 2014, 150 pages

Heavy metals generally are toxic for animal and human body. Heavy metals due
to stability and resistance to degradation are classified as environmental toxins.

Therefore these metals should be removed from wastewaters.

Cryogels are polymeric gel matrices. Cryogels generally have interconnected
supermacroporos spongy structure, high pore density, and large pores. Due to
their large surface area and low flow resistance, they can be used for fast and

high capacity separation.

Due to specific ion recognitions ion-imprinted cryogels were used as stationary
phases in chromatography. Interaction of template molecule to functional
monomer with non-covalent interaction is organized and provides solid materials
which have functional groups, then by removing of template ions forms template

ion specific regions in polymer.

In present study, four different ion-imprinted supermacroporose 2-hydroxyethyl
methacrylate (HEMA)-based cryogels: [PHEMA-N-methacryloyl-(L)-cysteine-Cd
(I, PHEMA-N-methacryloyl-(L)-aspartic acid-Pb(ll), magnetic PHEMA-N-
methacryloyl-(L)-histidine-Cu (II) and non-magnetic PHEMA-N-methacryloyl-(L)-

histidine-Cu (11)], were synthesized. These cryogels were characterized by surface



area measurements (BET), swelling tests, scanning electron microscopy (SEM),
EDX, and FTIR. The surface areas of ion-imprinted cryogels (106, 43.6, 92.0, and
78.5 m?/g ) were higher than those of non-imprinted cryogels (78.5, 18.6, 47.0,
and 29.3 m?%g). These cryogels were used for adsorption of Cd(ll), Pb(ll) and
Cu(ll) ions from aqueous solutions, respectively. Adsorption of heavy metals by
these cryogels and effects of pH, intial concentration, contact time, temperature
on adsorption capacity were examined. The maximum adsorption capacities of
the ion-imprinted cryogel membranes were 77.2 mg/g for Cu(ll) by Cu(ll) ion-
imprinted non-magnetic cryogel, 182.7 mg/g by magnetic Cu(ll) ion- imprinted
cryogel, 86.7 mg/g for Cd(ll) by Cd(ll) ion-imprinted cryogel, and 122.7 mg/g for
Pb(Il) by Pb(ll) ion-imprinted cryogel, respectively. Heavy metal ions adsorption
behavior was examined by Langmuir and Freundlich isotherms. The adsorptions
were best fitted by Langmuir isotherms. First and second-order kinetic models
were applied for these adsorptions. Pseudo-second order kinetic model was
suitable for these adsorptions and indicated that adsorption was chemically
controlled. Thermodynamic values (AH°, AG° AS°) were calculated and
thermodynamic possibility of adsorption was evaluated. Selectivity studies for ion-
imprinted and non-imprinted cryogels were studied. Competitive adsorption
studies by eight metal ions (Cu(ll), Cd(ll), Pb(ll), Zn(ll), Ca(ll), Co(ll), Ni(ll), Fe(llI))
were examined. Adsorption and desorption studies were repeated for three times,
and reusability of the cryogels was proved without a significant loss in adsorption

capacity.

Keyword: ion imprinted cryogel, PHEMA-N-methacryloyl-(L)-cysteine-Cd (ll),
PHEMA-N-methacryloyl-(L)-aspartic acid-Pb(ll), magnetic PHEMA-N-
methacryloyl-(L)-histidine-Cu, non-magnetic PHEMA-N-methacryloyl-(L)-histidine-
Cu (Il



OZET

iYON BASKILANMIS KRiYOJELLERIN TASARIMI VE AGIR METAL
UZAKLASTIRILMASI AMACIYLA KULLANIMI

Mitra JALILZADEH
Doktora, Kimya Bolumi
Tez Danigmani: Prof.Dr.Serap SENEL
Ocak 2014, 150 sayfa

Genelde agir metaller insan ve hayvan vicudu igin toksik madde olarak
tanimlanmiglardir. Agir metaller dayanikhlik, kararhlik ve kimyasal bozunmaya
karsi direng goOstermek gibi Ozellikleri nedeniyle, c¢evresel toksinler olarak
siniflandinimiglardir.  Bu  nedenle agir metaller su kaynaklarindan

uzaklastiriimalidir.

Kriyojeller, polimerik jel matrikslerdir. Kriyojeller genellikle birbiriyle bagl
supermakrogdzenekli stingerimsi bir yapiya, yluksek gdzenek yogunluguna ve
genis gozeneklere sahiptirler. Genis yuzey alani ve dusuk akis direnci

sagladiklarindan, yuksek kapasitede hizli ayirma 6zelligine sahiptirler.

iyon baskilanmis kriyojeller spesifik iyon tanima 6zeligi nedeniyle kromatografide
sabit faz olarak kullanilirlar. Kalip iyon etrafinda fonksiyonel monomerlerin
kovalent olmayan etkilesimlerle organize edilmesi ve kimyasal fonksiyona sahip
katt malzemelerin olusturulmasi saglanir. Islem sonrasinda kalip iyonun

uzaklastiriimasi ile yapida kalip iyona 6zgu bolgeler olusmus olur.

Bu calismada, dort farkli iyon baskilanmis supermakrogdzenekli 2-hidroksietil
metakrilat (HEMA) bazh kriyojeller [PHEMA-N-metakriloil-(L)-sistein-Cd(ll),



PHEMA-N-metakriloil-(L)-aspartik asit-Pb(ll), manyetik PHEMA-N-metakriloil-(L)-
histidin-Cu(ll) ve manyetik olmayan PHEMA-N-metakriloil-(L)-histidin-Cu(ll)],
sentezlenmistir. lyon baskilanmis kriyojeller yiizey alani élgiimleri (BET), sisme
testleri, taramali elektron mikroskobu (SEM), EDX ve FTIR calismalari ile
karakterize edilmistir. iyon-baskilanmis kriyojellerin yiizey alanlari (106, 43.6,
92.0, ve 78.5 m?/g) iyon-baskilanmamis kriyojellerin yiizey alanlarindan (78.5,
18.6, 47.0, ve 29.3 m?/g) daha vyiksekdirler. Bu kriyojellere, sirasiyla sulu
cOzeltilerden Cd(ll), Pb(ll) ve Cu(ll) iyonlarinin adsorpsiyon ¢alismalari
gerceklestiriimistir. Agir metal iyonlarinin iyon baskilanmis kriyojel membranlar ile
adsorpsiyonuna pH’in, agdir metal derisiminin, adsorpsiyon suresinin ve
sicaklikligin  etkisi incelenmistir. lyon-baskilanmis  kriyojel membranlarin
maksimum adsorpsiyon kapasiteleri Cu(ll) i¢in 77.2 mg/g Cu(ll) iyon-baskilanmig
kriyojelle, 182.7 mg/g Cu(ll) icin Cu(ll) iyon- baskilanmis manyetik kriyojelle, 86.7
mg/g Cd(ll) icin Cd(ll) iyon-baskilanmis kriyojelle, ve 122.7 mg/g Pb icin Pb(ll)
iyon-baskilanmis kriyojelle elde edilmigdir. Agir metal iyonlarinin adsorpsiyon
davraniglart Langmuir ve Freundlich izotermleri kullanarak incelenmigtir.
Sonuglarin Langmuir izotermiyle uyumlu oldugu gézlemlenmistir. Birinci ve ikinci
derece kinetik modelleri bu adsorpsiyonlar igin uygulanmistir. Soézde-ikinci
derecenin bu adsorpsiyonlar igin daha uygun oldugu ve adsorpsiyonlarin kimyasal
kontrolli oldugu gosterilmistir. Termodinamik parametreler (AH®, AG°, AS°) bu
adsorpsiyonlar icin hesaplanmis ve adsorpsiyon proseslerinin  olasiligi,
termodinamik dederlere gore incelenmistir. Secicilik ¢calismalari, iyon baskilanmis
ve baskilanmamis kriyojellerle gergeklestiriimistir.  Yarismali adsorpsiyon
¢alismalari, sekiz metal iyonunun bulundugu c¢ozeltide (Cu(ll), Cd(ll), Pb(ll),
Zn(Il), Ca(ll), Co(ll), Ni(ll), Fe(ll)) yapiimistir. Adsorpsiyon ve desorpsiyon islemi
Uc kez art arda tekrarlanmistir ve kriyojel membranlarin adsorpsiyon
kapasitesinde Onemli bir kayip olmadan tekrar kullanim igin uygun oldugu

g6zlemlenmistir.

Anahtar kelimeler: iyon baskilanmig kriyojel, PHEMA-N-metakriloil-(L)-sistein-
Cd(ll), PHEMA-N-metakriloil-(L)-aspartik asit-Pb(ll), manyetik PHEMA-N-
metakriloil-(L)-histidin-Cu(ll) ve manyetik olmayan PHEMA-N-metakriloil-(L)-
histidin-Cu (I1).
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1. INTRODUCTION

Most of heavy metals are necessary in small amounts for body but in high
concentrations are toxic [1]. There isn’t any agreed definition of authority units,
such as IUPAC for heavy metals, but elements such as Zn, Fe, Cu, Cr, Co, Pb,
Cd, Ni, Pd, Ag, Hg, Pt, Au, As, etc. are classified in this group of metals [2].
Accumulation of these metals in living organisms causes serious health problems.
These metals after being absorbed by body make connection to cellular units with
vital important ones such as proteins, enzymes and nucleic acids and inhibit their
functions [3]. Toxicity of these metals most commonly affects the brain and
kidneys, but some metals such as arsenic clearly cause cancer [4].

Removal of heavy metals from water is necessary, because these pollutant
materials can’t be changed to harmless material as organic pollutants. Many
methods have been used for removal of heavy metals. There are many traditional
methods, such as chemical precipitation, adsorption, electrochemical process,
extraction, floatation, coagulation, ion exchange etc., but these methods are
generally expensive or risky [5]. Nowadays, new adsorbents are used for
adsorption. Purposes of adsorption with these materials are development of
cheaper and more effective process for removal of heavy metals from water [6].
Adsorbents such as lignin, tannin, chitin, chitosan, dead biomass, zeolite, clay, by-
products of agricultural industry, activated carbon, carbon nanotubes and
synthetic polymer-based ones have been used for adsorption of heavy metals
from water [7]. Adsorbent materials have usually a porous structure, and the
sorption process generally takes place in the pore walls or in specific locations
within the particles [8]. Modified biopolymers that have functional groups have
been used because of their widespread presence in nature but, synthetic
polymers have been preferred as new generation of adsorbents [9]. These
synhetic polymers can be designed for removing specific metals. Hydrogels and
cryogels have been used for removing of heavy metals because of their ability of
expanding their volumes due to their high swelling capacity in the solvent. These
polymers have advantages such as preparation in different shapes, combination
with various materials for getting desired properties and resistant to degradation
[10].



Cryogels are supermacroporous hydrogels which are formed at subzero
temperature by radical polymerization of monomers [11]. Due to their polymeric
network with interconnected macropores, they show very low flow resistance and
the solution can diffuse into these matrices easily. Generally the pore size
depends on the concentration of monomer, ratio of crosslinker, their
physicochemical properties and the freezing conditions [12]. Cryogels have a high
density of pores. Macroporous structures of cryogels allow transportation of
undesirable particles from containing fluid through the gels. Composite cryogels
can be formed in order to increase the capacity of the cryogels in water and

wastewater treatment applications [13].

Molecular imprinting technology (MIT) is a technique for preparing materials with
cavities that are able to recognize a certain molecule according to its shape, size
and chemical functionality. Polymerization occurs around the interested molecules
called as template. After removal of template molecules, a three dimensional
cavity is formed. Specific sites for many molecules such as metal ions, organic

molecules, proteins in a synthetic polymer can be created by via MIT [14].

lon imprinted polymers (IIP) are prepared by copolymerization of monomer,
ligand-metal complex and cross-linker. After removing of the template ion, these
polymers have high selectivity towards the target ion due to the affinity of the
ligand for imprinted metal ions [15]. The first ion- imprinted polymers have been
introduced in 1976, but the real development of IIP is more in the last 10 years
[16].

This study consists of two main parts; (i) preparation of various ion imprinted
cryogels (Cu(ll), Cd(Il) and Pb(ll)) and Cu(ll) imprinted magnetic cryogels and use
of these cryogels for removing of specific metal ions from aqueous solutions; (i)
thermodynamic and kinetic parameters for these processes. For this purpose, the
functional monomers N-methacryloyl-L-histidine (MAH), N-methacryloyl-L-cysteine
(MAC) and N-methacryloyl-L-aspartic acid (MAAsp) were prepared by reacting
appropriate amino acids with methacryloyl chloride and then, pre-complexes of
these monomers with metal ions were prepared. lon imprinted magnetic and non-
magnetic cryogels were synthesized by bulk polymerization of metal ion pre-
complex, 2-hydroxyethyl methacrylate (HEMA) and methylene bisacrylamide. The



cryogel membranes were characterized by surface area measurements, swelling
test, scanning electron microscopy, and FTIR. These cryogels were used for
adsorption of heavy metal ions from aqueous solutions in different concentrations,
pHs, incubation times and temperatures and their effect on adsorption dynamics
was studied. The thermodynamic values such as AH®, AG°, AS° for adsorption
were calculated and then thermodynamic possibility of adsorption was indicated.
The selectivity of ion imprinted cryogels for each of ion imprinted cryogel and
specific ion in presence of other ions was studied. Reuse of this cryogels was
examined with repeated adsorption-desorption cycles. Kinetics of the processes

was studied as well.



2. GENERAL INFORMATION
2.1. Heavy Metals

For identification of heavy metals there aren’t any agreed criteria as density,
toxicity and atomic weight or definition of authority units, such as the IUPAC. All
transition elements, transuranium elements, elements which have metallic
property except those required by body and all of p-elements are called toxic
metals [1]. However in this group, there are also non-metals such as arsenic that
is known as a semi-metal. Heavy metals are adsorbed in soils and sediments.
Degree of adsorption depends on electronic structures, diameters, degree of
hydration, pH, concentrations, adsorbent structure, oxidation and concentrations
of other metals. Heavy metals have very different properties; some of them are
used in machine manufacturing, electronics, different parts of our daily life or high-
technical jobs [17]. Heavy metal ions in domestic and industrial waste water are
very important because of their damage for health of living organisms and
ecological systems. The accumulation of these non-biodegradable components in
living organisms causes serious health problems. Heavy metals are grouped as
toxic (Hg, Cr, Pb, Zn, Cu, Cd, Ni, etc.), valuable (Pd, Au, Ag, Pt, etc.) and
radionuclides (U, Th, Ra, etc.) [3].

The trace amounts of heavy metals can be determined in waste water samples
using flame atomic absorption spectrometer (FAAS), graphite furnace atomic
absorption spectrometer (GFAAS), inductively coupled plasma optical emission
spectroscopy (ICP-OES), inductively coupled plasma mass spectrometry (ICP-
MS), laser-induced breakdown spectroscopy (LIBS) and anodic stripping

voltammetry.

2.1.1. Heavy Metals Toxicity

Many heavy metals are necessary in small amounts for the normal development
of the biological cycles but in high concentrations are toxic. These metals which
are called trace elements for example Zn, Fe, Cu, Cr and Co are necessary for
body but the amount more than physiological concentration is known to have
toxic side effects [1, 17]. There is another group of heavy metals such as arsenic,
lead, cadmium and mercury that are highly toxic for human beings and other living

beings even at trace levels [14]. Heavy metals generally are toxic but oxides of



heavy metals aren’t toxic. Presence of heavy metal ions in rivers and lakes can
cause of several health problems for animals, plants and human beings.The
human body can not dispose the metals as a result they are deposited in various
internal organs. Large deposits may cause adverse reactions and serious damage
to the body [18]. The reason of extreme toxicity of heavy metals in organisms is
that they are water-soluble in ions or compounds form and are easily absorbable
by living organisms in nature. Generally toxic effect of heavy metals is due to their
complexation with organic compounds. These metals after being absorbed by
body get connected to cellular units with vital importance such as proteins,
enzymes and nucleic acids and inhibit their functions [3]. These metals react with -
SH groups of proteins, maybe this event chemically seems simple, but this is
important in metabolism and can cause death [19]. In animal body because of
their homeostatic mechanism, if concentration of metals doesn’t go over the limit
of tolerance or heavy metals don't affect metabolism for long time, metabolism
can protect itself [19]. Toxicity of metals most commonly effects on the brain and
kidneys but other manifestations can be appearing. Some metals such as arsenic

clearly cause cancer [4].
2.1.2. Removal of Heavy Metals

Presence of heavy metals in environmental waters is dangerous for human and
other living beings. Organic pollutants can be changed to harmless material with
biodegradation, but heavy metals don’t change into harmless material with
biodegradation [20]. Therefore removing of heavy metals from water is necessary.
Many methods have been used for removal of heavy metals. Methods that are

used widely for metals removal is shown below (Table 2.1).
2.1.3. Conventional Refinement Techniques

Since ancient times there are traditional methods for removing heavy metals from
the environment but some of these methods are expensive and risky due to the
possibility of generation of hazardous by-products [18]. For removal of heavy
metal ions from wastewater, physical, chemical or biological refinement technique
or combined techniques can be selected. Several parameters such as the content

and quantity of waste, chemicals and energy requirements, process performance,



process economics are considered. Amongst the available techniques,

adsorption, ion exchange and membrane processes are frequently used.

Table 2.1. Physical methods for the removal of heavy metals

Base Commonly used methods
Dimension Filters, membranes, particles, gels
Density Precipitation
Charge lon exchange resins, electrokinetic systems
Specific Affinity Interactions between ligands with particles

or macromolecules

2.1.3.1. Chemical Precipitation

This method is one of the old methods that were applied for heavy metal removal
from water. It is used when economic recovery is not important and complex
chemical compounds are not involved. This method is a good choice for high
concentrations of heavy metals, but it is not effective for concentrations of less
than 50 mg/L [21]. The method is based on conversion of metal ions to the
insoluble precipitate such as hydroxide, sulfide, phosphate or carbonate by
suitable agents, and removing the precipitate from medium. Organic polymers and
alum as coagulants can improve the performance of process. Besides the
advantages of cheapness and simplicity, this method has the disadvantages of
formation of a large volume of precipitate having a low density, amphoteric
character of some metal hydroxides, and inhibition effect of reagents having the

ability to form complexes in refining environment.

To form the precipitate in hydroxide salt, alkaline reagents such as NaOH,
Ca(OH), or NH4,OH are used. Most metal hydroxide precipitates are formed in the
pH range of 8.0-11.0. If Ca(OH), is used as precipitating agent, secondary
precipitates such as CaS0,4.2H,0O may be formed. So, precipitation agent having
capability to form soluble by-products should be preferred [22], especially when

metal recovery is important. Precipitation agents such as FeS and H,S are used



for sulfide precipitates. Typically, the metal sulfide solubility value is less than that
of metal hydroxide; therefore operation efficiency for metal sulfides gives the
better result. To prevent H,S(g) formation, neutralization of acidic waste is
required before the precipitation process. Carbonate precipitates that are obtained
with Na,CO3 and CaCOg3 have larger solubility values than that of hydroxide
forms. Phosphate precipitates are formed by adding phosphate or soluble salts of
hydroxyl apatite. Blais et al. used dithiocarbamate (DTC), xanthatediethyl
dithiocarbamate (DDTC) as reagents to perform the precipitation due to chelate
formation [18]. Dean et al. used precipitation method for removing metals such as

copper, zinc, iron, manganese, nickel, and cobalt as the hydroxide [21].
2.1.3.2. Electrochemical Process

This method is one of the most interesting traditional methods. In this method, an
electrochemical cell is formed that is placed in mixture containing metal ions.
Metal ions are deposited on the mercury cathode. High selectivity is the
advantage of this method but the long duration of action (slow rate of
accumulation) is its major disadvantage [21]. This method is used for recovery of
metal ions in the form of pure metal or pure salt solution by electrolysis. Migration
of toxic components toward the electrode depends on diffusion, convection and
electrolytical migration. The ions having less negative potentials than water in
solution fed to the cathode are reduced to metal. The presence of oxygen or other
reducible elements decreases the current efficiency and increases the
consumption of energy. Controlling the parameters for electrolysis, selectivity for
metal ions may be obtained. If the reduction of metal ions is controlled by mass
transfer, process performance increases. The electrode area, the mass transport
regime and presence of turbulence promoters affect the process [22].
Electrocoagulation and electroflotation are the other options for electrochemical
processes. But their investment and operating costs are very high.

2.1.3.3. Liquid-Liquid Extraction

This is the widely used method for heavy metal treatment. In this method,
chelating reagent is added to the aqueous phase for creating ion-specific complex
of metal ion. Solubility of this complex in water is very low; hence complex is

extracted by using an organic solvent such as hydroxyquinoline, diethyl



dithiocarbamate, and ammonium dithiocarbamate pyrilidine. The major
disadvantages of this method are the use of little amount of organic solvent for
increasing the efficiency of the aqueous phase separation factor and the difficulty
of effective separation of these two phases after extraction.

2.1.3.4. Flotation

In flotation, a surface-non-active material with suitable surface-active agent is
converted to removable surface-active material by means of gas bubbles formed
in solution. Advantages of this method are simplicity and efficiency of the method.
lons that are converted to hydrophobic precipitates by surface-active agents form
foam by connecting to gas bubbles.

