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ABSTRACT

The deficiency of clean water is intensely associated with poor health, poverty and a general
decline in living standards. Water is important not only for life but it is also the main resource
for food and crops production and is used in most industrial processes. In spite of the natural
source of water contamination, a continuous rise of heavy metals discharges to aquatic
bodies caused by fast industrial development over the last century has been observed. Heavy
metals such Cd?* and Hg?* are of the most toxic and, as all heavy metals, have a tendency to
accumulate in the food chain potentially causing serious health disorders. Another source of
water contamination is the nuclear power plants. Among the harmful radionuclides
discharged are the radioisotopes of I, Cs* and Sr?*. To improve the availability of clean
water, low-cost and effective treatment methods must be developed to remove toxic metal
ions. Several water treatment technologies are available with adsorption/ion-exchange

combined to chelation/complexation are the most effective.

In this work, highly effective adsorbents based on polymeric cryogels were developed for
the removal of Cd?* Hg?*, Sr?*, Cs* and silver-modified forms for targeted removal of I-.
Two types of macroporous cryogels were synthesized by free-radical co-polymerization of
acrylate-based precursors with allylamine under sub-zero temperature conditions. The
adsorption/ion exchange capacity of cryogels is due to the presence of key monomers,
methacrylic acid and 2-acrylamido-2-methyl-1-propansulfonic acid. The cryogels were
comprehensively characterized and used for the removal of the above mentioned ions from
model solutions. Kinetics and equilibrium studies were conducted, models were applied and
in combination to post-sorption characterizations potential removal mechanisms were
proposed. Finally, the cryogels were tested under environmentally relevant conditions (tap
water, river water and sea water) and compared to commercial adsorbents (zeolite Y, ion
exchange resin and activated carbon) for the removal of Hg?* showing excellent behavior.
After successful experiments on water, cryogels were used as enterosorbents in animal
experiments by using rats. The rats were poisoned with LDso dose of metals and were treated
by cryogels. The results showed high survival rate and an overall decline of concentration
of metals in animal tissues. The discoveries of this work demonstrate that cryogelic sorbents

have possible implementation in water treatment and as poisoning antidotes.
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CHAPTER1

INTRODUCTION
1.1. Background

Over the last century as a result of industrialization, a continuous increase of heavy metal
contamination of water bodies has been observed. Among the several harmful water
contaminants, heavy metals such as arsenic, cadmium, copper, zinc and mercury are most
prevalent. At high concentrations, heavy metals are toxic and have a tendency to accumulate
in the nutrition chain and can cause various health disorders [4,5]. Accumulation is enhanced
by the affinity of heavy metals to form complexes with biological matter [6-8]. Consumption
of cadmium, arsenic, mercury and lead above the tolerance levels lead to kidney failure [9-
11], DNA damage [12,13], cancer [7,8,14], brain damage [7,15], initiate the development of
cardiovascular diseases by blocking of proteins and oxidation of lipids [10,16,17]. The
ratified by US Environmental Protection Agency (US EPA) [18] maximum contaminant
level (MCL) standards of heavy metals concentrations in drinking water and their toxic

effect on human organism is presented in Table 1.1.

Table 1.1. The toxic effect and MCL standards for the highly poisonous metals.

Heavy Toxicity US EPA
metal MCL (mg/L)
Arsenic Skin and vascular disease; visceral tumors 0.01
Cadmium Kidney and liver dysfunction; carcinogen 0.005
Chromium Headache; diarrhoea; nausea; vomiting; carcinogenic 0.1

Copper Liver damage; Wilson disease; insomnia 1.3

Lead Damage the fetal brain; failure of the kidneys, circulatory and 0.015

nervous system

Mercury  Rheumatoid arthritis; failure of the kidneys, circulatory and 0.002

nervous system disease

However, the abovementioned metalloids are dangerous in high concentrations and/or with

prolonged intoxication, while their or other radioisotopes deadly even at low doses. Unsafety



use of nuclear energy actuate many dangers to society and the environment, including the
leakage of radioactive waste from tanks and the unregulated release of colossal quantities of
radionuclides triggered by nuclear accidents, like it was in Chernobyl and Fukushima
nuclear power plants (NPP) [19]. Amidst the dangerous radionuclides leaked from NPP
accidents, cesium (**'Cs) and strontium (°°Sr) have the most substantial toxic effects of
emitting beta-particles and gamma rays. Both radioactive Cs and Sr isotopes have half-life
around 30 years; therefore, it is vital to remove such elements from the environment and
water for sustainable environmental preservation [20]. Moreover, due to the chemical
similarity of **’Cs and ®Sr to potassium and calcium, respectively, the released isotopes can
be easily anchored into terrain and aquatic organisms. One more radioactive ion which
usually arises with *’Cs is radioactive iodide. During the recent catastrophe in Chernobyl in
1986 of 1.76 x 108 Bq of 311 was discharged, while after the NPP accident in Fukushima
in 2011, which produced the discharge of 1.5 x 107 Bq of %I, the concentration for
radioactive iodide was drastically grow in the environment [21] and rose global interest of
scientist for the development of appropriate ways of removal of radioactive iodide.

The effective removal of any of metal ions is a challenging task because of complicacy and
high-priced treatment methods, which are exceedingly reliant on the composition of the
solutions. For this purpose, numerous techniques like membrane separations, ion exchange
and adsorption [22,23], coagulation [24], chemical precipitation [25,26] and bioremediation
have been used [27-29].