2.1.3.5. Coagulation and Flocculation

Coagulation is destabilization and initial coalescing of colloidal particles and
flocculation is the formation of larger particles (floc) from smaller particles. In
coagulation process, charge neutralization and bridging mechanisms are
important [23]. Following these processes, treatment process is completed by
sedimentation and filtration. Coagulation for hydrophobic colloids and suspended
particles gives better results. Chemical requirement and tangle volume are

disadvantages of this method.
2.1.3.6. lon-Exchange

This physical method is based on exchange of ions between the solution phase
and the solid matrix. The method has advantages of high decontamination
capacity, treatment efficiency, fast kinetics and cost effectivity. Several
parameters such as temperature, pH, contact time and ionic charge effect on the
rate of exchange. lon-exchange resins that are insoluble in water and organic
solvents can be synthesized by covalent binding of charged functional groups to
the cross-linked polymeric matrices. The matrix is usually polystyrene that
contains 3-8% divinyl benzene. The particle size is usually in the range of 20-25
mesh. For the strong acid cation exchanger (-SO3zH), cation affinity increases with
the cation charge and with the increasing atomic number for different ions having
the same charge. Resins with weak acid type cation exchangers that have

carboxyl functional groups follow a reversed affinity order for alkali and alkaline



earth metals. For strong base anion exchangers having quaternary ammonium (-
N*R3) groups, the ion exchange capacity increases with increasing ionic charge.
The affinity order for weak base anion exchangers having secondary or tertiary
amine groups is similar to the order reported for strong base anion exchangers.
Amphoteric ion exchangers, such as AMF-IT and AMF-2M that exchange cation
or anion depending on the solution pH can also be used [16]. If original sample
contains ferrous ions, the adsorption of organic material will cause the reduction in
performance due to chlorine and the possibility to form ferric hydroxide are the

disadvantages of the method.
2.1.3.7. Membrane Processes

Membrane process is based on the recovery of metal ions from diluted
wastewater with semi-permeable membranes. Membrane processes that are used
for the removal of heavy metal ions are ultrafiltration (UF), reverse osmosis (RO),
nano filtration (NF), microfiltration (MF) and electro-dialysis (ED). Pore sizes of the
membranes for MF and UF applications are (0.1 to 3 pm) and (0.01-0.1 pm),
respectively [5]. Higher metal recovery performance in NF applications can be
achieved due to narrow pore size (0.001- 0.01 pm). In the RO, metallic or
polymeric-based membranes are used, and pressure or electric current being the
driving force for the passage of solution through the membrane. Less space of
apparatus, performance of process and little need for chemicals are the
advantages of the method. Requirement of high energy, blockage of membrane
pores and the necessity of membranes to renew in about five years are the
disadvantages. Juang et al. reported removal of Cu(ll) and Zn(ll) ions from

synthetic wastewater by chitosan-enhanced membrane filtration [24].
2.1.4. New Methods for Removing Heavy Metals

Generally purposes of new methods are development of cheaper and more
effective technologies eventually, to decrease the amount of by-product and to
improve the quality of the treated water. These new methods are adsorption with
new adsorbents, membrane filtration, electrodialysis, metal chelating, and

photocatalysis [6].



2.1.4.1. Adsorption

This method is one of the common methods for metal removal from water.
Adsorption is adhesion of particles to a surface. Adsorbed substance is adsorbate
and the substance that having capacity or tendency to adsorb particle is
adsorbent [25]. According to interaction between the adsorbent and adsorbate,
adsorption is classified into three kinds; Physical, Chemical and lonic adsorption.
Physical adsorption is a result of attraction power between the solid surface and
adsorbed substance. Here weak van der Waals forces are active and adsorption
occurs as multilayer and reversible manner [26]. Chemical adsorption occurs
when there is chemical interaction between functional groups on the solid surface
and adsorbed substance. This type of adsorption is single-layered and not
reversible. lonic adsorptions happen when ions with electrostatic forces adsorb in
complementary charged zones. In this type of adsorption, ions with high charge
and small diameter are adsorbed better than the other ions. When an adsorption
phenomenon takes place, there isn’t only one kind of adsorption, maybe there are
two kinds or three kinds simultaneously. Adsorption also depends on structure of
the adsorbed substance, concentration, pH, and temperature. A material in the
case of one component in solvent adsorb better than multi components in solvent

on the surface of adsorbent.

Adsorption is similar to equilibrium reaction and continues until the concentration
of substance on adsorbent surface and solution is balanced. After balancing,
concentration of adsorbed substance is constant in solution. Adsorption depends
on concentration of adsorbed substance and temperature.Generally adsorption
process is performed at a constant temperature to examine the concentration
effect in process. The amount of adsorbed substance is plotted against the
concentration of adsorbed substance in solution and this mathematical expression
is called adsorption isotherm.The Freundlich and Langmuir isotherms are the
mostly used adsorption isotherms [25, 26]. Generally in adsorption method first
metal ion forms a complex then this complex, is adsorbed on the adsorbent. This
method is the sorption of components from gaseous or liquid phases onto the
surface of the solid substrate. Besides of design and flexibility, lack of pollutant
formation, low investment costs and regeneration of adsorbent are the

advantages of this method. In this process, lignin, tannin, chitin, chitosan, dead

10



biomass, zeolite, clay, by-products of agricultural industry, activated carbon,
carbon nanotubes and synthetic polymer-based adsorbents can be used.
Adsorbents may be grouped as carbon adsorbents (activated carbon, activated
carbon fibers, carbon molecular sieves, fullerenes, hetero fullerenes, nano-
materials), mineral adsorbents (silica gels, zeolites, clay minerals, inorganic nano-
materials, metal oxides, metal hydroxides, activated alumina) and other
adsorbents (synthetic polymers, composite adsorbents and mixed adsorbents)
[27,28].

Adsorbent materials have usually a porous structure, and the sorption process
generally takes place in the pore walls or in specific locations within the particles.
The overall rate of process is controlled by diffusion rate of adsorbed substances
into the capillary pores and varies with the square root of contact time with the
adsorbent [29].

Selection of adsorbent depends on sorption rate and capacity of adsorbent,
surface area for particulate adsorbents, mechanical strength, low cost,
regeneration and re-usability. Porosity can be obtained by emulsion
polymerization of monomers in solvents capable to solve monomer but a poor
swelling agent for polymer. In creating nitrogen, oxygen, or sulfur containing
binding sites for the polymeric sorbent, a suitable ligand is attached to the support
by means of a suitable activation procedure, or a copolymer of a suitable
functional monomer having the desired functional coordination sites is
synthesized. If the concentration of metal ions in aqueous solution is in the range
of 1-100 mg/L, chemical precipitation and electrochemical process are not
effective. lon exchange, activated carbon adsorption and membrane technology
are expensive for wastewater having large volumes and containing low
concentration of metal ions. In recent years efforts have been made to search low-
cost adsorbents that have metal-binding capacity [30]. In adsorption of heavy
metals on adsorbent there are three steps, first, the transport of heavy metals to
surface of adsorbent; second, adsorption on the adsorbent surface; and third, the

transport of adsorbent and adsorbate from solution.
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2.1.4.1.1. Adsorption on Modified Natural Materials

Natural zeolites due to their ion exchange capability gained a significant interest.
Clinoptilolite has high selectivity for certain heavy metal ions such as Pb(ll), Cd(ll),
Zn(ll), and Cu(ll) [26,29]. In recent years synthetic zeolites for heavy metals
removal have been reported [28]. Clay—polymer composites, different phosphates
calcined at 900°C, activated phosphate with nitric acid, and zirconium phosphate
have been employed as new adsorbents for removal of heavy metals from

aqueous solution [28,29,30].
2.1.4.1.2. Adsorption on Industrial by-Products

Chemical modification can improve removal performance of industrial by-products
for metal removal from water. Alinnor et al. used fly ash for removal of Cd(ll) and
Ni(ll) from synthetic solution [30]. Uysal et al. used 1, 5-disodium hydrogen

phosphate modified sawdust for adsorption of Cr(VI) from ground water [31].
2.1.4.1.3. Adsorption on Polymers

Some polymers besides carbon and hydrogen atoms have other atoms such as
oxygen (O), silicon (Si), nitrogen (N) or phosphorus (P) atoms in their chains,
these polymers are called "inorganic polymers". Polymer chains can be in linear or
branched structure. Increase in branching of polymers causes decrease in their
solubility. If these branches bind another main chain, cross-linked polymers are
formed. Poly(HEMA) is a polymer that is synthesized by adding methylol (-
CH,OH) group to methyl methacrylate and polymerization of this monomer, 2-
hydroxyethylmethacrylate (HEMA). Poly(HEMA) and poly(HEMA) with a small
amount of cross-linking agent, ethyleneglycol dimethacrylate (EGDMA) can be
used for heavy metal adsorption. Cross-linking prevents polymer from dissolving
in water and this polymer is called “swollen hydrogel" [32]. One of the new
approaches in metal removal methods is use of specific adsorbents [33]. These
adsorbents consist of polymeric carrier matrix and ligands which can interact

selectively with a metal ion (ion exchange or chelate-forming).
Some examples for these specific adsorbents can be given as follows [33];

Poly (B-diketone) adsorbents
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Polyhydroxyantraquinone adsorbents

Polyphenylalanine adsorbent

Macrocyclic polythioether adsorbents

Polymeric adsorbent that have nitroresorcinol group
Polymeric adsorbent that have oxime group

Polymeric adsorbent that have tris-dithiocarbamates group
Poly(allylamine) and polyacrylamide adsorbents
Polyethyleneimine adsorbents

YV V.V V V V V V VY

Phosphorus-containing carbon adsorbents
» Sirorez-resin adsorbent
2.1.4.1.4. Modified Biopolymers

Biopolymers are used because of their ability to decrease transition metal ion
concentrations to sub-parts per billion concentrations, widespread presence and
non-detrimental nature to the environment; also having functional groups, such as
hydroxyls and amines that increase the efficiency of metal ions uptake and the
maximum chemical loading possibility. Cross-linked chitosan, cross-linked starch
gel and immobilizing chitosan on the surface of non-porous glass beads are
described as modified biopolymer adsorbents for the removal of heavy metals
from the water [32]. Amine sites of chitosan are responsible for metal ion binding
through chelation mechanisms. Chitosan is also a cationic polymer and it's also

possible to sorb metal ions through anion exchange mechanisms.
2.1.4.1.5. Hydrogels

Hydrogels are cross-linked and hydrophilic polymeric structures that have ability of
expanding their volumes due to their high swelling capacity in the water. Due to
this capacity, they are widely used in the purification of wastewater [36].
Hydrogels are synthesized with polymerization of one or different kinds of
monomers in large number. Hydrogels are insoluble because there are hydrogen
bonds or van der Waals interactions between main chains. Hydrogels due to their
superior properties have been used for medical application in last 30 years.
Cross-linked poly(HEMA) is the most widely used hydrogel. Hydrogels have
advantages such as resistant to degradation, not absorbed by body, sterilization
by heat and preparation in different shapes and forms, also hydrogels can be
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combined with various materials for getting desired properties.The first application
of hydrogels was as lenses due to their mechanical stability, high oxygen
permeability and appropriate refractive index. The other applications of hydrogels
are artificial tendon materials, bio-adhesive agent in wound-healing, artificial
kidney membranes, artificial leather and in advanced applications such as
development of artificial muscles. Smart hydrogels can change electrochemical
alerts into mechanical work, thus can function as human muscle tissue. In
biotechnological applications, particularly bioactive hydrogel can be used in
separation of proteins [10]. Various hydrogels were synthesized and applied for
adsorption of heavy metals. Kesenci et al. prepared poly(ethyleneglycol
dimethacrylate-co-acrylamide) hydrogel beads and used for removing of Pb(ll),
Cd(ll) and Hg(ll) from water [32]. Essawy et al. prepared poly(vinylpyrrolidone-co-
methylacrylate) hydrogel and used for removal of Cu(ll), Ni(ll), and Cd(ll) [29].
Barakt et al. prepared poly(3-acrylamidopropyl) trimethyl ammonium chloride

hydrogel and used it for As(V) removal [33].
2.1.4.1.6. Cryogels

One of the polymer gels is ‘cryogel’ derived from Greek word Krios (Kryos) which
means frost or ice. “Cryogels” are supermacroporous hydrogels which are formed
at subzero temperature by radical polymerization of monomers [11]. Monomers,
crosslinker, initiator and activator are dissolved in solvent such as deionized
water. Mixture is immediately incubated under frozen conditions. At subzero
temperature, the solvent freezes, forms ice crystals, and then these ice crystals
interconnect to each other. Some part of solvent or solute molecules remains
unfrozen. Monomers polymerize in liquid microphase, get crosslinked and form
gel. After melting of cryogel, an interconnected polymeric network forms [34]. Due
to interconnected macroporous structure indicating very low flow resistance, the
solution can diffuse into these matrices easily. Pores give unique spongy structure
to cryogels. Generally the pore size is 5-100pm and depends on the
concentration of monomer, ratio of crosslinker, their physicochemical properties,
and the freezing conditions [12]. Cryogels were first reported 50 years ago and
because of properties, soon attracted attention due to large surface area and high
density of pores. Cryogels provide high-capacity removal and provide

convenience in working in viscous medium such as heavy metals industrial waste.
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The biomedical and biotechnological potential of these materials has now been
recognized by Lozinsky et al. [35]. Cryogels have advantages over other polymers
as cryogels can be produced in different sizes and formats like discs, sheets, or
monoliths with varying dimensions. Interconnected macroporous structure of
cryogels makes them appropriate for the biomedical and biotechnological
applications [36, 37]. Intermolecular bonds in the junctions of polymer network are
different in gels and cryogels. Bonds of cryogels are chemical bonds as covalent,
ionic or non-covalent. Methods which are used for heat-induced (thermotropic)

gels cannot be used for the preparation of cryogels.
Steps in preparation of cryogels:

» The polymer solution containing gel-forming agents is frozen at
temperatures, a few degrees below the solvent crystallization point. The
frozen system looks as a single solid block, but essentially is
heterogeneous and contains unfrozen liquid microphase with the crystals of
the frozen solvent.

» The crystals of frozen solvent perform as a pore-forming agent. When
melted, they leave pores. The surface tension between solvent and gel
phase rounds the shape of the pores, making pore surface smoother.

» After melting, to form a system of interconnected pores arises inside the
gel. The dimensions and shape of the pores depend on many factors; the
most important is the concentration of initial materials.

» Micropores are formed in the polymeric phase. Thus, cryogels have both
heterophase and heteroporous structure [38,39].
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Figure 2.1. Schematic diagram of cryogel formation.

Cryogels are used in bioseparation ( in bed chromatography as stationary phase
by Arvidsson et al. and Chase et al. [40-41]), for immobilization of biopolymers as
enzymes by Kokufuta et al., polysaccharides by Hayashi et al., nucleic acids by

Cocquemcot [42- 43], and as carriers for cell immobilization [44,45].
2.1.4.1.6.1. Cryogels in Treatment of Water and Wastewater

For removal of heavy metals from water, the conventional methods are not always
sufficient. Macroporous structure of cryogels allows transportation of undesirable
particles from containing fluid through the gels. Composite cryogels can be formed
in order to increase the capacity of the cryogels in water and wastewater
treatment applications. Wang et al. used hydroxyapatite —PVA composite cryogels
for removal of cadmium ions [13]. A cryogel having thiol functionalized groups on
their surface for removing arsenic (V) from water was used. Composite cryogels
containing MIP adsorbents have been used for water and wastewater treatment.
The selectivity of MIP particles and the macroporous structure of cryogels make a
unique combination for preparation of composite cryogels [46]. Hajizadeh et al.
used composite cryogels containing activated carbon for treatment of water
(phenol adsorption) [47]. Tekin et al. used composite cryogels containing
imidazole group for removal of heavy metal ions such as Pb(ll), Cd(ll), Zn(ll) and
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Cu(ll) from water [48]. Papancea et al. used PVA cryogel membranes for removal

of metal ions [Cu(ll), Ni(ll) and Pb(ll)] from aqueous solutions [49].
2.1.4.1.6.2. Composite Systems

Forming the multi-phase materials by two or more materials with maintaining their
characteristics and limits can be defined as composite system. The composite
materials have all properties of their components [50]. A new concept in
chromatography is the preparation of sorbents that have high flow path and high
surface area by embedding polymeric particles in various macroporous gels.
Preparation of composite systems is preparation of cryogel with a higher surface
area, the larger pore size and desired properties. Cryogels that are known as
macroporous gels can be effective in removal of heavy metals from viscous
industrial wastewater because of providing lower flow resistance and higher
separation capacity. Because of their high flow rate they can be used in
chromatographic column structure. Composite system in the structure of column
was prepared by embedding molecular imprinted particles in the macroporous
gels. This composite system without clogging was used in the removal of template

molecule from wastewater due to its high flow rate [50].
2.1.4.2. Membrane Filtration

According to new membrane processes, treatment of wastewater containing
copper and cadmium ions was accomplished by both of reverse osmosis (RO)
and nanofiltration (NF) technologies. The results showed high removal efficiency
of the heavy metals (98% and 99% for copper and cadmium, respectively) [51].
Multiple membrane process was used for selective separation. Commonly these
processes are comprised of three steps; first, UF and microfiltration (MF) are used
for separation of organic and suspended matters then, electrodialysis (ED) for
desalination lastly, NF and RO are separately used to treat the concentrate from
ED [52]. Recently polymer-supported ultrafiltration (PSU) technique has been
shown that is favorable for effective removal of heavy metal ions from industrial
influent [53]. Complexation—ultrafiltration is another technique that is used as an
effective removal method for heavy metals by Petrov et al. [54], Barakat et al. [55]
and Trivunac et al. [56]. Ferella et al. used surfactants-enhanced ultrafiltration

process for removal of lead and arsenic by using cationic (dodecylamine) and
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anionic (dodecyl benzene sulfonic acid) surfactants [57]. Recently modified UF
blend membranes based on cellulose acetate (CA) with polyether ketone [58],
sulfonated polyetherimide (SPEI) [59] and polycarbonate [60] were used for heavy
metals removal from waste water. New integrated process combining adsorption,
membrane separation, and flotation was developed for the selective removal of
heavy metals from wastewater. This process contains three stages; first, heavy
metal bonding (adsorption) in a bonding agent, then, wastewater filtration to
separate the loaded bonding agent by cross flow microfiltration for low-
contaminated wastewater or a hybrid process combining flotation and submerged
microfiltration for highly contaminated wastewater lastly, bonding agent
regeneration [61,62]. In another new hybrid process, flotation and membrane
separation were developed by integrating specially designed submerged
microfiltration modules directly into a flotation reactor [63]. Klaassen et al. and
Madaeni et al. reported the other hybrid processes for heavy metals removal
[64,65].

2.1.4.3. Electrodialysis

Electrodialysis (ED) in fact is a membrane separation in which ions in the solution
are passed through an ion exchange membrane by applying an electric potential.
Membranes have anionic or cationic characteristics and are in the form of thin
sheets of plastic materials. In this method, solution with ions passes through the
cell compartments, the ions cross anion exchange and cation-exchange
membrane, anions migrate to cathode and cations migrate to anode [66].
Tzanetakis et al. removed Ni(ll) and Co(ll) ions from a synthetic solution by a
high-performance membrane [67]. It was found that performance of an ED cell is
almost independent of the type of ions and only depends on the operating

conditions and the cell structure [68].
2.1.4.4. Photocatalysis

This method is based on two stages; first, to form electron—hole pairs (e/h") in the
conduction and the valence band of the semiconductor; second, migration of
these charge carriers to the semiconductor surface then, reducing or oxidizing
species in solution having suitable redox potential as organic pollute or heavy

metal. This method was used with different semiconductors for removing different
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heavy metals. Cu(ll) was removed with TiO, (semiconductor) [69]. Heterogeneous
photocatalytic oxidation of arsenide to arsenate in aqueous TiO, suspensions was

applied for the remediation of arsenide contaminated water [70].
2.1.4.5. Metal Chelating Method

Specific polymeric adsorbents which are used in chromatography methods in view
of conventional separation methods are gaining more and more importance with
each passing day [71]. Metal chelating chromatography method in the removal of
heavy metal ions from environmental waters is the best compared to other
chromatography methods because of higher selectivity and sensitivity. Adsorbents
in this method consist of a carrier matrix and a ligand which can attach selectively
with the metal ions (chelate-forming) [72,73]. Commonly used first matrix carriers
were inorganic (silica, aluminum oxide, glass, etc.), but in recent years synthetic
polymers (polystyrene, polymethylmethacrylate, etc.) have been developed and
reported [72].

These synthetic polymer matrices can be produced easily and in various forms
(microsphere, membrane or fiber), also can be modified to various functional
groups for effective interaction between metal and matrices. Ligands (materials
which can be chelated) are attached to carrier matrices for specific interaction with
metal ions and their removal from aqueous media. Usually chelate forming
functional groups contain oxygen, nitrogen and sulfur atoms. Nitrogen in the
structure of functional group can be in the form of primary, secondary and tertiary
amine, nitro, nitrozo, azo, diazo, nitrile, amide, and other groups. Oxygen can be
in the form of phenol, carbonyl, carboxyl, hydroxyl, ether or phosphoryl groups
and sulfur in the form of thiol, thioester, and disulfide groups. These groups can
be attached on the polymer with chemical modification of the ligand or synthesis
of sorbents by monomeric ligands. Functional polymers are synthesized by two

different ways [72].
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Figure 2.2. Methods for synthesis of functional polymers.

The heavy metal ions after chelating can be collected selectively by the sorbent in
the result of fitting specific functional groups on the polymeric matrix [74]. In the
carrier matrix (sorbent), non-specific interactions (electrostatic, etc.) are
minimized, on the other hand these adsorbents are synthesized by an inert
material (usually polymeric base) in the form of spherical particles. Some of
commercially available matrices are produced in the form of porous materials to
increase the surface area of interaction and to contain porous surface so that
metal ions can enter easily. Besides mechanical strength and ease of use inside
the column hydrodynamically, matrices should be inert, should not reduce
specificity of specific adsorption and have suitable functional groups for ligand
binding.

Principles of metal chelate chromatography are given as follows: Adsorption of
metal ions is provided by feeding the solution that contains metal ions through
column that is filled with the adsorbent. The second step, desorption of adsorbed

metal ions by changing pH or ionic strength.

Selection of carrier matrix in metal chelate chromatography is very important.

Briefly matrix should have these properties:

» Chemically inert
» Dimensions uniform, spherical and rigid

» Easily can be derivatized and clamped with a ligand
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> In the column applications, resistant to 5 atm pressure and having suitable
surface and size for adequate liquid phase flow rate in column.
2.1.5. Cadmium

Cadmium is in the IIB group with an atomic weight of 112.41. This metal is present
in the nature in the form of sulfide, carbonate or oxide in zinc, lead and copper
ores. Density, melting point and boiling point of this metal are 8.65 g/cm?, 320.9°C
and 765°C, respectively. This metal does not have any basic biological function
for humans. Its biological half-life in human’s body is 10-35 years. The U.S.
Environmental Protection Agency (EPA) categorizes this metal in first category
between 126 primary pollutants [75]. This metal is similar to zinc element in
chemical properties. Cadmium can replace zinc that is an essential trace element
for many plants, animals and micro-organisms and can disrupt metabolic
processes. Cadmium is an active enzyme inhibitor. Cadmium is used in
photography, TV phosphors, metal coating, anti-corrosion agent, pigments, and as
a stabilizer in Ni-Cd cells. Cadmium can be delivered into water by waste
batteries, paints, metal refinery facilities, galvanized pipe corrosion, soil and rock
errosion, etc. The maximum allowable concentration of cadmium in water is 5 ppb
[90] and minimum allowable discharge amount by WHO is 0.01 mg/dm®. When
rate of hydrolysis is negligible, cadmium is in Cd(ll) form. This form is the
predominant form in the acidic, neutral and slightly alkaline medium. This metal
forms inorganic complexes with anions such as carbonate, chloride and sulfate
and organic complexes with humic acids. In the high pH values besides soluble
ions [Cd(OH)", Cd(OH)37] there are insoluble molecules such as Cd(OH),. Amount
of cadmium transferred from industrial wastes to the environment is estimated as
680 tons per year [76]. Cadmium can cause some health problems such as,

kidney damage, cardiovascular disease, and high blood pressure [75].
2.1.6. Copper

Copper is in the IB group with an atomic weight of 63.546. This metal is present in
the nature in the form of sulfides, carbonate or oxide in the chalcopyrite,
chalcocite, azurite, malachite and cuprite minerals. Density, melting point and
boiling point of this metal are 8.96 g/cm®, 1084.62°C and 2562°C, respectively.

Copper is essential to all living organisms as a trace element. The suggested safe
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level of copper in drinking water for humans varies depending on the source, but
tends to be pegged at 2.0 mg/L. The U.S. Environmental Protection Agency's
Maximum Contaminant Level (MCL) in drinking water for copper is 1.3 mg/L. Cu is
an essential micronutrient, is a component of several enzymes mainly
participating in electron flow and is a catalyst in redox reactions. Copperiedus is
an excess of copper in the body [77]. Copperiedus can occur from exposure to
excess copper in drinking water or other environmental sources. Copper in body
damages proteins, lipids, and DNA. Copper poisoning causes vomiting,
hematemesis (vomiting of blood), hypotension (low blood pressure), melena
(black "tarry" feces), coma, jaundice (yellowish pigmentation of the skin), and
gastrointestinal distress [78]. Long-term exposure to copper can damage the liver
and kidneys. According to the latest research at Sanford-Burnham Medical
Research Institute, copper causes testicular cancer [79,80]. The copper is usually

used in electrical wires, roofing, plumbing and industrial machinery.
2.1.7. Lead

Lead is in the IVA group with an atomic weight of 207.2. Density, melting point
and boiling point of this metal are 11.34 g/cm® 327.46°C and 1749°C,
respectively. Metallic lead is rare in nature and found in ore with zinc, silver and
(most abundantly) copper. The main lead mineral is galena (PbS), cerussite
(PbCO3) and anglesite (PbSO,4) [81]. Lead is used in building construction, lead-
acid batteries, bullets, pewters, fusible alloys, and as a radiation shield. Lead is a
poisonous substance to animals and humans. Lead is a highly poisonous metal
(regardless if inhaled or swallowed), affecting almost every organ and system in
the body. Lead can accumulate both in soft tissues and the bones. The main
damage of lead is in the nervous system both in adults and children. Long-term
exposure of adults can cause decrease in functions of the nervous system, also
long-term exposure to lead or its salts (especially soluble salts or the strong
oxidant PbO,) can cause nephropathy, and colic-like abdominal pains. It may also
cause weakness in fingers, wrists, ankles, small increases in blood pressure,
particularly in middle-aged and older people or anemial. Exposure to high levels of
lead can damage the brain and kidneys in adults or children at least cause death.
In pregnant women, exposure to high level of lead may cause miscarriage.

Chronic, high-level exposure has shown to reduce fertility in males [82]. Lead
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enters in drinking water with corrosion of house hold plumbing systems and
erosion of natural deposits. Lead leaches into water through corrosion by a
chemical reaction between water and plumbing system, also lead can leach into
water from pipes, solder, fixtures and faucets (brass), and fittings. The amount of
lead in drinking water also depends on the types and amounts of minerals in the
water, staying time of water in pipes, the pipes wearing, acidity of water and its
temperature. EPA estimates that 10 to 20 percent of human exposure to lead may
come from lead in drinking water [82]. The U.S. Environmental Protection
Agency’s Maximum Contaminant Level (MCL) in drinking water for lead is 0.015

mg/L.
2.1.8. Polymer Based Adsorbents for Removal of Metals

Biological ligands which can be used for metal ion removal are peptides,
macrocyclic chelating ligands and nucleobases (nucleic acids). Transition metals
form coordinate covalent bond with protein ligands by electron pair in protein
ligands. Commonly these ligands have S, N, and O atoms. These ligands have
functional groups such as SH, -SS, -NH,, -NH, -OH, -OPOsH or carbonyl. The
most common metal bonding units are Cys, His, Asp, Glu and more rarely Met,
Asn, GIn, Ser, Thr and Tyr [83]. The coordination number of metals changes from
one to eight depending on metal species. Protein groups capable of binding metal
are called metallothionein, important units are cysteine (Cys) and sulfhydryl
groups in cysteine, are responsible for metal binding.Thiols that have low
molecular weight as cysteine's sulfhydryl group are reactive and range of their
pKa is 8-1. The use of ion-imprinted inorganic polymers that are prepared by sol-
gel process is very interesting, but because of different functional groups such as
amine, organosilanes and thiols, different metal ion bonding locations occur.
Passerini et al. used silanized glass matrix with immobilized glutaraldehyde and
the cysteine containing system for pre-concentration of Cd(ll), Co(ll), Cu(ll), Hg(ll),
Pb(ll), and Zn(ll) ions, and capacity values for these metals were 12.48, 5.50,
7.86, 6.06, 11.66 and 7.88 mmol /g, respectively [84]. Cd(Il) imprinted (3—
mercaptopropyl) trimethoxysilane-SiO, system prepared by sol-gel method was
used for concentrations of 10, 20 and 50 mg/L of Cd?* and could remove 80%
Cd(I1) [85]. Li et al. modified the Cd(ll) imprinted mercapto-silica polymer with

tetraethyl ortho silicate for removing of Cd(ll) and reported the capacity value as

23



83.89 mg/g [85]. Buhani et al. reported capacity value for Cd(ll) removal as 53.3
mg/g by VA / HA composite cryogel [86]. Silica sol-gel matrices that are modified
with polyethyleneimine, polyacrylic acid or EDTA can remove Cd(ll) in the range of
%90 [87]. Removal capacity value of bentonite—modified cysteine for Pb(ll) and
Cd(ll) was 0.503 and 0.525 mmol/g, respectively [88]. Single imprinted 3-
mercaptopropyl-trimethoxysilane was reacted with Cd(ll) -chitosan complex that
was cross-linked by epichlorohydrin then particle was cross-linked by
tetraethoxysilane and double-imprinted adsorbent was synthesized. Capacity
value for Cd(ll) single- imprinted one was 342 mg/g whereas that for double-
imprinted was 172 mg/g [86]. Ozkitik et al. prepared the ion imprinted
poly(HEMA-MAC) composite magnetic particles and reported capacity value as
28.45 pmol/g for removal of Cd(Il) [89]. lon imprinted polymeric particles were
synthesized by copolymerization of binary ligand (zz)-N, N'-bis (2-aminoethyl) but-
2-enediamide, Cd(Il) complex and pentaerythritol triacrylate crosslinker.
Adsorption capacity value was 32.56 mg/g for Cd(ll) [90]. 4-vinylpyridine
(monomer) and ethyleneglycol dimethacrylate (cross-linker) in the presence of
Cd(ll) and quinaldic acid (complexing agent) were copolymerized and capacity
value as 45.0 mg/g for Cd(ll) was reported [91]. Capacity value for solid phase
extraction by phenol-formaldehyde-Cd(ll) -2-(p-sulfofenilazo)-1, 8- dihydroxy
naphthalene-3, 6-disulfonate system ion imprinted polymeric system was reported
as 270 ug/g. This capacity value was more than the capacity value reported for
non ion imprinted system [92]. Singh et al. prepared a new chemically modified
cellulose microfiber through oxidation with sodium periodate and functionalized
with N, N-bis(2-aminoethyl)-1, 2-ethanediamine and applied for removal of Cd(ll)
and reported the maximum sorption capacity as 4.59 mg/g [93]. Segatelli
synthesized poly(EGDMA-HEMA) microspheres that used dye, Congo red as
metal chelating agent and capacity value was obtained as18.3 mg/g for Cd(ll)
removal [94]. Activated carbon sourced from BASS Borassus aethiopum (seed
shells) and CONS Cocos nucifera (shells) were used for removal of Pb(ll) and
Cd(Il) from wastewater. The adsorption capacity value for Pb(ll) was found to be
12.19 mg/g and 24.39 mg/g for activated BASS and CONS respectively, also for
Cd (IlI) was found to be 10.20 mg/g and 25.797 mg/g for activated BASS, and
CONS, respectively [95] . Abollinoa et al. studied the adsorption of Cd, Cr, Cu,

Mn, Ni, Pb and Zn on Na-montmorillonite (clay) in the presence of ligands. The
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capacity of Na-montmorillonite for Cu(ll), Pb(ll), and Cd(Il) was 3.04, 9.58, 5.20,
and 3.61 mg/g [96], respectively. Coal fly ash as a low cost adsorbent was applied
for removal of lead, cadmium and copper from aqueous solutions and capacity
value was obtained as 10.0 mg/g, 5.0 mg/g and 2.8 mg/g, respectively [97]. NiN&
et al. used calcium alginate (a natural polymer obtained from marine algae)
microparticles for removal of Pb(ll) and Cd(ll) from synthetic wastewater samples
and capacity values were 167 and 182 mg/g, respectively [98]. Zhang et al.
synthesized a magnetic ion-imprinted polymer by using 3-(2-aminoethylamino)
propyltrimethoxysilane (AAPTS) as the functional monomer, tetraethylorthosilicate
(TEOS) as the cross-linker, and Pb(ll) as the template and used for removal of
Pb(ll) from real environmental samples. The maximum adsorption capacity was
found as19.61 mg/g [99]. Zhu et al. synthesized lead ion-imprinted micro-beads
with combination of two functional monomers (1,12-dodecanediol-O,0 -diphenyl-
phosphonic acid (DDDPA) and 4-vinylpyridine) and adsorbed lead ions by these
polymers.The maximum adsorption capacity of the lead ion-imprinted micro-beads
was calculated as 93.55 mg/g [100].

2.1.9. Determination of Heavy Metals

For determination of heavy metals in trace amounts in the water, wastewater,
sediments, air, soil, plants, foods, fertilizers and animal tissues, there are various
instrumental methods. Flame atomic absorption spectrometry (FAAS),
electrothermal atomic absorption spectrometry (ETAAS), inductively coupled
plasma atomic emission spectrometry (ICP-AES), inductively coupled plasma
mass spectrometry (ICP-MS), instrumental neutron activation analysis (INAA) and
cold vapor atomic absorption spectrometry (CVAAS) have been used in the
analysis of samples [101]. Usually flame atomic absorption spectrometry (FAAS)
is used for determination of metals in trace amount. This technique is typically
used for determinations in the mg/L range, and may be decreased to pg/L for
some elements. AAS can be used to determine over 70 different elements in
solution or directly in solid samples. If the metal concentration is in the range of
Mg/L, electrothermal or graphite furnace atomic absorption spectrometry is used.
Also hydride generation atomic absorption spectroscopy (HGAAS) should be used
for determination of some metals such as As, Sb, Bi, Ge, Pb, Se, Te, and Sn. In

this method, elements react with sodium tetrahydroborate (NaBH,) and form their
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reduced hydrides. These hydrides are determined by hydride generation atomic

absorption spectroscopy method [102].
2.1.9.1. Atomic Absorption Spectrometry

This method is based on absorption of optical radiation (light) by free atoms in the
gaseous state and quantitative determination of elements. The electrons of the
atoms that absorbed light can be promoted to the higher energy state for a short
period of time (radiation of a given wavelength). Amount of absorbed light

depends on amount of atoms [102].
2.1.9.2. Absorption Principles

Due to quantum theory, a photon with hv energy is absorbed by an atom and the
electrons of atom in the base state are promoted to the higher energy state.

Planck in 1999 described the energy difference between two energy states as:
AE= E;- Eo= hvu = hc/A (2.1)
Ei= Energy of electron in transition state, J

Eo= Energy of electron in base state, J

h= Planck’s constant, 6.63 x 10* m?kg/s

v= Frequency of the absorbed light , Hz

C= Speed of light, 3 x 108 m/s

A= Wavelength of absorbed light, m

Lambert in 1760 found when a photon passes through the homogeneous medium,
the intensity of light decreases but ratio of the transmitted light intensity to the

incident light intensity is independent of the intensity of light [102].

1= 1. (2.2)
X is absorption coefficient and depends on concentration.

X=k.c (2.3)

After Lambert, Beer improved the Lambert’s law:
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A= log l¢/I=k.c.d (2.4)
A= Absorbance

lo=the incident light intensity

I= the transmitted light intensity

K= absorption coefficient (depends on wavelength and medium), L/mol.cm

c= Concentration of absorbed substance, mol/L

d= the path length, cm

2.2. Molecular Imprinting Technology

Every time environmental, pharmaceutic and biotechnology areas need fast and
efficient novel methods for controlling the process and obtaining true product,
therefore researchers search for better, more selective and sensitive analytical
methods. Molecular imprinting technology (MIT) is preparing materials with
cavities that are able to recognize a certain molecule according to shape, size and
chemical functionality. Polymerization occurs around the interested molecules
called as template. After removal of template molecules, a three dimensional
cavity is formed in solid matrices. Specific sites for many molecules such as metal
ions, organic molecules, proteins, and large species (cell, bacterie, etc) in a
synthetic polymer can be created via MIT. This technique has been widely applied
in many fields such as solid-phase extraction, chemical sensors and
chromatographic separation due to their physical/chemical stability, thermal
stability, low cost and easy preparation [103]. The first molecular imprinting

material (silica gels) was synthesized in the early 1930.

Polymerization reaction is a very complex process and is affected by many factors
such as type and concentration of the monomer, cross-linker, initiator,
temperature, and time of polymerization, whether the presence or absence of
magnetic field, and volume of the polymerization mixture. For obtaining ideal
imprinted polymer, a variety of factors should be optimized. Sometimes

preparation of imprinting polymer is a very time-consuming process [104].
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Figure 2.3. Schematic diagram of the molecular imprinting process [104].
Molecular Imprinting Method basically consists of three steps:

STEP | (Pre-complexation): Favorable monomers that can polymerize and have
functional groups bind to the template or target molecule by covalent or non-
covalent interactions and form a complex. In this interaction the three-dimensional

structure of target molecule and chemical properties are important.

STEP II (Polymerization): Functional monomers, monomer-template complex by
using a suitable cross-linker are polymerized and monomer-template complexes

are located into solid matrices.

STEP Il (Removal of template molecule): The template molecule is removed to
form the cavities that target molecule can replace there. These cavities can
identify the size, the structure and physicochemical properties of target molecule,
and bind selectively and effectively to the target molecule. When ions are used as
template which is called as ion imprinting method, the selectivity of polymeric
adsorbent depends on the charge, the size, and the conditions, geometry of
imprinted ion [105]. Molecular imprinting methods, basically due to the type of
bond forming between the functional monomer and template molecule are divided

into several methods: covalent, non-covalent, semi-covalent, etc.
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2.2.1. Covalent Imprinting

In covalent imprinting, typically the templates are bound to appropriate monomers
by covalent bond and form pre-polymerizated complex. After polymerization, the
covalent linkage is cleaved and the template is removed from the polymer. If the
guest molecule (template molecule) is in the medium, this molecule binds to the
molecular imprinted polymer and the same covalent bond forms again.The greater
stability of covalent bonds between template molecule and polymer results in
more homogeneous distribution of binding sites through polymeric network.
Covalent imprinting is also considered as a less flexible method because the
formation of identical rebinding linkages requires rapidly reversible covalent
interactions between templates and functional monomers. Therefore selecting
favorable template is still challenge. In this method reaching to thermodynamic
equilibrium is very difficult due to the strong nature of the covalent interactions and
consequent slow binding and dissociation kinetics [106]. The polymerization
conditions should be applied as desired (high temperature, high or low pH, and
polar solvents, etc.) due to formation of covalent bonds, the kinetic of binding is

slow.
2.2.2. Non-covalent Imprinting

Functional monomer and template molecule bind by non-covalent interactions
such as hydrogen bonding, hydrophobic, van der Waals interactions, and
coordinated covalent bonds. After polymerization, the template molecule is
removed then polymeric matrix can bind the target (template) by the same non-
covalent interactions. The range of compounds which can be imprinted is greatly
expanded. This method due to easy interaction between monomer and template
molecule, easy removal of template molecule by solvent extraction, flexibility of
functional monomer and template molecule choice advantages is widely spread
method for imprinted polymer synthesis. But imprinted polymers synthesized by
this method have heterogenic arises in the bonding positions due to depending of
pre-complex stability to the affinity constant between the template and functional

monomer and effecting polymerization conditions.
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2.2.3. Semi-Covalent Imprinting

In this method, after removal of template molecule which is bonded by covalent
interaction to functional monomer can also form non-covalent bond with functional
monomer. This method is an intermediate alternative because the template is
bound covalently and has high affinity of covalent binding to functional monomer
as in the covalent approach, but the template rebind by non-covalent interactions

and have mild operation conditions of non-covalent binding [107].

In the early years of imprinted method development, development of basic
concepts and optimization of imprinted polymer were done by covalent
interactions. Later, non-covalent interactions have become more attractive due to
its easy application. Covalent interactions have a specific stoichiometric ratio
between the template molecule and monomer. In non-covalent interactions,
binding constants are lower and more binding sites of monomers during the
process of imprinting in medium are desired. As a result, the binding sites don’t
replace in the cavities completely. Especially in catalytic applications and

chromatographic studies, this situation is a disadvantage.

Therefore, when binding constants are high (K.= 10%10°), in non-covalent
interactions stoichiometric ratios are used. Nowadays in most efficient catalytic
systems which are based on imprinted polymers, covalent and stoichiometric non-

covalent interactions are used.

The relation between the target molecule and the cavities in imprinted polymers
definition for enzyme and catalyst about hundred years ago is defined as key-lock
by Emil Fischer. Although molecular imprinting method has many advantages and
used in various applications, it has some potent disadvantages such as template
leakage, incompatibility in agueous media, low binding capacity, and slow mass

transfer.

Different kinds of polymerization as radical, anion, cation, condensation, bulk,
precipitation, suspension, emulsion, and dispersion are used for molecular
imprinting process [108]. Radical polymerization techniques more than other
techniques are used for imprinting process due to easy preparation and
application. Generally, in bulk polymerization monolithic structures are formed by

30



free radical technique. Template, monomer, initiator and cross-linker are mixed

and polymerized. The process lasts about 2-6 hours.

Peptide, amino acids, steroids, proteins, metal ions and organic molecules are
used as template molecules. Methacrylic acid, acrylamide, vinyl pyridine and
styrene monomers are mostly used as imprinting matrix and created acrylic or
vinyl polymers. The other organic polymers such as poly(amino phenyl boronate),
poly(phenylene diamine), polyurethanes can also be prepared. For selection of
functional monomer FTIR, NMR, UV-Visible spectroscopic methods and computer
simulation techniques are used. For stable complex formation, excessive amount
of monomer forming coordination bonds and resulting in metal chelating monomer
in polar solvents such as water for strong interaction, are used. Also in sol-gel

imprinting method, silica and titanium oxide are used [109].

In non-covalent interaction, ethyleneglycol dimethacrylate (EGDMA), N-divinyl
benzene (DVB) and N,N'-methylene bisacrylamide are the most widely used
cross-linking reagents. The most common used solvents are toluene, acetonitrile,
chloroform, ethanol, carbon tetrachloride, tetrahydrofuran, and dichloromethane.
In most applications non-polar solvents are selected. When hydrophobic

interactions are dominant, water and the other polar solvents can be used.

In radical polymerization, polymerization begins by the thermal decomposition of
initiators. Usually 2,2'-azobis (isobutyronitrile) (AIBN) and 2, 2'-azobis (2, 4-
dimethylvaleronitrile) (ADVN) are commonly used. When non-covalent
interactions between monomer and template molecule are very weak, the reaction
temperature can't be increased too much. In this condition, instead of thermal
degradation, UV degradation should be preferred.
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Figure 2.4. Structures of commonly used functional monomers and cross-linkers
[109].

Reagents are important in preparation of imprinted polymers. An ideal template

molecule for imprinting polymerization should have these properties; 1, It should
not contain groups that prevent polymerization; 2, it should be stable chemically
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during the polymerization reaction; 3, it should contain functional groups that

adapted to functional groups of monomers [109].

Imprinted polymers are used for determination of quinolones in urine by Sun et al.
[110], milk by Yan et al. [111], river water by Benito-Pefia et al. [112], serum by
Sun et al. [110], determination of propranolol by Hu et al. [113], tetracycline by
Jing et al. [114], digoxin by Gonzélez et al. [115], dopamine by Chen et al., [116]
and sulfonamides by Li et al. [117] and removal of antibody or enzyme [118].
Metal ion imprinted polymers were used for determination of various metal ions
[119].

2.2.4 Synthesis Methods of MIP

The formation mechanism of molecular imprinting polymer (MIP) is free-radical
polymerization or sol—gel process. Bulk polymerization is preferred due to rapidity
and simplicity in preparation. Also the other kinds of radical polymerization such
as suspension polymerization, emulsion polymerization, seed polymerization and

precipitation polymerization are used [105].

2.2.5. Surface Imprinting

This method is preferred due to the disadvantages of other methods such as
incomplete removal of template molecule, small binding capacity and slow mass
transfer [120]. These problems can be resolved by surface imprinting. Template
molecules which are imprinted by this method are situated at the surface or in the
proximity of the imprinted polymer. Several methods for surface imprinting have
been used as, using of immobilized template [120], initiator on supporting matrix
[121], and combined surface imprinting with controlled/living radical polymerization
(CLRP) [123]. Various materials have been used in the surface imprinting process
as supporting material, such as activated silica gel [122], FesO, magnetic
nanoparticles,[123,124], chitosan [125], activated polystyrene beads [126],
guantum dots (QDs) [127,128], and alumina membranes [129].

Fast recovery, high efficiency, low cost and direct purification of crude product
from a mixture are advantages of magnetic separation method. Magnetic
composite modified MIPs have significant advantages compared to conventional

methods [130]. In recent years, MIT is widely used in nanotechnology due to
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enormous advantages. Imprinted nano material has been employed in biosensors,

biocatalysis, biorecognition, and drug delivery.
2.2.6. Novel Technologies for MIP

In recent years, novel technologies have been introduced in MIT for preparing

attractive and competitive well-designed MIP.
2.2.6.1. Controlled/Living Free Radical Polymerization (CLRP)

Reversible addition-fragmentation chain transfer (RAFT) polymerization, metal-
catalyzed atom transfer radical polymerization (ATRP), and nitroxide-mediated
polymerization (NMP) are controlled/living radical polymerization (CLRP) methods
that are used for the production of well-defined polymers with well defined
molecular weight, low polydispersity, controlled composition, and functionality
[131]. This method is basically conventional free radical polymerization with
additional processes as a thermodynamically controlled process with negligible
chain termination and much slower rate for the polymer chain growth. A
homogeneous polymer network with a narrow distribution of the chain length was
produced by this method. In recent years, this method is used to synthesize
developed molecular imprinted polymers [132]. Sulitzky et al. studied a new
method to graft MIP films on silica support containing surface-bound free radical
initiators [133]. RAFT is commonly most used method due to versatility and
simplicity, also the polymerization products are free from the contamination of
metal catalysts used in ATRP. In RAFT method, molecular imprinted polymers are
prepared by bulk polymerization by Southard et al. [134], precipitation
polymerization by Pan et al., [135] and surface imprinting by Titirici et al. [132] and
Lu et al. [136]. Molecular imprinted polymers by RAFT polymerization were
synthesized and applied for determination of L-phenylalanine anilide by Titirici et
al. [132]. Chen et al. reported a general protocol for preparing surface-imprinted
core—shell nanoparticles by surface RAFT polymerization using RAFT agent
functionalized silica nanopatrticles as the chain-transfer agent by copolymerization
of 4-VP and EDMA in the presence of 2, 4-D as template [137]. Pan et al.
prepared molecular imprinted polymers by RAFT precipitation polymerization for
determination of 2,4-D [135].
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2.2.6.2. Block Copolymer Self-Assembly

Recent years, block polymer self-assembly has been rapidly developed. MIP
nanospheres were prepared by diblock copolymer self-assembly. In this method,
the diblock copolymer was synthesized with one block containing functional
groups for both hydrogen bond formation and cross-linking, then to form a
hydrogen-bonding complex with the template, at last the block copolymer self-
assemble to form spherical micelles in a selective solvent. The desired structure
was locked by cross-linking. After removing template, complement sites to the
template were formed in the core—shell structured nanospheres. A few molecular
imprinted polymers were synthesized by the block copolymer self-assembly

technique because of complicated procedure [138].
2.2.6.3. Microwave-Assisted Heating Method

Magnetic molecular imprinted polymers (mag-MIP) beads were synthesized by
this method and suspension polymerization. These beads were applied for
separation of trace triazines in spiked soil, soybean, lettuce and millet samples by
Zhang et al. [139]. These beads could analyze samples in trace amount. The
polymerization time of this method is very short. The microwave heating
techniques are simple integrated techniques for molecular imprinting and have

many advantages compelling the other techniques.
2.2.6.4. lonic Liquid as Porogen

lonic liquid was used as porogenic solvent and these solvents have promising
advantages for preparation of molecular imprinted polymers. Room-temperature
ionic liquids have some excellent properties such as low melting point, saturated
vapor pressure, non-flammability, good thermal stability, flexible viscosity and
miscibility with water and organic solvent. These liquids have been used as
solvents in MIP preparation process. 1-butyl-3-methylimidazolium tetrafluoro
borate as porogenic solvent by combining sol—gel process was used for selective
recognition of testosterone by He et al. [140]. These ionic liquids are more

environmental friendly than traditional organic solvents.
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2.2.7. lon Imprinted Polymer (lIP)

The general procedure for preparation of IIP consists of several steps such as the
preparation of a ligand-metal complex, copolymerization of monomer, ligand-metal
complex, and cross-linker and removal of the template ion after polymerization to
create three dimensional recognition cavities inside the polymer network [141].

These imprinted polymers are mainly prepared by free radical polymerization.

lon-imprinted polymers have high selectivity towards the target ion due to the
affinity of the ligand for the imprinted metal ion and the size and shape of the

generated cavities [142].

Removal of
Template lon

Metal lon

9 Complexation ' Polymerization

r (o
Crosslinker
Ligand Rebinding

Figure 2.5. Schematic representation of an IIP synthesis [142].

2.2.7.1. Different Approaches for IIP
Recent approaches for preparing IIP can be given as:

» crosslinking of linear chain polymers carrying metal-binding groups

» chemical immobilization of ligands, interacting with metal ions, by
crosslinking

» surface imprinting conducted on aqueous-organic interface

» trapping of non-functionalized ligand inside the polymer network
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2.2.7.2. The Crosslinking of Linear Chain Polymers Carrying Metal-Binding

Groups

This method is the oldest technique used to prepare ion imprinted polymers.
Poly(4-vinylpyridine) was copolymerized with 1,4-dibromobutane in the presence
of Cu(ll), Fe(lll), Co(ll), Zn(Il), Ni(ll) or Hg(ll) ions for separation of these metal
ions. Chitosan deacetylate is a popular adsorbent for the removal of metal ions
due to amino and hydroxyl complexing groups. Chitosan imprinted microparticles
with template metal ions such as Cu(ll), Zn(ll), Ni(ll), and Pb(ll) and
epichlorohydrin or glutaraldehyde as crosslinker was prepared by Chen et al.
[142,143]. Shawky et al. prepared an Ag(l) ion imprinted membrane by
crosslinking a mixture of chitosan and poly(vinyl alcohol) with glutaraldehyde
[144]. Interpenetrating polymer networks (IPN), imprinted metal methacrylate,
(Cu(ll) or Pb(I)-MAA) was prepared by sequential polymerization of an epoxy
resin with diethylenetriamine or triethylenetetramine and 1, 4-butanediol diacrylate
in presence of AIBN by Wang et al. [145] and Pan et al. [146].

2.2.7.3. Chemical Immobilization

First, binary complexes of metal ions with ligand which have vinyl groups are
prepared, then isolated and polymerized with matrix-forming monomers [145].
Some of commercial monomers that are used in this method are: 4-VP by
Alizadeh et al. [148] and by Ganjali et al. for Hg(Il) [149] and for Cu(ll) by Ng et al.
[150], 1-vinylimidazole for Cd(Il) by Segatelli et al. [151], acrylamide for Cu(ll) by
Baghel et al. [152] or acrylic acid for Fe(lll) recognition by Singh et al. [153].
These monomers interact with the template (metal ion) by their nitrogen or oxygen
atoms. A vinylated form of 1-hydroxy-9, 10-anthraquinone (HAQ) with EDMA in
presence of uranyl ions was copolymerized and resulted in nano-sized particles
[154]. The advantages of these synthesized monomers over the commercial
monomers are the control of the structure and amount of species incorporated into
the polymer. Amino acids or amino acid derivatives (histidine, cysteine, glutamic
acid, and cysteine methylester) were used as chelating agents, formed complex
with various metals i.e. for Al(lll) by Andag et al. [155], for Hg(ll) by Andac et al.
[156], for Cr(lll) by Demiralay et al. [157], for Fe(lll) by Luo et al. and by Fu et al.
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[158,159], for Cd(Il) by Li et al. [160], for Ni(ll) by Milja et al., [161] and further

copolymerized with a crosslinker, usually EDMA, in the presence of HEMA.
2.2.7.4. Surface Imprinting

Although, ion imprinted polymers which are prepared by the other processes
(chemical immobilization or trapping) have high selectivity but have disadvantages
such as low rebinding capacities because of restricted accessibility to the binding
sites, embedding of template molecule inside the highly rigid polymer network
[162,163]. Surface imprinting has solved these problems because in imprinted
polymers that are imprinted by this method, binding cavities are onto or near the
surface of polymer. Removal of template molecule is complete, accessibility to the
target species is comfortable and mass-transfer resistance is low in this method
[162,163]. In recent years a new method for preparation of surface imprinting was
introduced, modification of small sized particles with the introduction of an
imprinted layer on their surface leading to core—shell type particles. EDMA and the
Cu(MAA), complexes on the surface of polystyrene core were copolymerized by
Dam et al [162,163]. Some other organic surface-imprinted materials have been
prepared by grafting a polyethyleneimine layer on polypropylene fibers, after an
activation step by a (meth)acrylic monomer, and further crosslinking it with
epichlorohydrin in presence of Cu(ll) ions [164,165]. Surface ion imprinted
materials were prepared by the “grafting to”procedure by coupling
chloropropylated silica with polyethyleneimine and further crosslinking it by
epichlorohydrin in presence of Cu(ll) or Cd(ll) ions by Gao et al. [165], for Pb(ll)
by An et al [166] or for Co(ll) ions by Liu et al. [167]. Milja et al. added a pre-
polymerization mixture containing 4-VP, HEMA, EDMA, AIBN and UO,?* ions in 2-
methoxyethanol to silica particles which previously functionalized by quinoline-8-ol
ligand and polymerized by precipitation polymerization [168]. The Cd(ll) ions by
Li et al. [169] and Pb(ll) ions by Liu et al. [170] were imprinted on the surface of
silica gel particles. For Co(ll) [171] or for Cs(l) [172] ions by titanate whiskers
which are used as support particles were imprinted on the surface of chitosan
layer. Fu et al. mixed the mineral particles with deacetylated chitosan, GMPTS,
and the template ion (Ce(lll) or Sr(ll)) after crosslinking by a sol-gel process and
used for removal of metal ions [173]. Ren et al. prepared surface-imprinted Fe3O4

particles by mixing magnetite nanoparticles with chitosan, Cu(ll) ions and
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epichlorhydrin in tripolyphosphate sodium solution [174]. lon-imprinted magnetic
beads were prepared by suspension copolymerization of N-methacryloyl-(L)-
cysteine methylester-Cd(ll) complex with HEMA and EDMA in presence of
magnetite nanoparticles and used for the removal of Cd(ll) ions from viscous

human plasma by Candan et al. [175].
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Figure 2.6. Schematic representation of surface imprinting [173].
2.2.7.5. The History of lon Imprinted Polymers

The first ion-imprinted polymers have been introduced by Nishide in 1976 that ion-
imprinted polymers were prepared by crosslinking of poly(4-vinylpyridine) with 1,
4-dibromobutane in the presence of a metal ion [176]. But the real development of
IIP is more in recent years and a considerable increase of the number of
publications dealing with IIPs can be observed in the last 10 years. Some review
articles have been published about IIPs [177-178].
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Figure 2.7. Number of published articles about IIP In the last 10 years [178].
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3. MATERIALS AND METHODS

3.1. Materials

2-Hydroxyethyl methacrylate (HEMA), N,N"-methylene bisacrylamide (MBAA), L-
cysteine methyl ester, L-histidine methyl ester, L-aspartic acid methyl ester,
hydroquinone, triethylamine and nitrates of Cu, Cd, Pb, Fe, Al, Co, Ca, Ni, and Zn
were purchased from Sigma (St. Louis, MO, USA). N, N, N, N-tetra-
methylethylenediamine (TEMED) and ammonium persulfate (APS) were from
BioRad (Hercules, CA, USA). HEMA and TEMED were kept at +4°C. APS was
kept in desiccator. The Fe3zO4 nanoparticles with diameters less than 5 nm were
used in copper imprinted magnetic cryogels and purchased from Sigma. All
reagents were used as purchased without any purification. All water used in the
experiments was purified using a Barnstead (Dubuque, 1A) ROpure LP® reverse
osmosis unit. All glassware was extensively washed with dilute nitric acid before

use.
3.2. Preparation of lon-Imprinted Cryogels

In this thesis, various ion imprinted cryogels were synthesized and examined for
their performances to remove metal ions from aqueous solutions. Cryogel
membranes which were specific for targeted template ion were prepared via bulk
polymerization of 2-hydroxyethyl methacrylate with amino acid based functional
monomers. The selection of amino acid, histidine amino acid for complexing Cu(ll)
ions, cysteine amino acid for complexing Cd(ll) ions, and aspartic acid for
complexing Pb(ll) ions depended on the Pearson acid-base theory which
describes the classification of ions according to their Lewis acid-base character.
Histidine, cysteine and, aspartic acid have side groups as imidazole, thiol, and
dicarboxylic acid, respectively. These groups could specifically interact with
respected heavy metal ions. Three heavy metal ions Cu(ll), Cd(ll), and Pb(ll)
were chosen as target. After synthesis of functional monomers starting from
selected amino acids via substitution reaction between amino acids and
methacryloyl chloride, these functional monomers were used for preparing pre-
polymerization complexes which would be used in the cryogel production
processes. For each cryogel set, the amount of pre-polymerization complexes

used in the cryogelation was varied in order to investigate the imprinting
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efficiency. Cryogels were prepared in membrane form by applying cryogelation
process between two electrophoresis glasses. Then, the cryogels were cut into
different shapes i.e. square and circular disks having different diameters. lon-
imprinted magnetic cryogels were also synthesized in order to evaluate the effects
of magnetic ingredient [magnetite (Fe3O4) nanopowders] on both cryogelation and
adsorption performances of cryogels. The template removal was realized by
Na(EDTA) solution. The increasing number in the cryogel code depended on the

increasing amount of imprinted metal ion.

After synthesis steps, the cryogels were characterized by using appropriate
instrumental methods. Then, their heavy metal ion adsorption performances were
evaluated from singular aqueous heavy metal ion solution while considering
effecting factors such as pH, concentration, temperature, and contact time etc. All
cryogels were used for competitive heavy metal ion adsorption and specific heavy
metal ion enrichment. The structure of thesis was organized in accordance to
targeted heavy metal ion and results were reported in this respect. Non-imprinted
cryogels were also prepared for comparison and statistical purpose. The results
were also analyzed by considering several isotherms and testing several kinetic
models to describe the adsorption process and to calculate the thermodynamics

variables.
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Table 3.1. Summarizing the strategy for cryogel synthesis.

Targeted lon Shape Size or Functional Code
diameter, cm | monomer

Cu(In Disk 1.0 N-methacryloyl- | Cu-1
imprinted L-histidine Cu-2
(MAH) Cu-3

Cu*(l) Disk 1.0 N-methacryloyl- | Cu*-1
imprinted L-histidine Cu*-2
(MAH) Cu*-3
Cu*-4
Cu*-5
Cu*-6

Cu*-7
Cu*-8

Cu*-9

Cd(n Square 15x15 N-methacryloyl- | Cd-1
imprinted L-cysteine Cd-2
(MAC) Cd-3

Pb(Il) Disk 0.5 N-methacryloyl- | Pb-1
imprinted L-aspartic acid | Pb-2
(MAAsp) Pb-3

*: Asterisk symbol denotes the magnetic samples.

3.2.1. The Cryogels for Cu(ll) lons

3.2.1.1. Synthesis of Functional Monomer

In order to co-ordinate Cu(ll) ions, histidine based functional monomer N-
methacryloyl-L-histidine (MAH) was synthesized as given: 5.0 g of L-histidine
methyl ester and 0.2 g of hydroquinone were dissolved in 100 mL of CH,Cl,, then
this solution was cooled down to 0°C. Triethylamine (12.79) was added to this

solution and 5.0 mL of methacroyl! chloride was spilled on the solution slowly. This

mixture was stirred magnetically under a nitrogen atmosphere at
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temperature for 2 h. Unreacted methacryloyl chloride was extracted with 10%
NaOH solution. The aqueous phase was removed in rotary evaporator and

reminder (MAH) was obtained as yellowish solid.
3.2.1.2. Preparation of MAH-Cu(ll) Pre-complex

Before ion imprinting process, Cu(ll) ion (template ion) and MAH functional
monomer (ligand) in ratio of 1:1 (mol:mol) were mixed and pre-complex was
formed. 22.3 mg (0.1 mmol) of MAH in water (5 mL) was added to 23.3 mg of
Cu(NOs3)2.2.5H,0 (0.1 mmol) at room temperature. This solution was magnetically
stirred for about 3 h and MAH-Cu(ll) complex was separated by filtration as a
bluish solid. Then, the complex was washed by ethanol: water mixture (75:25,

v:v), and dried under vacuum (12 h, 200 mmHg).

CH,
O
O “
CH,
NH
HO
OH,
\> Cu(l)__
\ --"' o= ()Hj
NH -

Figure 3.1. Possible formula of MAH-Cu(ll) complex.

3.2.1.3. Preparation of Cu(ll) lon-Imprinted and Non-Imprinted Non-magnetic

Cryogels

Cu(ll) ion imprinted cryogels having different compositions were prepared (Table
3.2). 4.7 mL of HEMA (monomer) was dissolved in 5.3 mL of deionized water
(phase 1). Nitrogen gas was passed through solution for 5 min under vacuum (100
mmHg) to remove dissolved oxygen. Total concentration of monomer was 18.8%

(w/v). The second solution was 2.013 mg of methylenebisacrylamide (crosslinker)
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dissolved in 20 mL of deionized water (phase Il). The first solution (phase 1) was
added to second one while adding MAH-Cu(ll) complex (50 mmol, 100 mmol, and
200 mmol). These cryogels were produced by the free radical polymerization
method. APS (100 mg, 1% (w/v) of the total amount of monomer) as initiator was
added to solution. Then solution was cooled in an ice bath for 2-3 min. After that,
TEMED (100 ml, 1% (w/v) of the total amount of monomer) was added to solution
and solution was stirred for one min. This solution was placed between two
electrophoresis glasses (25 cm x 25 cm). The teflon plate (thickness 0.2 mm) was
used between the glasses and created space between glasses. The three edges
of the glasses were closed. Polymerization solution which was poured between
glass plates was frozen at -12°C and stayed for 24 h. After 24 hours, water was
removed from frozen polymeric structure cryogel at room temperature. The
membranes were cut by a perforator in the form of circle with a diameter of 1.0
cm. To remove the unreacted monomers and initiator an extensive cleaning
process was applied. Dilute HCI solution and water-ethanol mixtures were used
for this purpose. After cleaning process, membrane cryogels were incubated by
Naz(EDTA) solution for desorption of imprinted Cu(ll) metal ions. Desorption
processes were continued until removing of all of imprinted Cu(ll) ions. Amonts of
Cu(ll) ions were measured by AAS instrument. The cryogel membranes after
cleaning and desorption, were stored in 0.02% sodium azide at +4°C until use.

The same experimental produce was applied for non-imprinted cryogels, just

excluding the ion-functional monomer complex in recipe.

Table 3.2. Composition of Cu(ll) ion imprinted non-magnetic cryogels

Cryogel Code MAH-Cu(ll) complex (mmol)
Cu-1 0.05
Cu-2 0.1
Cu-3 0.2

HEMA: 4.7 mL (in 5.3 mL of water), Methylene bisacrylamide: 2.013 mg (in 20 mL of water).
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3.2.1.4. Preparation of Cu(ll) lon-Imprinted and Non-Imprinted Magnetic
Cryogels

To evaluate magnetism effect on the ion recognition performance of cryogels,
magnetic cryogels were also prepared by adding Fe3O, particles into
polymerization medium. Compositions of Cu(ll) ion imprinted magnetic cryogels
were also varied (Table 3.3). 4.7 mL of HEMA (monomer) was dissolved in 5.3 mL
of deionized water. Nitrogen gas was passed through solution for 5 min under
vacuum (100 mmHg) to remove dissolved oxygen. Total concentration of
monomer was 18.8% (w/v). For the second aqueous phase, 2.013 mg of
methylenebisacrylamide (crosslinker) was dissolved in 20 mL of deionized water.
The first solution was added to second phase while adding of MAH-Cu(ll) complex
in different amounts (50 mmol, 100 mmol, and 200 mmol). The mixture was stirred
till homogeneous solution was obtained. Later Fe;O, nanoparticles (25, 50, and
100 mg) were also added to polymerization solution. These cryogels were
produced by the free radical polymerization. APS (100 mg, 1% (w/v) of the total
amount of monomer) as initiator was added to the mixture. Then solution was
cooled in an ice bath for 2-3 min. After that, TEMED (100 ml, 1% (w/v) of the total
amount of monomer) was added to the mixture and solution was stirred for one
minute. This mixture was poured between two electrophoresis glasses (25 cm X
25 cm). The teflon plate (thickness 0.2 mm) was used between the glasses and
created space between glasses. The three edges of the glasses were closed.
Polymerization solution which was poured between glass plates was frozen at -
12°C and stayed for 24 h. After 24 h, water was removed from frozen polymeric
structure cryogel while thawing at room temperature. The membranes were cut by
a perforator in the form of circle with diameter of 1.0 cm. Cleaning and desorption
processes were performed as discussed in Section 3.2.1.3. The cryogel
membranes after clening and desorbing processes were stored in 0.02% sodium

azide at +4°C, until use.

The same experimental procedure was applied for non-imprinted magnetic

cryogels, just excluding the ion-functional monomer complex in recipe.

45



Table 3.3. Composition of Cu(ll) ion imprinted magnetic cryogels.

Cryogel code MAH-Cu(ll) complex, mmol Fes04, mg
Cu*-1 0.05 25
Cu*-2 0.10 25
Cu*-3 0.20 25
Cu*-4 0.05 50
Cu*-5 0.10 50
CU*-6 0.20 50
Cu*-7 0.05 100
Cu*-8 0.10 100
Cu*-9 0.20 100

HEMA: 4.7 mL (in 5.3 mL of water), Methylenebisacrylamide: 2.013 mg (in 20 mL of water).

*: Cu(ll) ion imprinted magnetic cryogel.

3.2.2. The Cryogels for Cd(ll) lons
3.2.2.1. Synthesis of Functional Monomer

In order to co-ordinate Cd(ll) ions, cysteine based functional monomer N-
methacryloyl-L-cysteine (MAC) was synthesized as given: 5.0 g L-cysteine
hydrochloride and 0.2 g hydroquinone were dissolved in 100 mL of CH,Cl, then
this solution was cooled down to 0°C. Triethylamine (13.0 g) was added to this
solution, and 4.0 mL of methacryloyl chloride was spilled on the solution dropwise.
This mixture was then stirred magnetically under a nitrogen atmosphere at room
temperature for two hours. Unreacted methacryloyl chloride was extracted with
10% NaOH solution. The aqueous phase was removed in rotary evaporator and

the remainder (MAC) was dissolved in ethanol.
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3.2.2.2. Preparation of MAC-Cd(ll) Pre-Complex

Before ion imprinting process, Cd(ll) ion (template ion) and MAC functional
monomer (ligand) in ratio of 1:1 (mol:mol) were mixed and pre-complex was
formed. 18.9 mg (0.1 mmol) of MAC in ethanol (5 mL) was added to 30.8 mg of
Cd(NOs3)2.4H,0 (0.1 mmol) at room temperature. This solution was magnetically
stirred for about 3 hours and MAC-Cd(Il) complex was separated by filtration.
Then, the complex was washed by ethanol: water mixture (75:25, v: v) and dried

under vacuum (12 hours, 200 mmHg).

SH . OH,
H.C HN Cd(H)';

-

OH . ) {,}Hz

H.C O 0O

i

Figure 3.2. Possible formula of MAC-Cd(ll) complex.

3.2.2.3. Preparation of Cd(ll) lon-Imprinted and Non-Imprinted Cryogels

Cd(ll) ion imprinted cryogels having different compositions were synthesized
(Table 3.1). 4.7 mL of HEMA (monomer) was dissolved in 5.3 mL of deionized
water. Nitrogen gas was passed through solution for 5 min under vacuum 100
mmHg to remove dissolved oxygen. Total concentration of monomer was 18.8%
(w/v). The second solution was 2.013 mg of methylenebisacrylamide (crosslinker)
dissolved in 20 mL of deionized water. The two solutions were mixed, then
following the addition of MAC-Cd(Il) complex (0.05 mmol, 0.1 mmol, and 0.2
mmol), it was stirred in an ice-bath until homogeneous solution was obtained.
These cryogels were polymerized via free radical polymerization. APS (100 mg,
1% (w/v) of the total amount of monomer) as initiator was included in solution.
Then solution was cooled in an ice bath for 2-3 min. After that, TEMED (100 mL,
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1% (w/v) of the total amount of monomer) was added to solution and was stirred
for one min. This solution was poured between two electrophoresis plates (25 cm
x 25 cm). The teflon plate (thickness 0.2 mm) was used between the glasses and
created space between them. The three edges of the glasses were closed.
Polymerization solution which was included between glass plates was frozen at -
12°C and stayed for 24 h. After 24 h, water was removed from frozen polymeric
cryogel structure at room temperature. The membranes were cut by a perforator
in the form of square which is 1.5 cm on edge. Cleaning and desorption processes
were performed as discussed in Section 3.2.1.3. The membrane cryogels were

stored in 0.02% sodium azide at +4°C until use.

The same experimental procedure was followed for non-imprinted cryogels, just

excluding the MAC-Cd(Il) complex in recipe.

Table 3.3. Composition of Cd (ll) ion imprinted cryogels.

Cryogel Code MAC-Cd(ll) complex, mmol
Cd-1 0.05
Cd-2 0.1
Cd-3 0.2

HEMA: 4.7 mL (in 5.3 mL of water), Methylen bisacrylamide: 2.03mg (in 20 mL of water)

3.2.3. The Cryogels for Pb(ll) lons
3.2.3.1. Synthesis of Functional Monomer

In order to co-ordinate Pb(ll) ions, aspartic acid based functional monomer N-
methacryloyl-L-aspartic acid (MAAsp) was synthesized as given: 1.0 g of L-
aspartic was dissolved in 100 mL of NaOH (1 M), then this solution was slowly
added to a solution of methacryloyl benzotriazole (1.03 g) in 25 mL of 1,4-dioxane.
This mixture was magnetically stirred for 20 min. After the reaction was
completed, 1,4-dioxane was evaporated under vacuum. For removing of
benzotriazole, the precipitate was diluted with water and extracted with ethyl
acetate (3 x 50 mL). The water phase was neutralized to pH 6.0-7.0 by 10% HCI-
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water solution. Then water was removed by rotary-evaporator, and N-

methacryloyl-L-aspartic acid (MAAsp) was obtained [179].

3.2.3.2. Preparation of MAAsp-Pb(ll) Pre-Complex

Before ion imprinting process, Pb(ll) ion (template ion) and MAAsp functional
monomer (ligand) in ratio 1:1 (mol: mol) were mixed and pre-complex was formed.
53.8 mg (0.1 mmol) of MAAsp (in 5 mL of water) was added to 66.24 mg of
Pb(NO3),.2H,0 (0.1 mmol) at room temperature. This solution was stirred for
about 3 hours and MAAsp-Pb(Il) complex was separated by filtration. Then, the
complex was washed by ethanol: water mixture (75:25, v:v) and dried under
vacuum (12 h, 200 mmHg).

i @ ] o B
OH:--o.___ =

T PbAD
OH -° - A

HN
O

CH,

Figure 3.3. Possible formula of MAAsp-Pb(Il) complex.

3.2.3.3. Preparation of Pb(ll) lon-Imprinted and Non-Imprinted Cryogels

Pb(ll) ion imprinted cryogels having different compositions (Table 3.3.) were
prepared . 4.7 mL of HEMA (monomer) was dissolved in 5.3 mL of deionized
water. Nitrogen gas was passed through solution for 5 min under vacuum (100
mmHg) to remove dissolved oxygen. Total concentration of monomer was 18.8%
(w/v). For the second aqueous phase, 2.01 mg of methylenebisacrylamide
(crosslinker) was dissolved in 20 mL of deionized water. The first solution was
added to second one while adding of MAAsp-Pb(Il) complex in different amounts
(50 mmol, 100 mmol, and 200 mmol). The mixture was stirred until homogeneous
solution was obtained. These cryogels were synthesized via the free radical

polymerization. APS (100 mg, 1% (w/v) of the total amount of monomer) as
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initiator was added to solution. Then solution was cooled in an ice bath for 2-3
min. After that, TEMED (100 ml, 1% (w/v) of the total amount of monomer) was
added to solution and solution was stirred for one min. This solution was poured
between two electrophoresis glasses (25 cm x 25 cm). The teflon plate (thickness
0.2 mm) was used between the glasses and created space between glasses. The
three edges of the glasses were closed. Polymerization solution which was filled
between glass plates was frozen at -12°C and stayed for 24 h. After 24 h, water
was removed from frozen polymeric cryogel structure while thawing at room
temperature. The membranes were cut by a perforator in the form of circle with a
diameter of 0.5 cm. Cleaning and desorption processes were performed as
discussed in Section 3.2.1.3. After cleaning process, the cryogel membranes were

stored in 0.02% sodium azide at +4°C.

The same synthesis procedure was used for non-imprinted cryogels, just

excluding ion-functional monomer complex in recipe.

Table 3.5 Composition of Pb(ll) ion imprinted cryogels.

Cryogel Code MAAsp-Pb(Il) complexes, mmol
Pb-1 0.05
Pb-2 0.1
Pb-3 0.2

HEMA: 4.7 mL (in 5.3 mL of water), Methylenbisacrylamide: 2.013 mg (in 20 mL of water)

Figure 3.4. Optic photos of ion imprinted cryogels in different shapes; (A): Pb(ll),
(B): Cu(ll), (C): magnetic Cu(ll), (D): Cd(ll) imprinted cryogels.
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3.3. Characterization Studies

In present study, all cryogels were characterized by swelling studies, Fourier
transform infrared spectroscopy (FTIR), surface area measurements, scanning

electron microscopy (SEM), and energy dispersive X-Ray Analysis (EDX).

3.3.1. Swelling Properties of Cryogel

The swelling degree of cryogels was determined as follows: the swollen cryogel
sample was put in an oven at 54°C for drying. After drying, the mass of the dried
sample was determined (M., g). Dried cryogel membrane was put in a beaker
which contains 20 mL of water at room temperature. After 2 h, previously
determined equilibrium time, this cryogel membrane was wiped out by filter paper
to remove surface water and weighed (Ms).

The swelling degree of cyogels was defined as:
The swelling degree % = [(Ms —Mo)/Mo] x 100% (3.2)
3.3.2. FTIR Studies

FTIR spectra of ion-imprinted cryogels were obtained by using a FTIR
spectrophotometer (Nicolet™ iS™10 FT-IR Spectrometer-USA). The dried,
crushed, and powdered samples (about 2 mg) were mixed with KBr (IR-grade 98

mg) , pressed into a pellet and spectrum was recorded .

3.3.3. Surface Morphology

The surface morphology of the cryogels was examined using scanning electron
microscopy (SEM). First, the sample was liyophilized for 12 h. Finally it was
coated with gold-palladium (40:60) and examined using a Nova Nanosem 430

scanning electron microscope (FEI Company, USA).
3.3.4. X-Ray Analysis (EDX)

Elemental composition of cryogels was identified by Energy Dispersive X-Ray
Analysis (EDX) method. EDX systems are attachments to Electron Microscopy
instruments (Scanning Electron Microscopy (SEM). The samples were liyophilized

for 12 h before examination by EDX.

51



3.3.5. Surface Area Measurements

The specific surface areas of all cryogels were measured according to the
Brunauer-Emmett-Teller (BET), multi point analysis method by an AUTOSORPII
6B apparatus from Quantachrome Instruments, USA. Lyophilized cryogel samples
were vacummed to remove oxygen and humidity in pores at 35°C for 6 h, then

nitrogen adsorption was studied at room temperature.
3.4. Heavy Metal lon Adsorption from Singular Aqueous Solutions

Cryogels with different properties and compositions were prepared. Parameters
that effect adsorption capacities for Cu(ll), Cd(ll), and Pb(ll) imprinted cryogels
were studied from aqueous solutions for each ion. Adsorption of these ions was
studied in batch mode. Effects of metal ion concentration, pH of the medium and
temperature on the adsorption capacity were evaluated. The effect of the initial
concentration of metal ions on adsorption capacity was performed by changing
the concentration of metal ions between 10-700 ppm. The effect of pH on the
adsorption capacity was determined by changing pH of the solution between 3.0
and 6.0 by using nitric acid and sodium hydroxide. The effect of adsorption
temperature on the adsorption capacity was determined by changing temperature
of the solution between 4.0°C and 42°C. The effect of contact time (5-180 min) on
adsorption capacity was also studied. The concentration of metal ions was
determined by ICP-AAS method (AAnalyst 800, Perkin-Elmer). The amount of
adsorbed metal ions per unit mass of cryogels was calculated by the following

equation:
Q =[(Co-C). V]/m (3.2)

where Q is the amount of adsorbed metal ion per gram of cryogel (mg/g); Co and
C are concentrations of heavy metal ions in solution before and after adsorption,

respectively (mg/L); V is the volume of the solution (L) and m is mass of cryogel

(9)
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Figure 3.5. Atomic absorption spectroscopy instrument.

3.5. Selectivity Studies for Metal lon-Imprinted Cryogels

The selectivity of all ion-imprinted cryogels was studied for specific metal ions and
other competitive ions. The selectivity of ion-imprinted cryogels with respect to
non-imprinted cryogels was also determined. For this purpose, the selectivity of
the Cu(ll)-imprinted cryogel for Cu(ll) with respect to Cd(ll), and Pb(ll) ions, the
selectivity of the Cu(ll)-imprinted magnetic cryogel for Cu(ll) with respect to Cd(ll),
and Pb(ll), the selectivity of the Cd(Il)-imprinted cryogel for Cd(Il) with respect to
Cu(ll), and Pb(ll) and the selectivity of the Pb(Il)-imprinted cryogel for Pb(ll) with
respect to Cu(ll), and Cd(Il), were examined in batch system.

The distribution coefficients (Kq) for other ions with respect to specific ions were

calculated by the following equation;
Kg =[(Ci = C)/Cq] X VIm (3.3)

where Ky represents the distribution coefficient for the metal ion (L/g); C; and C¢
are initial and final concentrations of metal ions (mg/L), respectively, V is the
volume of the solution (L) and m is the mass of the cryogel (g). The selectivity
coefficient (k) for the binding of specific ions [Cu(ll), Cd(ll), and Pb(Il)] with
competing species (other metal ions) was determined by the following equation:
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k= Ky (template)/K4 (competing metal ion) (3.4)

Kq (template) is the distribution coefficient of the template ion [Cu(ll), Cd(ll), and
Pb(Il)] and K4 (competing ion) is the distribution coefficient of the competing ions

(other metal ions).

The relative selectivity coefficient (k') which was used to estimate the effect of

imprinting on ion selectivity can be defined from the following equation;

K" =kmip/Knip (3.5)
where kyp is for MIP cryogel, knip is for NIP cryogel.

3.6. Desorption and Reuse

Desorption of the adsorbed ions from cryogel was studied in batch mode. First
adsorption of metal ions from 100 ppm of metal ion solution by specific ion
imprinted cryogel was determined, and then the ion was desorbed with 20 mL of
100 mmol EDTA solution. Amount of desorbed metal ions was determined after 1
h, 2 h, 3 h of contact time. Desorption ratio in desorption medium was calculated

with the following expression:

Desorption ratio (%) = (Amount of metal ion in desorption medium)/ (Amount of
adsorbed metal ion)

In order to show the reusability of cryogel, adsorption-desorption cycle was
repeated three times by using the same cryogel.

3.7. Competitive Heavy Metal Adsorption/Enrichment

The competitive study of all ion-imprinted cryogels [Cu(ll), Cd(ll), and Pb(Il)] was
determined from solution which contains several metal ions , Cd(ll), Pb(ll), Zn(ll),
Ca(ll), Co(ll), Ni(ll), and Fe(lll). For this purpose, adsorption studies of Cu(ll),
Cd(I1), and Pb(ll) imprinted cryogels for Cu(ll), Cd(ll), and Pb(ll) ions were
examined with competitive ions Zn(ll), Ca(ll), Co(ll), Ni(ll), and Fe(lll) ions. The
heavy metal ion solution containing all metal ion species was interacted with four
ions imprinted cryogels together. Then, adsorbed metal ions were eluted into
separate desorption media. The competitive adsorption capacities and heavy

metal enrichment efficiencies of ion imprinted cryogels were calculated from data.
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4. RESULTS AND DISCUSSION

4.1. Characterization of Cryogels
4.1.1. Swelling Characterization of Cryogels

Cryogels which were prepared in this study are cross-linked polymers and have
highly porous structures. They are insoluble in aqueous medium and swell while
adsorbing water molecules into pores.The amount of water that these cryogel can
adsorb depend on their cross-linking density, supermacroporous structure and
hydrophilic properties of the polymeric matrix. When ratio of cross-linking is low,
hydrocarbon network structure stretches easily and swelling ratio of the
hydrocarbon becomes large but when ratio of cross-linking is high, hydrocarbon
network structure loses its elasticity, decreases resistance against stretching,

constricts the pores and decreases the swelling ratio [180].
Sr=(Ws-Wq)/Wqy (4.1)

where, Sg is the swelling ratio, Wy is the mass of swollen cryogels and Wy is the

mass of dry cryogels.
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Figure 4.1. Swelling ratio of cryogels (Asterisk superscript is involved for magnetic
cryogels). The letter N is incubated for non-imprinted cryogels.
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Table 4.1. Swelling ratios of PHEMA cryogels

Time Cu-2 Cu-2N Cu*-2 Cu*-2N Cd-2 Cd-2N Pb-2  Pb-2N

second w/w% w/w% w/w% w/w% wiw%  wiw% w/w%  w/w%

0 0 0 0 0 0 0 0 0

10 1.14 1.00 1.32 1.07 1.20 1.03 0.98 0.85
30 1.21 1.36 1.39 1.27 1.43 1.29 1.21 1.13
45 1.36 1.47 1.52 1.45 1.54 1.43 1.37 131
60 2.00 1.75 1.81 1.60 1.83 1.75 1.61 1.56
300 2.28 1.85 2.30 2.11 2.12 209 187 1.72
600 2.76 2.29 2.50 2.31 2.49 2.26 2.21 2.17
1200 3.14 2.64 2.62 2.43 2.71 2.51 2.44 2.38
1800 3.26 2.83 2.89 2.62 2.96 2.78 2.64 2.45
2700 3.29 291 2.95 2.68 3.03 2.85 2.71 2.58

7200 3.31 3.01 2.99 2.72 3.11 2.95 2.84 2.69

* Fe30, embedded Cu(ll) imprinted magnetic cryogel

In the case of ion-imprinted polymers, the swelling ratio was slightly higher than
non-imprinted counterparts due to the additional hydrophilic groups by the bound

metal ion-monomer complex.
4.1.2. FTIR Analyses

The FTIR spectra of poly(HEMA-MAH) Cu(ll) ion imprinted cryogels are given in
Figure 4.2. As shown in Figure 4.2, FTIR spectra of Cu(ll) imprinted poly(HEMA-
MAH) cryogels have a broad peak at 3200-3600 cm™ that consists of several
sharp peaks as, the stretching vibration bands of hydrogen bonded alcohol,
around 3200 cm™, (-CONH-) around 3300 cm™, and the stretching bonds of vinyl
(MAH) around 3400 cm™. Also has characteristic amide | and amide Il absorption

bands at 1652, and 1532 cm™, respectively, at around 1715 cm™ strong carbonyl
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stretching vibration, at 1240 cm™ C-O stretching vibrations, and at 1152 cm™, ring

vibration were observed.

3310 1532 1452

1387
1531 1454

%T

|
| 1387
1533 1454

895
3355

\
[ s
1533 1454

|
3355

1652

1073

3999,8 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800
cm-1

Figure 4.2. FTIR spectra of Cu(ll) ion imprinted poly(HEMA-MAH) cryogels.

The FTIR spectra of Cd(ll) ion imprinted poly(HEMA-MAC) cryogels are given in
Figure 4.3. As shown in the Figure 4.3, FTIR spectra of poly(HEMA-MAC) have
a broad peak at 3200-3500 cm™ that consists of several sharp peaks as the
stretching vibration bands of hydrogen bonded alcohol (HEMA), at around 3200
cm™, and (-CONH-) at around 3300 cm™ (MAC).

The FTIR spectra of Pb(Il) ion imprinted poly(HEMA-MAAsp) cryogels are given in
Figure 4.4. As shown in the figure, FTIR spectra of poly(HEMA-MAAsp) have a
broad peak in 3200-3500 cm™, that consists of several sharp peaks as, the
stretching vibration bands of hydrogen bonded alcohol, around 3200 cm™, and (-
CONH-) around 3300 cm™ (MAAsp). Also has characteristic amide(l) at 1653 cm’

! and at 1716 cm™, strong carbonyl stretching vibration.
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Figure 4.3. FTIR spectra of Cd(ll) ion imprinted and non-imprinted poly(HEMA-
MAC) cryogels.
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Figure 4.4. FTIR spectra of Pb(ll) ion imprinted poly(HEMA-MAAsp) cryogels.

4.1.3. Surface Area Measurements

Surface area is an important parameter in polymers. The specific surface areas of
PHEMA based cryogels were determined by a multipoint BET apparatus. Specific
surface area, total pore volume and average pore diameter of ion imprinted

PHEMA based cryogels are presented in Table 4.2. The sizes of the pores were
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determined by BJH and DH methods. The pore diameters changed between 16 A

and 167 A. Imprinting process increased the surface area of cryogels.

Table 4.2. Surface area measurements (BET) of ion imprinted and non-imprinted
cryogels.

Cryogel Surface area Total pore volume Average pore
Code (m?/g) (cm®/g) Diameter, A
Cu’-2 106.0 0.05 16.3
Cu’-2N 78.5 0.04 23.9
Cu-2 43.4 0.007 18.8
Cu-2N 18.6 0.011 29.0
Cd-2 92.0 0.05 18.8
Cd-2N 47.0 0.007 33.0
Pb-2 78.5 0.04 23.0
Pb-2N 29.3 0.016 18.0

Specific surface area was determined by multipoint BET and BJH methods.

Total pore volume and average pore diameter were measured by BJH method.
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Figure 4.5. SEM photographs of cryogels: (A) Cu(ll) ion imprinted; (B) Non-
imprinted; (C) Cu(ll) ion imprinted magnetic; (D) Non-imprinted magnetic.
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Figure 4.6. SEM photographs of cryogels: (A) Cd(ll) ion imprinted; (B) Non-
imprinted; (C) Pb(Il) ion imprinted; (D) Non-imprinted.
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4.1.4. Surface Morphology

The morphology of the ion imprinted and non-imprinted cryogels was examined
with scanning electron microscopy (SEM). Figures 4.5 and 4.6 show SEM
photographs of ion imprinted and non-imprinted cryogel membranes. These
cryogels were composed of interconnected cavities that form a macroporous
structure. According to SEM photographs, the size of cavities was roughly
determined in the range of 0.4-1.6 um. Generally, the sizes of cavites of ion

imprinted cryogels were larger than non-imprinted cryogels.
4.1.5. X-Ray Analysis (EDX)

Elemental composition of ion imprinted Cu-2, Cd-2 and Pb-2 cryogels was
measured by EDX method. The percentages of elements of these cryogels were
4% N, 35% O, 60% C for ion imprinted cryogels and 6% N, 36% O, 56% C for

non-imprinted cryogels on a mass basis.
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Figure 4.7. EDX spectra of cryogels after desorption of metal ions: (A) Cu(ll)
imprinted; (B) Cu(ll) non-imprinted; (C) Pb(ll) imprinted; (D) Pb(ll) non-imprinted.
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4.2. Adsorption Studies with lon Imprinted Cryogels

Selective heavy metal removals with molecularly imprinted polymers have been
getting very popular in literature recently. The main criteria for this aim are
creation of specific cavities by imprinting coordination spheres of targeted metal
ions into polymeric networks. By this way, the coordination sphere, ionic radius
and chemical affinities of the targeted metal ion have been solidified by
crosslinking process during the polymerization applied. Therefore, the polymers
could specifically adsorb these metal ions even if multi-metal ion solutions applied.
According to these provisions, molecularly imprinted cryogels for selective heavy
metal ion removal purposes have been prepared. In this context, three different
heavy metal ions [Cu(ll), Cd(ll), and Pb(ll)] have been imprinted into cryogels
having different shapes (square, circle with two different diameters). In order to
optimize the adsorption conditions for both each heavy metal ion and for each
cryogel, the heavy metal ion adsorption studies were performed from singular
aqueous solutions of heavy metal ions while varying the effective parameters pH,
initial heavy metal ion concentration, temperature, and contact time. In addition,
the heavy metal ion removal performances of imprinted and non-imprinted

cryogels and magnetic and non-magnetic cryogels have been compared.

4.2.1. Effective Parameters on Heavy Metal Adsorption Performances of

Molecularly Imprinted Cryogels
4.2.1.1. Effect of pH

As mentioned in Materials and Methods Section, amino acid based functional
monomers (MAH, MAC, and MAAsp) for coordination of targeted heavy metal ions
have been used. As well-known, the complexation reaction between metal ions
and functional monomers was influenced by pH of medium. The reason of this
behaviour is due to the electrostatic attraction between the surface charge and the
dissolved ions in complexation reactions and coordination sphere of the metal
ions [181]. Figure 4.8-4.11 show the effect of pH on the adsorption of targeted
heavy metal ions [Cu(ll), Cd(Il), and Pb(ll)] by molecularly imprinted cryogel
membranes. The adsorption capacities increased with increasing pH values as
expected. Optimum pH value was accepted as pH 5.5 for all heavy metal ions.

After pH 6.0, the precipitation of heavy metal ions could occur; therefore,
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adsorption studies at higher pH values were not conducted. The increase in the
adsorption capacities depended on the deprotonation of functional groups found
in the amino acid based monomers. Imidazole ring in the MAH monomer, thiol
group in MAC and carboxylic acid groups in MAAsp monomers have been
deprotonated; so, the increase in pH value enhanced their Lewis base characters.
Deprotonation also reduced the possible repulsive interactions between heavy
metal ions and protonated (positively charged) groups. The results were reported
in accordance with imprinted cryogels and the experimental conditions are given
as figure legends. As seen from figures, the amount of pre-polymerization
complex included into the polymerization recipe also affected the adsorption

capacities, because the amount of imprinted cavities had increased.
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Figure 4.8. The effect of pH on adsorption of Cu(ll) by Cu(ll) ion imprinted
magnetic cryogel membranes. Concentration: 60 mg/L; incubation period: 120
min; and T: 25°C. The capacity values were the averages of three measurments.
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Figure 4.9. The effect of pH on adsorption of Cu(ll) by Cu(ll)-ion imprinted non-
magnetic cryogel membranes; Concentration: 60 ppm; incubation period: 120 min;
and T: 25°C. The capacity values were the averages of three measurments.
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Figure 4.10. The effect of pH on adsorption of Cd(ll) by ion imprinted cryogel
membranes; Concentration: 60 mg/L; incubation period: 120 min; and T: 25°C.
The capacity values were the averages of three measurments.
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Figure 4.11. The effect of pH on the adsorption of Pb(ll) by ion imprinted cryogel
membranes; Concentration: 60 mg/L; incubation period: 120 min; T: 25°C. The
capacity values were the averages of three measurments.
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4.2.1.2. Effect of Initial Concentration

The effect of initial heavy metal ion concentration onto adsorption capacities of
cryogels was evaluated for aqueous solutions. The heavy metal ion
concentrations were varied between 0-700 mg/L while adjusting pH values to 5.5.
Cryogels were interacted with imprinted ions solutions. So, Cu(ll) imprinted
cryogels were used for Cu(ll) adsorption whereas Cd(ll) imprinted cryogels were
used for Cd(Il) adsorption and Pb(ll) imprinted cryogels were used for Pb(ll)
adsorption studies. The results were given in Figures 4.12-15 in accordance with
cryogel sub-types. For all cryogels, the adsorption capacities increased with
increasing initial heavy metal concentration. The results depend on the driving
force for adsorption process that was concentration difference between solution
and solid phases. The increase in heavy metal ion concentration causes the
increase in the forces driving adsorption process.Initially, the adsorption capacity
increased linearly with an increase in initial metal ion concentration. Then, those
declined to reach platue values due to the saturation of active binding sites for
targeted heavy metal ions. Figure 4.12 shows the results obtained for magnetic
Cu(ll) imprinted cryogels. Adsorption capacities of magnetic ion imprinted cryogels
for Cu*-1, Cu*-2, Cu*-3, Cu*-3, Cu*-4, Cu*-5, Cu*-6, Cu*-7, Cu*-8, and Cu*-9 were
35.4, 73.4, 97.9, 59.5, 101.3, 132.7, 82.8, 122.8, and 182.7 mg/g, respectively.
Figure 4.13 shows the results obtained for Cu(ll) imprinted non-magnetic cryogels.
Adsorption capacities of those cryogels for Cu-1, Cu-2, and Cu-3 were 31.3, 58.3,
and 77.19 mg/g, respectively. Figure 4.14 shows the results obtained for Cd(ll)
imprinted cryogels. Adsorption capacities of those cryogels for Cd-1, Cd-2, and
Cd-3 were 44.5, 65.3, and 86.7 mg/g, respectively. Figure 4.15 shows the results
obtained for Pb(ll) imprinted cryogels. Adsorption capacities of those cryogels for
Pb-1, Pb-2, and Pb-3 were 41.9, 86.3, and 122.7 mg/g, respectively. Cu(ll)
adsorption capacities for both magnetic and non-magnetic cryogels were directly
effected by amount of pre-polymerization complex [MAH-Cu(ll) complexes] and
magnetite (Fe3zO4) nanoparticles. The increase in their amounts caused the
increase for the adsorption capacities. The similar results for Cd(ll) and Pb(ll)
impinted cryogels were obtained. By increasing the amount of MAC-Cd(Il)
complex imprinted from 0.05 mmol to 0.20 mmol, the adsorption capacities

increased from 44.5 mg/g to 86.7 mg/g. Similarly, the adsorption capacities for
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Pb(ll) ions increased from 41.9 mg/g to 122.7 mg/g with respect to an increase in
pre-polymerization complex [MAAsp-Pb(Il)] from 0.05 mmol to 0.20 mmol.
Increasing the amount of pre-polymerization complex in synthesis, the amount of
imprinted target ion increased causing an increase in number of imprinted
cavities. Therefore, the increasing number of recognition sites caused the higher

adsorption capacity as expected.
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Figure 4.12. The effect of initial concentration on adsorption of Cu(ll) by ion-
imprinted magnetic cryogel membranes; pH: 5.5; incubation period: 120 min and
T: 25°C. The capacity values were the averages of three measurments.
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4.2.1.3. Effect of Temperature

In order to calculate thermodynamic variables and to describe the adsorption
process, the effect of temperature on heavy metal ion adsorption was also
evaluated. Temperature of the original heavy metal ion solution was varied in the
range of 5°C - 40°C. The results showed that the adsorption capacities
decreased with an increase in the temperature for all cryogel sub-types. The
results depend on the nature of the interaction between functional monomers
(MAH, MAC, and MAAsp) and template heavy metal ions [Cu(ll), Cd(ll), and
Pb(Il)]. As mentioned in the experimental section, the functional monomers were
polymerizable derivatives of some amino acids such as histidine, cysteine, and
aspartic acid. So, they formed co-ordinated covalent bonds with target metal ions
during pre-polymer complex formation process. These bonds (dative bonds) have
electrostatic nature and getting weaker by increasing temperature because of
disturbing coordination spheres of heavy metal ions. Figures 4.16-4.18 show the
adsorption capacities of Cu(ll) imprinted magnetic cryogels with respect to both
temperature and initial Cu(ll) ion concentration. As shown from these figures, the
adsorption capacities decreased with increasing temperature for all different initial

Cu(ll) ion concentrations.
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For magnetic cryogels the temperature dependence, Cu(ll) adsorption capacity
dependency on the temperature was given in Figure 4.19. As shown from figures,
maximum adsorption capacity, 77.5 mg/g for Cu(ll) ion was obtained at 4°C and
for 400 mg/L concentration. The results for Cd(Il) and Pb(ll) imprinted cryogels
were given in Figures 4.20 and 4.21, respectively. As shown from these figures,
the maximum adsorption capacities were obtained at the lowest temperature (4°C)
and highest initial heavy metal ion concentration (400 mg/L) as expected. These
values for Cd(ll) and Pb(ll) imprinted cryogels were 92.8 mg/g and 106.1 mg/g,

respectively.
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4.2.1.4. Effect of Contact Time

Cryogels have supermacroporous structure which enhances diffusion of solvent
into pores and makes easier adsorption process. Also, this property makes
possible to study with viscous solutions such as wastewater including heavy metal
ions. In the light of these provisions, effect of contact time on adsorption capacity
for heavy metal ion solutions with ion imprinted cryogels was examined. The
samples were collected from adsorption media in appropriate time intervals to
determine instant adsorption capacity. The results for all cryogels sub-types were
similar. At the beginning of adsorption period, the adsorption capacities increased
drastically with respect to time.Within this period, the adsorption capacities were
directly proportional to contact time. Then, the adsorption capacities started to
decline up to 45 min and reached to a constant value at about 90 min. Beyond 90
min., the adsorption capacities did not change significantly. The time required to
reach equilibrium for the heavy metal adsorption processes depends on different
paramaters including stirring rate, amount of adsorbent, initial heavy metal ion
concentration, structural properties of sorbent (size, porosity, surface area, etc.),
the properties of metal ions, initial concentration of metal ions, pH, temperature,
affinity of the metal ion to the functional groups in the structure of the sorbent, the
number of active centers which metal ions can be connected and the presence of
other ions which compete this metal ion. In addition, three main steps for
adsorption were movement of analyte molecules through the pores, diffusion of
them into pores, and interaction with recoginition site (ion imprinted cavities and
functional groups of functional monomers). The equilibrium time is required for
completion of these steps. As conclusion, the heavy metal adsorption onto ion
imprinted cryogels is the one of the kinetic controlled processes as expected and
equilibrium adsorption could be achieved in about 60 min which was relatively
fast for adsorption The results for Cu(ll) imprinted magnetic and non-magnetic,
Cd(Il) imprinted, and Pb(ll) imprinted cryogels were given in Figures 4.22-4.25,
respectively. The experimental conditions are given as figure legends. Adsorption
capacities depend on the pre-polymerization
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complexes imprinted as discussed before and varied with time similarly for all

cryogel sub-types.
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Figure 4.23. The effect of contact time on adsorption of Cu(ll) by ion imprinted
non-magnetic cryogel membranes; Concentration: 60 ppm; pH: 5.5 and T: 25°C.
The capacity values were the averages of three measurments.
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Figure 4.24. The effect of contact time on the adsorption of Cd(ll) by ion imprinted
cryogel membranes; Concentration: 60 ppm; pH: 5.5 and T: 25°C. The capacity
values were the averages of three measurments.
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Figure 4.25. The effect of contact time for adsorption of Pb(Il) by ion imprinted
cryogels; Concentration: 60 ppm; pH: 5.5; incubation period: 120 min; and T:
25°C. The capacity values were the averages of three measurments.

4.2.1.5. Adsorption Isotherms

Adsorption continues until achieving a balance between concentration of
accumulated adsorbate on the surface of adsorbent and concentration of
adsorbate in solution. Adsorption is usually described by isotherms. Adsorption
isotherm is a curve that defines the amount of adsorbate on the adsorbent as a
function of its concentration at constant temperature. The most common
isotherms for describing adsorption process are Freundlich and Langmuir
isotherms [25,26]. The adsorption mechanism can be defined by physicochemical
parameters, thermodynamic assumptions, surface properties and the degree of
affinity of the adsorbents [182]. Over the years another equilibrium isotherm
models such as, Tempkin, Brunauer—-Emmett—Teller, Redlich—Peterson, Dubinin—
Radushkevich and Flory—Huggins have been formulated.
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4.2.1.5.1. Langmuir Isotherm

Langmuir isotherm is based on three assumptions:

» Adsorption is monolayer (the adsorbed layer is one molecule in thickness).

» Adsorption sites are homogeneous, which each molecule possesses
constant enthalpies and sorption activation energy, these values are equal
for all adsorbed molecules and all sites possess equal affinity for the
adsorbate.

» Adsorption of a molecule in a specific site is independent of the other
molecules [25].

The Langmuir equation is expressed as:
Q = Qmax- b. Ceg/(1 + b Ceg) (4.1)
where

Qmax (Mg/g) is the theoretical maximum amount of the adsorbate per unit weight of

the adsorbent to form a complete monolayer on the surface

b (mL/mg): Langmuir constant related to the affinity of the binding sites
Ceq(mg/mL): amount of adsorbate which remains in solution after adsorption
Q(mg/g): The amount of adsorbate which is adsorbed on the adsorbent

The linear form of Langmuir isotherm is as follows:

1/Q = 1/(Qmax. b.Ceq) + 1/Qmax (4.2)

The plot of 1/Q versus 1/Cqq gives 1/Qmax as intercept and 1/(Qmax.b) as slope
[183].

The essential characteristics of Langmuir isotherm can be expressed by a
dimensionless constant called separation factor or equilibrium parameter, R,
defined by Weber and Chakkravortias [184]:

R.=1/(1+b.Ceq) (4.3)

where b (L/mg) refers to the Langmuir constant and Ceq is referred to the
adsorbate equilibrium concentration (mg/L). R_ value indicates the adsorption

83



nature and this is unfavorable when (R, > 1), linear (R_ = 1), favorable (0 < R_ < 1)

or irreversible (R. = 0).
4.2.1.5.2. Freundlich Isotherm

This model is the earliest model which is based on sorption on a heterogeneous
layer of a surface. Binding sites have different affinities to adsorbates; therefore
first the sites which form stronger binding sites and then the other sites with lower
affinity are occupied. This empirical model can be applied to multilayer adsorption

and not restricted to be monolayer [26].

Freundlich model can be expressed by the following equation [182-185]

Qeq = KF-Ceqﬂn (4.4)
where

Kr: Freundlich adsorption coefficient

Ceq (mg/L): Amount of adsorbate which remains in solution after adsorption

Qeq (Mg/g): The amount of adsorbate which is adsorbed on the adsorbent

n: The characteristic coefficient of the Freundlich isotherm

Linear form of Freundlich isotherm is as follows:

INQeq = INKg + (1/n).INCeq (4.5)
The plot of InQeq Versus InCeq gives InKg as intercept and 1/n as slope.

Ke and 1/n are Freundlich coefficients which indicate adsorption capacity and
intensity, respectively. 1/n is factor of heterogeneity and values are in the range of
0-1.When 0 < 1/n < 1, the adsorption is favorable; when 1/n = 1, the adsorption is
irreversible; and when 1/n > 1, the adsorption is unfavorable. Adsorption becomes
more heterogeneous as its value gets closer to zero. A value for 1/n above one
indicates a cooperative adsorption.

Langmuir and Freundlich isotherms were applied for four cryogel sub-types and
the curves were given in Figures 4.28-4.33 and the calculated parameters were

summarized in Tables 4.3-4.6. The results for Cu(ll) imprinted magnetic cryogels
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were shown in Figures 4.26 and 4.27. The results were shown in Figures 4.28 and
4.29 for Cu(ll) imprinted non-magnetic cryogels, for Cd(Il) imprinted cryogels in
Figures 4.30 and 4.31, and in Figures 4.32 and 4.33 for Pb(Il) imprinted cryogels.
The parameters calculated from those curves were summarized in Tables 4.3-4.6
for Cu(ll) imprinted magnetic, Cu(ll) imprinted non-magnetic, Cd(ll) imprinted, and
Pb(Il) imprinted cryogels respectively. As seen from those figures, the adsorption
processes well-fitted to Langmuir isotherm with respect to correlation coefficient
(R? values. That means heavy metal ion adsorption onto ion imprinted cryogels
was monolayer coverage, the recognition sites (ion imprinted cavities) were
homogeneously distributed and energitically equivalent. In addition, target metal
ions did not choose the cavities randomly and not interact with other metal ions
remained in the solution phase as expected. R, values calculated for all cryogel
sub-types were between 0 and 1 indicating the favorability of the heavy metal ion
adsorption onto imprinted cryogels. The closeness between experimental
adsorption capacities and those calculated from Langmuir models shows the
correlation of results with Langmuir model and indicates that adsorption process
occurred without any diffusion rectrictions and steric hindrances. The 1/n values
calculated from Freundlich isotherms also support these results because their
values were highly close to 1, meaning that the homogeneous monolayer
coverage occurred. As conclusion, Langmuir isotherm was a better model than
Freundlich isotherm to describe the heavy metal ion adsorption onto all ion

imprinted cryogels.
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Figure 4.26. Langmuir isotherm model for adsorption of Cu(ll) by ion imprinted

magnetic cryogel membranes.
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Figure 4.27. Freundlich isotherm model for adsorption of Cu(ll) by ion imprinted
magnetic cryogel membranes.

87



Table 4.3. Langmuir and Freundlich models parameters for adsorption of Cu(ll) by
ion imprinted magnetic cryogels.

Langmuir Freundlich
Cryogel  Qep  Qumax 5 , ,
L/mg R R, Ke 1/n R

Codes mg/g mg/g (10°

Cu*-1 354 38.3 4.9 0993 0.75 1.72 0.95 0.949
Cu*-2 73.7 81.8 2.1 0.989 0.88 1.56 0.97 0.972
Cu*-3 97.9 106.3 1 0.996 094 5.69 0.95 0.973
Cu*-4 59.5 68.7 192 098 089 34 0.923 0.955
Cu*-5 105.0 109.7 2.3 0994 098 14.17 0.78 0.902
Cu*-6 132.7 139.1 11 0992 099 2791 0.74 0.908
Cu*-7 82.8 91.2 0.9 0990 095 441 0.93 0.939
Cu*-8 122.8 134.7 0.2 0.987 0.98 15.92 0.79 0.888
Cu*-9 178.7 189.6 0.04 0971 0.99 59.08 0.66 0.880

exp, experimental

Table 4.4. Langmuir and Freundlich models parameters for adsorption of Cu(ll) by
ion imprinted non-magnetic cryogels.

Langmuir Freundlich
Cryogel  Qep.  Quax b, v R
Codes mg/g mg/g x10
Cu-1 31.3 46.7 10 0.992 0.6 2.63 0.936 0.970
Cu-2 58.2 65 3.4 0.989 0.8 2.81 0.938 0.944
Cu-3 7719 87.6 1.4 0.994 0.9 3.06 0.925 0.959

exp, experimental
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Figure 4.28. Langmuir isotherm model for adsorption of Cu(ll) by ion-imprinted
non-magnetic cryogel membranes.
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Figure 4.29. Freundlich isotherm model for adsorption of Cu(ll) by ion-imprinted
non-magnetic cryogel membranes.
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Figure 4.30. Langmuir isotherm model for adsorption of Cd(ll) by ion imprinted
cryogel membranes.
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Figure 4.31. Freundlich isotherm model for adsorption of Cd(ll) by ion-imprinted
cryogel membranes.

Table 4.5. Langmuir and Freundlich model parameters for adsorption of Cd(ll) by
ion imprinted cryogel membranes.

Langmuir Freundlich
Cryogel Qexp. Qmax: b, L/mg R? R, Ke un R?
Codes mg/g  mglg x10™
Cd-1 44.5 46.3 12 0999 0.65 1.21 0.971 0.983
Cd-2 67.4 67.4 4 0.993 0.8 1.6 0.989 0.978
Cd-3 86.7 91.2 2.4 0.997 0.9 2.2 0.995 0.976

exp, experimental
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Table 4.6. Langmuir and Freundlich models parameters for adsorption of Pb(ll) by

ion imprinted cryogel membranes.

Langmuir Freundlich
Cryogel ox maxs b, L/Im
y g Q P, Q . g 2 RL KF 1/n R2
Codes mg/g mg/g x10
Pb-1 41.9 50.01 4.4 0.992 0.74 3.8 0.915 0.903
Pb-2 86.3 101.8 2.6 0.992 0.76 7.6 0.878 0.878
Pb-3 122.7 1454 1.6 0.990 0.93 12.3 0.952 0.950
exp, experimental
0.06 T y=0.3995x + 0.0191 + Pb-1
R?=0.9918
y = 0.3175x + 0.008 = Pb-2
> y = 0.1151x $0.0
o Rz =0
=
0.02 +
0 - t t + |
0 0.05 0.1 0.15 0.2
1/Cqq, L/Img

Figure 4.32. Langmuir isotherm model for adsorption of Pb(ll) by ion imprinted

cryogel membranes.
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Figure 4.33. Freundlich isotherm model for adsorption of Pb(ll) by ion-imprinted

cryogel membranes.
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4.2.1.6. Adsorption Thermodynamics

In order to determine thermodynamic variables for the adsorption process,
adsorption studies involving variation of initial metal ion concentration and
temperature were evaluated. The Langmuir isotherm model was applied for each
setup and K_ values were calculated to be used for Van't Hoff model. The
mathetical backgrounds for this part were given as follows. Adsorption and
desorption of molecule from surface binding sites can be considered as a

chemical reaction. K is the equilibrium constant for chemical equilibrium and for

A — A+B

this constant is as follows
K= (aa.ag) /aas; C°= 1.0 mol/L; P°=1 bar ———> K= ([A]. [B])/[AB] (4.6)
where

aa, ag and aag are activities of A, B, and AB respectively, [A], [B], and [AB] are

symbols of concentration for liquids and pressure for molecules of gases.

K (equilibrium constant) and A,G° (Gibss free energy change) are related together
by;

AG°= -RTInK

The equilibrium constant for surface adsorption of gas molecules is;

Kaa= (S°P)/S; (4.7)
Where

S’is the amount of free binding sites, S; is the amount of adsorbed adsorbate and
P is the pressure of gas molecules [186].

0=S./S (4.8)
S=S%+S; (4.9)
0 is the amount of surface coverage.

0= P/ (Kag+P); 6= K. P/ (1+1+K_P); Kag= exp (-AagG°/RT)
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KL and Kyq are related together;

K =1/Kag (4.10)
When replace A/G° by AG?;

AG’= -RTIn Kag (4.11)
-RTIn Kyq= AHC-TAS®

InK = AH%/(RT) — AS°/R (4.12)

As mentioned before, concentration variations were performed at four different
temperatures and Langmuir isotherm was applied for each data setup. InK, vs 1/T
plots gave a slope as AH° and an interception of y-axis as AS° values. Gibbs free
energy values for these processes were also calculated from appropriate
equations. In liquid-solid systems adsorption process is, desorption of previously
adsorbed solvent molecules and adsorption of adsorbate molecules. The negative
value of AGP® confirms the feasibility of process and spontaneous nature of
adsorption, the positive value of AS° indicates that there was an increase in the
randomness of heavy metal adsorption at the cryogel-solution interface and the
negative values of AH® implies the exothermic nature of the adsorption.
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Table 4.7. Langmuir model parameters for adsorption of Cu(ll) by Cu(ll) ion
imprinted magnetic cryogels at 4°C and 25°C.

Cryogel Temperature, | R Qmax, | Qexp, M@/g | Langmuir constant, b
Codes °C mg/g (1/KL)
Cu*-1 4 0.998 | 324 30.4 0.001
Cu*-2 4 0.999 |64.3 61.1 0.001
Cu*-3 4 0.993 |87.3 80.5 0.0001
Cu*-4 4 1.000 |49.5 48.7 0.0003
Cu*-5 4 0.985 |81.0 77.5 0.0001
Cu*-6 4 0.993 |122.1 |1209 0.00004
Cu*-7 4 0.995 |66.8 62.4 0.0002
Cu*-8 4 0.979 |86.2 87.5 0.00009
Cu*-9 4 0.969 |156.3 |1494 0.00002
Cu*-1 25 1.000 |30.5 294 0.002
Cu*-2 25 0.997 |58.1 54.9 0.0013
Cu*-3 25 0.999 |86.4 78.9 0.0002
Cu*-4 25 0.999 |39.6 38.15 0.0006
Cu*-5 25 0.975 |69.2 67.8 0.00016
Cu*-6 25 0.989 |111.1 |107.8 0.00006
Cu*-7 25 1.000 |62.3 59.9 0.0004
Cu*-8 25 0.986 |78.1 75.3 0.0001
Cu*-9 25 0.976 |1394 |136.4 0.00003

exp, experimental
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Table 4.8. Langmuir model parameters for adsorption of Cu(ll) by Cu(ll) ion

imprinted magnetic cryogels at 32°C and 40°C.

Cryogel Temperature, | R Qmax, | Qexp, M@/g | Langmuir constant, b
Codes °C mg/g (1/KL)
Cu*-1 32 0.999 |14.38 13.12 0.003
Cu*-2 32 1.000 |27.5 25.45 0.0018
Cu*-3 32 0.994 |49.8 48.5 0.0003
Cu*-4 32 0.995 |37.2 34.2 0.0009
Cu*-5 32 0.987 |59.3 57.1 0.0002
Cu*-6 32 0.997 |92.0 89.4 0.00009
Cu*-7 32 0.990 |46.0 43.1 0.0006
Cu*-8 32 0.993 |69.1 66.5 0.00017
Cu*-9 32 0.965 |130.5 |126.3 0.00008
Cu*-1 40 0.980 |10.2 9.65 0.005
Cu*-2 40 0.993 |19.3 17.75 0.0019
Cu*-3 40 0.992 |394 37.9 0.0004
Cu*-4 40 0.988 |31.3 29.1 0.0013
Cu*-5 40 0.992 |50 43.8 0.00027
Cu*-6 40 0.996 | 76.9 73.4 0.00012
Cu*-7 40 0.999 |35.7 33.9 0.0008
Cu*-8 40 0.997 |63.8 54.95 0.0003
Cu*-9 40 0.965 |103.5 |994 0.00009

exp, experimental
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Figure 4.34. Langmuir isotherms of ion imprinted magnetic cryogels (Cu*-1, Cu*-2,
Cu*-3) at different temperatures (4, 25, 32, 40°C).
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Figure 4.35. Langmuir isotherms of ion imprinted magnetic cryogels (Cu*-4, Cu*-5,
Cu*-6) at different temperatures (4, 25, 32, 40°C).
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Figure 4.36. Langmuir isotherms of ion imprinted magnetic cryogels (Cu*-7, Cu*-8,
Cu*-9) at different temperatures (4, 25, 32, 40°C).
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Figure 4.37. Van't Hoff plots for adsorption of Cu(ll) on the ion imprinted magnetic
cryogels.
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Table 4.9. Thermodynamic parameters for adsorption of Cu(ll) by ion imprinted
magnetic cryogels.

Cryogel AG°® @ 25°C AH° @ 25°C AS° @ 25°C
Codes kJ/mol kJ/mol J/mol.K
Cu*-1 -15.4 -12.5 12.8
Cu*-2 -16.8 -13.3 18.3
Cu*-3 -21.1 -13.8 26.5
Cu*-4 -18.4 -18.2 10.3
Cu*-5 -21.7 -19.2 15.8
Cu*-6 -24.1 -21.1 25.5
Cu*-7 -194 -16.4 9.6
Cu*-8 -22.8 -17.2 14.7
Cu*-9 -25.8 -19.2 20.0

Table 4.10. Langmuir model parameters for adsorption of Cu(ll) by ion imprinted
non-magnetic cryogels at different temperatures.

Cryogel Temperature, | R? Qmaxs Qexp» Mg/g | Langmuir
Codes °C mg/g constant, b(1/ K.)
Cu-1 4 0.997 | 329 28.95 0.001
Cu-2 4 0.99 55.5 49.85 0.0003
Cu-3 4 0.998 | 825 77.5 0.00018
Cu-1 25 0.996 |28.6 26.7 0.0016
Cu-2 25 0.999 |49.2 44.53 0.0004
Cu-3 25 0.999 |76.5 69.9 0.0002
Cu-1 32 0.999 |15.7 12.3 0.0028
Cu-2 32 0.998 | 26.3 24.03 0.0008
Cu-3 32 0.994 |45.1 43.2 0.0006
Cu-1 40 0.999 |114 8.4 0. 003
Cu-2 40 0.999 | 175 15.9 0.001
Cu-3 40 0.987 | 39.2 35.1 0.0007

exp, experimental
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Figure 4.38. Langmuir isotherms for adsorption of Cu(ll) by ion imprinted non-
magnetic cryogel membranes at different temperatures.
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Figure 4.39. Van't Hoff plot for the adsorption of Cu(ll) by imprinted non-magnetic
cryogel membranes.

Table 4.11. Thermodynamic parameters for adsorption of Cu(ll) by ion imprinted
non-magnetic cryogels.

Cryogel AG° @ 25°C AHC° @ 25°C AS° @ 25°C
Codes kJ/mol kJ/mol J/mol.K
Cu-1 -15.2 -24.9 28.0

Cu-2 -19.6 -28.4 32.5

Cu-3 -20.1 -28.9 33.3
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Figure 4.40. Langmuir isotherms for adsorption of Cd(ll) by ion imprinted cryogels
at different temperatures (4, 25, 32, 40°C).
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Table 4.12. Langmuir model parameters for adsorption of Cd(Il) by ion imprinted
cryogels at different temperatures.

Cryogel Temperature, | R® Qmax» Qexp, MY/g | Langmuir
Codes °C mg/g constant, b(1/K,)
Cd-1 4 0.957 |57.2 53.7 0.0021
Cd-2 4 0.998 | 83.3 69.4 0.001
Cd-3 4 1.000 |102.8 92.8 0.00065
Cd-1 25 0.998 |44.6 40.8 0.0024
Cd-2 25 0.998 | 58.8 55.6 0.0012
Cd-3 25 0.995 |82.3 76.9 0.00074
Cd-1 32 0.990 |14.3 12.2 0.0039
Cd-2 32 0.997 |22.2 19.3 0.0024
Cd-3 32 0.999 |435 40 0.0012
Cd-1 40 0.996 |11.2 7.84 0.0015
Cd-2 40 0.998 |18.2 15.8 0.0031
Cd-3 40 1.000 |36.4 325 0.037

exp, experimental
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Figure 4.41. Van't Hoff plot for the adsorption of Cd(ll) by imprinted cryogel
membranes.
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Table 4.13. Thermodynamic parameters for adsorption of Cd(ll) by ion imprinted

cryogels.
Cryogel AG° @ 25°C AH° @ 25°C AS° @ 25°C
Codes kJ/mol kJ/mol J/mol.K
Cd-1 -14.95 -16.68 10.01
Cd-2 -16.25 -22.4 15.73
Cd-3 -17.86 -24.96 18.11

Table 4.14. Langmuir model parameters for adsorption of Pb(ll) by ion imprinted
cryogels at different temperatures.

Cryogel Temperature, | R Qmax, Qexp, MY/g | Langmuir
Codes °C mg/g constant, b (1/
Ki)
Pb-1 0.995 |48.1 46.7 0.001
Pb-2 4 0.977 |76.1 70.7 0.0007
Pb-3 0.996 |111.2 106.1 0.00045
Pb-1 25 0.993 |[37.1 36.3 0.013
Pb-2 25 0.989 |56.1 54.8 0.0009
Pb-3 25 0.999 |[94.2 90.6 0.0005
Pb-1 32 0.980 |224 21.9 0.002
Pb-2 32 0.987 | 35.2 33.8 0.0014
Pb-3 32 0.993 |51.15 53.1 0.0009
Pb-1 40 0.997 12.5 11.4 0.004
Pb-2 40 0.982 |20.3 19.9 0.0025
Pb-3 40 0.999 (411 39.8 0.0012

exp, experimental

105




0051 , 4 y=0.2868x+0.02
R2 = 0.9953 Pb-1
0044 w 25 v=02588x+0.0273
' R? = 0.9932
5, V=06647x+0045
003+ * R? = 0.9808
g’ y = 0.8263x + 0.08
> 0.02 4
o
— 0.01 + /
0 = } ' ' ' i
0 0.01 0.02 0.03 0.04 0.05
1/C¢q, LImg
0025 + ¢ 4 Y= 0.1782x + 0.013
R2=0.9773 Pb-2
002 4 = 25 y =0.2957x + 0.018
: R2 = 0.9892
y = 0.4485x + 0.
g’ 0.015 + 32 R2=0.9
kS
o 0.01 +
=
0.005 +
0 } } |
0 0.02 0.04 0.06
1/C¢q, LImg
0012 + * 4  y=0.1258x + 0.025
R2 = 0.9962 Pb-3
00l + ® 25 y=0.1511x +0.0106
R2 = 0.9999
=0.2266x + O«
= 0.008 1 y
£
> 0.006 +
o
S 0.004 +
0.002 +
O L} L} :
0 0.02 0.04 0.06
1/C¢q, LImg

Figure 4.42. Langmuir isotherms for adsorption of Pb(Il) by ion imprinted cryogels
at different temperatures.
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Figure 4.43. Van't Hoff plots for the adsorption of Pb(ll) by ion imprinted cryogels.
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Table 4.15. Thermodynamic parameters for adsorption of Cd(ll) by ion imprinted
cryogels.

Cryogel AG°® @ 25°C AH° @ 25°C AS° @ 25°C
Codes kJ/mol kJ/mol J/mol.K
Pb-1 -16.64 -19.80 13.37

Pb-2 -17.40 -21.72 16.59

Pb-3 -18.74 -23.50 18.03

4.2.1.7. Adsorption Kinetics

Pseudo first-order and pseudo second-order kinetic models were mostly used
kinetic equations to describe the adsorption systems and to evaluate controlling
parameters for adsorption processes. These models were applied for all cryogel
sub-types for describing of the adsorption mechanism and analyzing of
mechanism as a series of simple steps. Rate equations are differential equations
and integrated according to concentrations as a function of time [183].

Kinetic models, first-order and second-order models can be used to understand
adsorption process mechanisms when measured concentration is accepted equal
to adsorbent surface concentration. The Lagergren pseudo-first-order model is the

most used model for the adsorption of solute from liquid solution [187].

dqi/dt = K1(Qeq- Qr) (4.13)
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where

Kk : the pseudo- first-order rate constant (1/min),

g: and geq : adsorbed amounts at time t and at equilibrium (mg/g),

Integrating the equation for the boundary conditionsq=0tog=q;att=0tot=t
is simplified as,

l0g[deq/Teq-a)] = (k1t)/2.303

10g(deq-0) = 109(Qeq) — (ki1t)/2.303 (4.14)
The first-order rate constant k; can be obtained from the slope of plot, log (Qeq -
) vs time (Figure 4.20). The correlation coefficient (R?) shows the suitability of

model for adsorption.

Adsorption kinetics explained by the pseudo-second- order model was given by
Ho and McKay [188]
dgi/dt = Ka(Geq-G)? (4.15)

Integrating the equation for the boundary conditions,g=0toq=q;att=0tot=t
is simplified as,

1/(deq-0lt) = (1/Geq) + kot

(t/qr) = (1/K2Geq”) + (1/qeq) t (4.16)

where k; (1/mg.min) is the second-order rate constant which can be determined
from the plot of t/g; vs t (Figure 4.21).

For all cryogel groups, correlation coefficients (R? values for pseudo-second
order kinetic equation were higher than those for pseudo-first order kinetic
equation. Thus, the second-order model was more suitable to predict the kinetics
of adsorption of heavy metal ions onto the ion imprinted cryogels. The calculated
Omax Values by second-order model agree very well with the experimental values.
The results mean that adsorption process was controlled by chemical recognition
of ions instead of diffusion controlled one. As well-known, the second order kinetic
is described by chemically controlled reaction without any diffusion restrictions. In
this study, the excellent properties of cryogels and ion-imprinting process were
combined. By this way, different ion imprinted cryogels for three different heavy
metal ions [Cu(ll), Cd(ll), and Pb(ll) ions] were prepared. The supermacroporous

structures let the feeding solutions flow through polymeric network without any
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diffusion limitations even if they had high concentrations and viscosities. Heavy
metal ions easily flow through cryogels and diffuse into macropores of the
cryogels and interact with recognition sites (ion imprinted cavities) without any
problem. So, the controlling step should be last step, chemical interactions
between functional monomers and heavy metal ions. As conclusion, the
adsorption process between heavy metal ions and ion imprinted cryogels was
chemisorption controlled process and chemical adsorption was the rate limiting

step.
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Figure 4.44. Pseudo first-order kinetic model for adsorption of Cu(ll) by ion
imprinted magnetic cryogel membranes.
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Figure 4.45. Pseudo second-order kinetic model for adsorption of Cu(ll) by ion
imprinted magnetic cryogel membranes.
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Table 4.16. Pseudo first-order and second-order kinetic models parameters for
adsorption of Cu(ll) by ion imprinted magnetic cryogel membranes.

First-order Second-order
zgﬁoegsel i:;g Oma :1 - R? Qmax k2 x10'-5, R?

mg/g _ mg/g g/mg.min

1/min

Cu*-1 19.1 18.5 1.24 0.874 21.6 8.8 0.992
Cu*-2 21.9 21.3 1.73 0.776 24.3 9.1 0.991
Cu*-3 24.3 23.4 191 0.790 26.1 12.7 0.992
Cu*-4 21.1 19.95 1.38 0.870 22.6 13.2 0.990
Cu*-5 23.6 23.4 1.89 0.804 23.9 12.6 0.991
Cu*-6 25.6 23.8 1.84 0.794 |26.9 9.6 0.992
Cu*-7 24.2 22.4 2.02 0.797 25.8 26.4 0.996
Cu*-8 26.1 24.5 2.16 0.759 27.5 18.5 0.995
Cu*-9 27.1 26.7 1.84 0732 29.1 10.1 0.997

exp: experimental

3 y =-0.0259x + 1.0053 + Cu-1
R2=0.943
y =-0.0191x + 1.254 = Cu-2
R2 = 0.8695
~ 1 y =-0.0224x + 1.37 s+ Cu-3
g R2=0.8834
g u L I
U L) L}
st 200
o -1
-3
Time, min

Figure 4.46. Pseudo first-order kinetic model plots for adsorption of Cu(ll) by ion
imprinted non-magnetic cryogels.
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Figure 4.47. Pseudo second-order kinetic model plot for adsorption of Cu(ll) by ion
imprinted non-magnetic cryogels.

Table 4.17. Pseudo first-order and second-order kinetic models parameters for
adsorption of Cu(ll) by ion imprinted non-magnetic cryogel membranes.

First-order Second-order
Cryogel Qexps ki x10 )

QmaX1 2 2 Qmax, k2 x10 5, 2
Codes mg/g , R | R

mg/g . mg/g g/mg.min

1/min

Cu-1 2.7 10.1 3.9 0.943 3.6 4.06 0.985
Cu-2 5.82 18.1 4.4 0.869 7.9 4.2 0.972
Cu-3 9.47 24.5 55 0.883 10.7 4.8 0.985

exp: experimental
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Figure 4.48. Pseudo first-order kinetic model for adsorption of Cd(ll) by ion
imprinted cryogel membranes.
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Figure 4.49. Pseudo second-order kinetic model for adsorption of Cd(ll) by ion
imprinted cryogels.
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Table 4.18. Pseudo first-order and second-order kinetic models parameters for
adsorption of Cd(Il) by ion imprinted non-magnetic cryogel membranes.

First-order Second-order

Cryogel Qexp ki x10
, , k, x107,

Codes mgl/g Qax 2 R? Qmax 2 | R?

mg/g _ mg/g g/mg.min

1/min

Cd-1 7.5 6.9 2.2 0.929 8.3 3.2 0.994
Cd-2 11.2 10.8 33 0.942 13.5 34 0.987
Cd-3 12.8 10.6 3.4 0.965 13.9 4.6 0.983

exp: experimental

3 -
y =-0.0097x +1.11 i
! R2 = 0.9663 * Pbl
| y=-0.0114x+1.14 = Pb-2
S 2 R2 = 0.9874
e y=-00116x+121 * Pb3
o R? = 0.9417
(@)]
© 11
0 } } } |
0 50 100 150 200
Time, min

Figure 4.50. Pseudo first-order kinetic model for adsorption of Pb(ll) by ion
imprinted cryogel membranes.
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Figure 4.51. Pseudo second-order kinetic model for adsorption of Pb(ll) by ion
imprinted cryogel membranes.

Table 4.19. Pseudo first-order and second-order kinetic models parameters for
adsorption of Pb(ll) by ion imprinted non-magnetic cryogel membranes.

First-order Second-order

Cryogel Qexp, ki x10° )
exp Qmax, 2 2 QmaX! k2 Xlo 5’

Codes mg/g , R I R?

mg/g _ mg/g g/mg.min

1/min

Pb-1 13.4 12.8 2.2 0.966 14.58 3.1 0.996
Pb-2 15.99 13.9 2.6 0.987 17.8 3.7 0.997
Pb-3 17.94 16.3 2.7 0.942 18.6 4.2 0.995

exp: experimental

4.2.2. Magnetic vs Non-Magnetic Cu(ll)-Imprinted Cryogels

Magnetite (Fe3O4) nanoparticles embedding into cryogel network gave magnetic
character for the cryogels and caused an increase in surface area and porosity of
the polymeric structure [174]. As expected, adsorption of Cu(ll) by ion imprinted
magnetic cryogels was higher than that of ion imprinted non-magnetic cryogels
(Figure 4.51). In addition, the amount of magnetite nanoparticles affected the
adsorption capacities. The increase of magnetite content from 25 mg to 100 mg
caused an increase for adsorption capacity from 35.4 mg/g to 97.9 mg/g. Also, the
increment by magnetite nanoparticle addition increased the capacity in 113%,
126%, and 127% for 25 mg of Fe3O,4 incorporated, 50 mg of Fe3zO,4 incorporated,

and 100 mg of Fe3O, incorporated cryogels, respectively. The results indicated
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that magnetite nanoparticles also enhanced the adsorption process due to an

increase in surface area, porosity, and the favorable distribution of imprinted

cavities.
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Figure 4.52. Comparison of adsorption capacities of ion imprinted magnetic and
non-magnetic cryogels; pH: 5.5; incubation period: 120 min and T: 25°C.

4.2.3. Selectivity Studies
4.2.3.1. lon Imprinted vs Non-Imprinted Cryogels
4.2.3.1.1. Cu(ll) lon-Imprinted Magnetic vs Non-Imprinted Cryogels

Non-imprinted cryogel membranes were also prepared for comparison purpose.
These cryogel membranes were incubated with Cu(NO3), solutions having
different concentrations under the optimum conditions determined for magnetic
Cu(ll) ion imprinted cryogels. Adsorption capacities of non-imprinted and ion
imprinted cryogel membranes are compared (Figure 4.52). Adsorption capacity of
ion imprinted magnetic cryogels is higher than that of non-imprinted magnetic
cryogels. Distribution coefficent of Cu(ll) ions for ion imprinted magnetic cryogels,
Kq was 0.083 whereas that of Cu(ll) ions for non-imprinted magnetic cryogels, Ky
was 0.024. Relative selectivity coefficient, k’ was calculated as 3.46.
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Figure 4.53. Comparison of adsorption capacities of magnetic Cu(ll) ion-imprinted
vs non-imprinted cryogels; pH: 5.5; T: 25°C; and incubation period: 120 min.

4.2.3.1.2. Cu(ll) lon-Imprinted vs Non-Imprinted Cryogels

Non-imprinted cryogel membranes were also prepared for comparison. Again
these cryogels were incubated with Cu(NO3), solutions of different concentrations
under the same optimum conditions determined for Cu(ll) ion-imprinted cryogels.
Adsorption capacity of non- imprinted and ion imprinted cryogel membranes are
compared (Figure 4.53). Adsorption capacity of ion imprinted cryogels was higher
than that of non-imprinted magnetic cryogels. lon coordination was responsible for
the formation of imprinted cavities on surface of cryogels and made MAH
monomer as more accessible for ion recognition and adsorption. Distribution
coefficent of Cu(ll) ions for ion imprinted magnetic cryogels, K4 was 0.037
whereas that of Cu(ll) ions for non-imprinted magnetic cryogels, K4 was 0.014.

Relative selectivity coefficient, k’ was calculated as 2.64.
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Figure 4.54. Comparison of adsorption capacities of Cu(ll) ion imprinted vs non-
imprinted cryogels; pH: 5.5; T: 25°C; and incubation period: 120 min.

4.2.3.1.3. Cd(ll) lon-Imprinted vs Non-Imprinted Cryogels

Non-imprinted cryogel membranes were also prepared for comparison. These
cryogels were incubated with Cd(NO3), solutions having different concentrations
under the optimum conditions determined for Cd(ll) ion imprinted cryogels.
Adsorption capacities of non-imprinted and ion imprinted cryogel membranes are
given in Figure 4.54. Adsorption capacity of ion imprinted cryogels was higher
than that of non-imprinted cryogels. Distribution coefficent of Cd(ll) ions for ion
imprinted cryogels, Kq was 0.043 whereas that of Cd(ll) ions for non-imprinted
magnetic cryogels, Kq was 0.016. Relative selectivity coefficient, k' was calculated
as 2.69.
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Figure 4.55. Comparison of adsorption capacities of Cd(ll) ion-imprinted and non-
imprinted cryogels; pH: 5.5; incubation period: 120 min; and T; 25°C.

4.2.3.1.4. Pb(ll) lon-Imprinted with Non-Imprinted Cryogels

Non-imprinted cryogel membranes were also prepared for comparison. These
cryogels were incubated with Pb(NO3), solutions having different concentrations
under the same optimum conditions determined for Pb(ll) ion imprinted magnetic
cryogel (with 0.1 mmol of Pb(Il)-MAAsp pre-complex). Adsorption capacities of
non- imprinted and ion imprinted cryogel membranes are compared in Figure
4.55. Adsorption capacity of ion imprinted cryogels was higher than that of non-
imprinted cryogels. Distribution coefficent of Pb(ll) ions for ion imprinted magnetic
cryogels, Kg was 0.040 whereas that of Pb(ll) ions for non-imprinted magnetic
cryogels, Kq was 0.019. Relative selectivity coefficient, k’ was calculated as 2.10.
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Figure 4.56. Comparison of adsorption capacities of Pb(ll) ion imprinted with non-
imprinted cryogels; T: 25°C; pH: 5.5; incubation: 120 min.

lon imprinting process caused an increase in adsorption capacities for all heavy
metal ions. By ion imprinting process, the recognition abilities for Cu(ll) imprinted
magnetic cryogels, Cu(ll) imprinted non-magnetic cryogels, Cd(ll) imprinted
cryogels, and Pb(ll) imprinted cryogels were enhanced about 3.46, 2.64, 2.69, and
2.10 folds, respectively. The results may depend on more homogeneous
distribution of functional monomer during ion imprinting process because of pre-
polymerization complexes. Also, presence of heavy metal ions may cause
differences in the polymerization process at interface of unfrozen and frozen

phases.

Table 4.20. Comparison of selectivities of ion imprinted with non-imprinted

cryogels.
Distribution coefficient, Kq Relative selectivity coefficient
lon imprinted Non-imprinted | k'
Cu*-2 vs Cu*-2N | 0.083 0.024 3.46
Cu-2 vs Cu-2N 0.037 0.014 2.64
Cd-2 vs Cd-2N 0.043 0.016 2.69
Pb-2 vs Pb-2N 0.040 0.019 2.10
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4.2.3.2. Competitive Adsorption by lon-Imprinted Cryogels

4.2.3.2.1. Adsorption of Cu(ll), Cd(ll), Pb(Il), and Zn(ll) by Cu(ll) lon-Imprinted
Magnetic Cryogel

A solution containing 100 ppm of each of four Cu(ll), Cd(ll), Pb(ll), and Zn(ll) ions
at a constant pH (5.5) and at 25°C was incubated with Cu(ll) imprinted magnetic
cryogel membrane in batch system. Adsorption capacity values are given in Table
4.22. The adsorbed amount of Cu(ll) ions was higher than those of other ions.
When the resulting value was compared with the single ion containing system
(non competitive system) this adsorption amount was lower than that of it,
meaning that antagonistic effect was observed for this adsorption system. As seen
from the table, Cu(ll) ion imprinted magnetic cryogels show relative selectivity
coefficients as 5.27, 15.8, and 2.63 for Cu(l1)/Cd(ll), Cu(1)/Pb(Il), and Cu(ll)/Zn(ll)
pairs, respectively. The results indicated that ion imprinting process caused the
selective recognition ability for Cu(ll) imprinted magnetic cryogels. Cu(ll) imprinted
cryogels showed selectivity for Pb(Il) ions around 15.8 folds. It was probably due
to the Lewis acid character difference between Cu(ll) ion and Pb(ll) ion. But, the
difference between Cu(ll) and Zn(ll) was 2.63 folds although they had similar
Lewis acid character against nitrogen atoms in functional monomer, MAH. So, the
ion imprinting process really caused specific recognition ability against competitor

ions as a competitive manner.

Table 4.21. Competitive adsorption of heavy metal ions by Cu(ll) magnetic ion

imprinted cryogel from multi-metal ions solution.

lon Adsorption Capacity, mg/g Kg, mL/mg K'

Cu(l 16.43 0.079 -

Cd(ln) 3.80 0.015 5.27

Pb(ll) 1.26 0.005 15.8

Zn(Il) 6.94 0.030 2.63
Concentration of each metal ion, 100 ppm; pH 5.5; and temperature 25°C. Non-competitive
adsorption capacity for template Cu(ll) ion: 36.9 mg/g.
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4.2.3.2.2. Adsorption of Cu(ll), Cd(ll), Pb(ll), and zZn(ll) by Cu(ll) lon-Imprinted
Non-Magnetic Cryogel

A solution containing 100 ppm of each of four Cu(ll), Cd(ll), Pb(ll), and Zn(ll) ions
at a constant pH (5.5) and at 25°C was also incubated with Cu(ll) imprinted non-
magnetic cryogel membrane in batch system. Adsorption capacity values,
distribution and relative selectivity coefficients are given in Table 4.23. The
adsorbed amount of Cu(ll) ions was higher than those of other ions. When this
value was compared with the single ion containing system (non competitive
system) the value was lower than that of single system as discussed before. The
competitive adsorption capacities of Cu(ll) ion imprinted cryogels for Cu(ll), Cd(ll),
Pb(ll), and Zn(ll) ions under competitive manner were 11.20 mg/g, 3.35 mg/g,
1.16 mg/g, and 5.74 mg/g, respectively. As expected from adsorption capacity
difference for magnetic and non-magnetic cryogels, the relative selectivity
coefficients slightly decreased. But, the Cu(ll) ion imprinted cryogels still showed
higher adsorption tendency against template [Cu(ll)] ions and relative selectivity
coefficient was higher than 1 which indicated the selectivity of these cryogels.
Here, it should be noted that the adsorption capacity obtained from singular heavy
metal ion solution decreased under competitive conditions meaning that heavy

metal ions have antagonistic effects on other heavy metal ions.

Table 4.22. Competitive adsorption of heavy metal ions by Cu(ll) non-magnetic

ion imprinted cryogel from multi-metal ions solution.

lon Adsorption Capacity, mg/g Kg, mL/mg K'

Cu(ll 11.20 0.052 -

Cd(ln) 3.35 0.014 3.7

Pb(ll) 1.16 0.0047 11.06

Zn(Il) 5.74 0.025 2.08
Concentration of each metal ion, 100 ppm; pH 5.5; and temperature 25°C. Non-competitive
adsorption capacity for template Cu(ll) ion: 15.02 mg/g.

123



4.2.3.2.3. Adsorption of Cd(ll), Cu(ll), Pb(ll), and zZn(ll) by Cd(ll) lon-Imprinted
Cryogel

Competitive heavy metal ion solution containing 100 ppm of each of four Cu(ll),
Cd(l, Pb(ll), and Zn(ll) ions at a constant pH (5.5) and at 25°C was also
incubated with Cd(ll) imprinted cryogel membranes in batch system. Adsorption
capacity values, distribution and relative selectivity coefficients are given in Table
4.24. The adsorbed amount of Cd(ll) ions was higher than those of other ions; but,
lower than that of singular Cd(ll) solution. The competitive adsorption capacities of
Cd(ll) ion imprinted cryogels for Cd(ll), Cu(ll), Pb(ll), and Zn(ll) ions under
competitive manner were 13.91 mg/g, 2.40 mg/g, 2.20 mg/g, and 2.62 mg/g,
respectively. The relative selectivity coefficients for Cd(ll)/Cu(ll), Cd(Il)/Pb(ll), and
Cd(In/zn(Il) pairs were calculated as 6.90, 7.67, and 6.27, respectively. These
results indicated the high selectivity and specificity between Cd(Il) imprinted
cryogels and template [Cd(Il)] ions due to ion imprinting process. Similarly,
antagonistic effect of competitor heavy metal ions was also determined for Cd(ll)
imprinted cryogels as well. The highest relative selectivity coefficient was obtained
for Cd(I1)/Pb(ll) pairs because of ionic radii and Lewis acid character differences

as expected.

Table 4.23. Competitive adsorption of heavy metal ions by Cd(ll) ion imprinted

cryogel from multi-metal ions solution.

lon Adsorption Capacity, mg/g Kg, mL/mg K'

Cd(ln 13.91 0.069 -

Cu(l 2.40 0.010 6.90

Pb(ll) 2.20 0.009 7.67

Zn(ll) 2.62 0.011 6.27
Concentration of each metal ion, 100 ppm; pH 5.5; and temperature 25°C. Non-competitive
adsorption capacity for template Cd(ll) ion: 22.68 mg/g.
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4.2.3.2.4. Adsorption of Pb(ll), Cu(ll), Cd(ll), and Zn(Il) by Pb(ll) lon-Imprinted
Cryogel

Competitive heavy metal ions solution containing 100 ppm of of each of four
Cu(ll), Cd(I), Pb(ll), and Zn(ll) ions at a constant pH (5.5) and at 25°C was also
interacted with Pb(ll) imprinted cryogel membrane in batch system. Adsorption
capacity values are given in Table 4.25. The adsorbed amount for Pb(ll) ions was
higher than those of other ions. When this value was compared with the single ion
containing system (non competitive system), the value was lower than that of the
single system. The competitive adsorption capacities of Pb(ll) ion imprinted
cryogels for Pb(ll), Cu(ll), Cd(ll), and Zn(ll) ions under competitive manner were
17.94 mg/g, 2.78 mg/g, 2.10 mg/g, and 2.40 mg/g, respectively. The relative
selectivity coefficients for Pb(Il)/Cu(ll), Pb(Il)/Cd(ll), and Pb(ll)/Zn(ll) pairs were
calculated as 6.00, 11.63, and 9.60, respectively. The highest relative selectivity
coefficient was determined for Pb(I1)/Cd(ll) pair because of the highest difference
of ionic radii and Lewis acid characters for Pb(ll) and Cd(ll) ions as discussed

before.

Table 4.24. Competitive adsorption of heavy metal ions by Pb(ll) ion imprinted

cryogel from multi-metal ions solution.

lon Adsorption Capacity, mg/g K4, mL/mg k'

Pb(ll) 17.94 0.096 -

Cu(ll) 2.78 0.016 6.00

Cd(ln 2.10 0.0087 11.03

Zn(ll) 2.40 0.010 9.60
Concentration of each metal ion, 100 ppm; pH 5.5; and temperature 25°C. Non-competitive
adsorption capacity for template Pb(ll) ion: 28.38 mg/g.
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4.2.4. Simultaneous Competitive Adsorption on lon Imprinted Cryogels

Generally water and wastewater samples in the nature contain several heavy
metal ions, therefore competitive adsorptions of Cu(ll), Cd(ll), Pb(ll), and Zn(lI)
ions were also studied by each of ion imprinted cryogel membranes [Cu(ll), Cd(ll),
Pb(Il)], simultaneously. The total adsorption capacity for each heavy metal ion
was calculated from initial and final solution concentrations whereas the spesific
adsorption capacity for each ion imprinted cryogels was calculated from elution
solutions. A competitive heavy metal ion solution containing 100 ppm of each of
Cu(lly, Cd(r), Pb(l), Zzn(l), Ni(l), Ca(ll) Co(ll), and Fe (lll) ions at a constant pH
(5.5) and at 25°C was simultaneously incubated with Cu(ll), Cd(ll), and Pb(ll)
imprinted cryogel membranes in batch system. Total and specific adsorption
capacity values are summarized in Table 4.26. The adsorbed amounts for Cu(ll),
Cd(Il) and Pb(ll) ions were higher than those of other ions but when these values
were compared with the single systems for these ions (non competitive systems)
the values were lower than those of single systems. The results indicated that
heavy metal ions have antagonistic effects on the template ions due to the
competition between template and others.

Table 4.25. Simultaneous competitive adsorption of heavy metal ions by Pb(ll),
Cu(ll), and Cd(ll) ion imprinted cryogels from multi metal ions solution.

Adsorption capacity, mg/g
lons Total Cu-2 Cd-2 Pb-2
Pb(ll) 18.35 2.30 2.94 12.4
cd(1n 13.74 1.80 9.30 1.50
Cu(ll 11.58 8.70 1.60 1.10
Zn(I) 3.10 0.60 1.40 0.30
Co(ll) 1.96 0.90 0.40 0.30
Ca(ll) 2.20 0.60 1.10 0.07
Ni(Il) 1.74 0.30 0.70 0.50
Fe(lll) 1.38 0.40 0.10 0.60
Total 54.05 15.6 17.54 16.77
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4.4. Desorption and Reuse

Reuse of polymeric membranes because of improving process economics is
important [189]. First each of ion imprinted cryogels was incubated with 20 mL of
nitrate solution of imprinted ion (100 ppm) for 2 h separately. Then heavy metals
adsorbed onto these membranes were desorbed with 100 mmol of Nay(EDTA)
solution and desorbed amounts of cryogels were measured after 3 h. These
adsorption-desorption cycles were repeated for three times. After 3™ cycle, the
adsorption capacities for all ion imprinted cryogels did not significantly decrease.
These results indicated that the proposed cryogels were cost-friendly adsorbents
and the applied desorption process was appropriate and did not cause any

structural and functional problem for these ion imprinted cryogels.

Table 4.26. Adsorption/desorption/regenaration cycles for ion imprinted cryogels.

Cu-2 Cu*-2 Cd-2 Pb-2
Cycle
Ads, Ads, Ads, Ads,
No Des, % Des, % Des, % Des, %
mg/g mg/g mg/g mg/g
1 135 97.8 15.6 99.2 11.0 97.4 20.8 96.5
2 13.3 96.2 15.6 98.5 10.8 98.3 20.4 98.2
3 13.2 97.6 15.4 98.8 10.5 97.6 20.2 96.9

Ads: adsorption capacity; Des: desorption ratio. Concentration of each metal ion: 50 ppm; pH: 5.5;
and temperature: 25 C.

4.5. Comparison with Literature

Different materials have been used as adsorbents for adsorption of heavy metals
from wastewater. Adsorption capacities of several adsorbents which were used in

other studies are compared with this study (Table 4.28)
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Table 4.27. Comparison of this study with other studies.

Adsorbent Adsorption capacity, Ref.
mg/g

Cu(ll) | Cd() | Pb(l)
lon imprinted poly(HEMA) based 7719 |86.7 122.7 | this study
Magnetic ion imprinted poly(HEMA) based 182.7 this study
Poly(HEMA-co-MAPA) 23.8 [190]
Poly(EGDMA-HEMA) microbeads 9.7 38.3 [191]
Poly(EGDMA-MAH) microbeads 48 [192]
Poly(vinylalchol)/Cibacron Blue F3GA- 46 [193]
poly(propylene) fibers
Polyporous versicolor 118.2 | [194]
Shell of lentil 8.98 [195]
Alkali Blue 6B-poly(HEMA) films 414 | 645 |[196]
Poly(HEMA-VIM) composite cryogel 2.5 5.8 7.6 [197]
Magnetic EDTA-modified Chitosan/SiO,/ Fe3O, | 3.1 5.06 |8.3 [198]
Caz(PO3).-modifiedd carbon 23 [199]
Cd(Il)-IIP dual-ligand reagent (2Z)-N,N-bis(2- 32.56 [200]
aminoethylic)but-2-enediamide polymer
Cd(Il)-IIP phenol-formaldehyde—Cd(l1)-2-(p- 0.27 [201]
sulphophenylazo)-1,8-
dihydroxynaphthalene-3,6-disulphonate
polymer
Pb(Il)-imprinted 2-vinylpyridine polymer 75.4 | [202]
Pb(ll)-imprinted 2-aminobenzonitrile- 4- 38.9 |[[203]
vinyl pyridine
Cu(ll)-imprinted amino-functionalized activated | 26.71 [204]
carbon sorbent
Cd(ll) imprinted mercapto-functionalized silica 83.9 [86]
gel sorbent
magnetic Cu(ll) ion imprinted composite | 71.36 [205]
adsorbent (Cu(Il)-MICA)
Cu(ll) lon-imprinted chitosan (CS) microsphere | 201.6 [206]
Cu(ID-imprinted  functionalized silica gel | 67.3 [207]

adsorbent
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5. CONCLUSION

Amino acid based functional monomers [N-methacryloyl-L-histidine (MAH), N-
metacryloyl-L-cysteine (MAC), and N-methacryloyl-L-aspartic acid (MAAsp)] were
used for coordination of heavy metal ions [Cu(ll), Cd(Il), and Pb(Il)] and were used
in the synthesis of cryogelic networks. These cryogels were characterized by FTIR

spectrometry.

The specific surface areas of ion imprinted cryogels for Cu(ll) magnetic, Cu(ll),
Cd(l1), and Pb(ll) were 106,43.4, 92, and 78 m?/g, respectively, the surface areas
of non-imprinted cryogels, were 78.5, 18.6, 47, and 29.3 m?/g. The pore diameters

of cryogels were between 16-33 A

The morphology of ion imprinted cryogels and non-imprinted cryogels was
examined with a scaning electron microscope (SEM). These cryogels consisted of
interconnected cavities and have a macroporous structure. The sizes of these

cavities were between 0.4-1.6 pm.

Elemental composition of ion imprinted and non-imprinted cryogels was measured
by EDX method. Nitrogen content of non-imprinted cryogels was higher than that

of ion imprinted cryogels.

Cd(Il) ion imprinted cryogel membranes were prepared by bulk polymerization of
HEMA (monomer), N, N'-methylenebisacrylamide (cross linker), and MAC-Cd(II)
pre-complex (imprinted molecule). These membranes were prepared for three
different compositions (0.05, 0.1, and 0.2 mmol of MAC-Cd (Il) pre-complex). With
increasing amount of pre-complex, amount of imprinting cavities increased and

adsorption capacity of membranes increased as well.

Cu(ll) ion imprinted cryogel membranes were prepared in two different forms:
magnetic and non-magnetic. Fe3O4 nanoparticles were added to polymerization
solution for preparing magnetic imprinted cryogels. These nanoparticles evaluate
magnetic effect of membranes and create surface imprinted cavities. Magnetic

effect improved adsorption capacity of membranes.

Cu(ll) ion imprinted cryogel membranes were prepared by bulk polymerization of

HEMA (monomer), N, N"-methylenebisacrylamide (cross linker), and MAH-Cu(ll)
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pre-complex (imprinted molecule). These membranes were prepared for three
compositions (0.05, 0.1, and 0.2 mmol of MAH-Cu(ll) pre-complex). With
increasing amount of pre-complex, amount of imprinted cavities increased and

adsorption capacities of membranes increased.

Cu(ll) ion imprinted magnetic cryogel membranes were similarly prepared by bulk
polymerization of HEMA (monomer), N, N'-methylenebisacrylamide (cross linker),
MAH-Cu (Il) pre-complex (imprinting molecule) and Fe3O,4 nanoparticles. These
membranes were prepared in nine compositions (0.05, 0.1, and 0.2 mmol of MAH-
Cu(ll) pre-complex and 50, 100, and150 mg of Fe3zO, nanoparticles). With
increasing amount of pre-complex and Fe3O4 nhanoparticles, amount of imprinted

cavities increased and adsorption capacities of membranes increased.

Pb(ll) ion imprinted cryogel membranes were prepared by bulk polymerization of
HEMA (monomer), N, N’-methylenebisacrylamide (cross linker), and MAAsp-
Pb(ll) pre-complex (imprinted molecule). These membranes were prepared in
three compositions (0.05, 0.1, 0.2 mmol of MAAsp-Pb(ll) pre-complex). With
increasing amount of pre-complex, amount of imprinting cavities increased and

adsorption capacities of membranes increased.

Non-imprinted cryogel membranes (HEMA-MAH, HEMA-MAC, and HEMA-
MAAsp) were prepared by bulk polymerization of HEMA monomer), N, N’-
methylenebisacrylamide (cross linker) and 0.1 mmol of MAH, MAC, and MAAsp
(functional monomer). Adsorption capacities of these non-imprinted cryogels were
less than those of ion imprinted cryogels for the same composition of cryogel and

under the same experimental conditions.

Adsorption of metals by cryogels was affected by medium pH, because of the
influence of complexation reactions by the electrostatic attractions between the
surface charges and the dissolved ions. With decreasing pH of medium

(increasing amount of H* ions), adsorption of metals decreased.

Initial concentration of metal ions affected the amount of adsorbed metals by
cryogel membranes. Initially with increasing initial concentration, amount of
adsorbed metal increased but then reached equilibrium because of saturation of
cavities by metal ions.
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Adsorption capacity of ion imprinted cryogels was affected by medium
temperature. With increasing temperature electrostatic interaction of solutes
decreased in water and eventually decreased the amount of adsorbed metals.
The maximum adsorption capacites for these cryogels were obtained at +4 °C.

Contact time of ion imprinted cryogels and metal ions solution effect the
adsorption capacity. Initially rate of adsorption was very fast, and then the
adsorption rate slowed down and reached equilibrium because of filling of cavities

available for adsorption.

Langmuir and Freundlich isotherms were applied for these adsorption processes.
The Langmuir model gave the higher R? (correlation coefficient) values; therefore
adsorption of metal ions by ion imprinted cryogels was best described by
Langmuir model. Also the R, values were between 0 and 1, indicating that the
adsorption of metal ions on the ion imprinted cryogels was favorable under the
conditions being studied. 1/n values obtained from the Freundlich model were
below one but were close to one, therefore the adsorption was homogeneous and

monolayered (Langmuir model).

Thermodynamic parameters were calculated by Langmuir isotherms of cryogels
for different temperatures and Van't Hoff plots (AG°, AH®, and AS°). AG° values
indicated the feasibility of process and spontaneous nature of adsorption. AH°
values were negative; this implies the exothermic nature of the adsorption and
AS° values were positive and this indicates that there was an increase in the

randomness of heavy metal adsorption at the cryogel—-solution interface.

Pseudo first-order and pseudo second-order kinetic models were applied for
adsorption of metal ions by ion imprinted cryogels. The correlation coefficients
(R?) of the pseudo second-order model were higher than those of the pseudo first-
order model. Thus, the second-order model was more suitable to predict the
kinetics of adsorption of metal ions onto the ion imprinted cryogels. Also the
calculated Qmax Vvalues by second-order model agree very well with the

experimental values.

Competitive adsorption of Cu(ll) ions by Cu(ll) ion imprinted magnetic and non-
magnetic cryogels with three other metal ions (Cd, Pb, and Zn) were examined.
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The amount of adsorbed Cu(ll) ion by magnetic and non-magnetic Cu(ll) ion
imprinted cryogels was higher than those of the other metal ions, but the amount
of Cu(ll) ion that was adsorbed for these competitive systems were lower than

single ion containing system (without competitive metal ions).

Competitive adsorption of Cd(ll) ions by Cd(ll) ion imprinted cryogels with three
other metal ions (Cu, Pb and Zn) was examined. The amount of adsorbed Cd(ll)
ion by Cu(ll) ion imprinted cryogels was higher than those of the other metal ions,
but the amount of Cd(ll) ion that was adsorbed for these competitive systems was

lower than that of single system( without competitive metal ions).

Competitive adsorption of Pb(Il) ions by Pb(ll) ion imprinted cryogels with three
other metal ions (Cu, Cd and Zn) was examined. The amount of adsorbed Pb(ll)
ion by Pb(ll) ion imprinted cryogels was higher than those of the other metal ions,
but the amount of Pb(ll) ion that was adsorbed for these competitive systems was

lower than that of single system (without competitive metal ions).

Competitive adsorption of Cu(ll), Cd(ll) and Pb(ll) by Cu(ll), Cd(ll) and Pb(ll) ion
imprinted cryogels in one system with other metal ions (Zn(ll), Ni(ll), Ca(ll), Co(ll)
and Fe(lll)) was examined. Adsorption capacity order was Pb(ll)> Cd(ll)> Cu(ll)>
Zn(I)> Ca(ll)> Co(l)> Ni(ll)> Fe(lll). Adsorbed amounts of imprinted metal ions
were higher than the other ions but these amounts were lower than those of single

systems.

Reuses of these cryogels were examined for three cycles. Percent of desorption

ratios of metal ions after three cycles was about 97%.
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