Of all above methods, adsorption/ion-exchange is a beneficial method in terms of operating
uncomplicatedness and cost-effectiveness. Most of natural materials (zeolites, activated
carbons), industrial inorganic substances (coals, resins, silica) and by-products (fly-ash), are
widely used for heavy metal elimination. Per contra, all of these commercial adsorbents have
restrictions such as low kinetics and small adsorption capacity. The new type of synthetic
polymers, such as cryogels, may overcome these problems and potentially can replace
commonly used adsorbents.

Cryogels are several low temperature-structured polymeric materials that have attracted
interest in various fields, such as medicine and biology, tissue engineering, food production,
environmental remediation, construction in long-lasting frost regions and others [30-38].
Cryogels are synthesized by a freeze-thawing technique forming three-dimensional flexible
polymeric structures [39-41]. The main advantages of cryogels include a macroporous

cross-linked matrix, a variety of functional groups, chemical and structural stability [38,41—



46]. Moreover, by applying hydrophilic functional groups, a large liquid holding capacity
could be reached [43]. These sorbents are comparable with ion-exchange resins in numerous
sights: they are polymer-based sorbents and engage electrostatic interactions for the
adsorption of ionic pollutants from aqueous media. On the other hand, resins’ structures are
sturdy, while the cryogels matrix are elastic and able to preserve expressively more water
[47,48]. The availability of definite functional groups such as -COOH, -CONHz, -OH, -NH>
and -SOsH in cryogels are improving the adsorption of water contaminants [49-51]. The
impurities can be adsorbed onto the external surface and as well into the swollen 3D structure
of cryogels. Additionally, due to the bio- and hemocompatible properties of most types of

cryogels [52-55], they can be used for purification of blood plasma from Fe(lll) ions [52].

Cryogel properties can be developed by adjusting the synthesis conditions, such as the nature
of monomers, temperature, ratio of precursors [56-59] and reaction time [60—62]. Cryogels
with precise features can be prepared by co-polymerization of more than one kind of
monomer or by post-modification of the polymerized materials via graft polymerization and
other methods [46,48,63]. Along with high removal capability and comprehensive
modifiability, such polymers can be renewed by desorbing the contaminants and recovering
the sorption capacity in repeated removal series [49,64,65]. However, there are quite a few
issues that prevent the scaling from the lab-scale to pilot and practical commercial
applications. Selectivity and competitive adsorption in complex water matrices [66—68] and
stability issues, causing structural failure and inhibit their reuse [55,65] are the most

prevalent limitations.

The leading amount of research papers and reviews on the application of cryogels are
proposed for use in medicine [37,41,69-72] as tissue engineering scaffolds [73] and drug
delivery systems [74] or protein purification agents [75], environmental engineering for
cleaning of soil and water from dyes [76], organic and inorganic contaminants, in
supercapacitors applications [77,78] and sensors [79]. Nevertheless, despite the fact that
cryogels have numerous advantages over other sorbents, the research on the use of cryogels
for the elimination of heavy metals from water is minimal.

The main motivation to do this research was to optimize the synthetic conditions of the two
types of novel compositions of cryogels for removal of various cations such as Cd?*, Hg?*,
Sr?*and Cs". For the targeted removal of iodide from model and real seawater solutions, the
synthesized cryogels were modified by silver nanoparticles (AgNPs). We consider that



highly macroporous cryogel could be produced and effectively applied to wastewater
treatment and use as oral sorbents for poisoned by heavy metal ions living organisms. In this
work, we present two types of cryogels with different functional groups and test them for
cadmium(I1), mercury(l1), cesium(l) and strontium(l1) removal under simulated adsorption
conditions. For targeted elimination of iodide, Ag-modified cryogels were tested in
simulated and natural seawater experiments. To evaluate the effectiveness of produced
cryogels as antidotes for cations treatment, the polymers were tested for biocompatible
properties and used in the experiments on animals (rats) intoxicated by LD50 dose of the

selected metal ion.

1.2. Thesis hypothesis and statements
Based on the literature review on the synthesis and use of various types of cryogels and their

use in water treatment the following thesis hypothesis and statements were defined.

Thesis hypothesis:

e The highly macroporous cryogels could be expertly produced by a selecting and
varying the ratio of monomers, reaction time and temperature conditions.

e Having the functional groups and their concentration defined capacity, removal
mechanisms and selectivity of the synthesized cryogels toward targeted ions could
be predicted and experimentally verified by cutting-edge characterizations tools and
methods.

e Taking into account that silver nanoparticles have been used with several other
materials for targeted removal of iodide from water, the synthesized cryogels can be
modified by silver nanoparticles and used for efficient iodide removal.

e Given the behavior in water solutions, the produced cryogels could be used as

antidotes for the elimination of toxic metals from experimental animals

Thesis statements:
e To conduct a comprehensive literature review on the synthesis and use of cryogels
and their composites for ions removal from water and treatment of intoxicated

animals;



Varying reagents ratio, temperature and freezing time identify the optimum synthesis
conditions for two types of cryogels;

Fully characterize the surface morphology and properties, pore structure, swelling
degree and availability of functional groups by advanced characterization methods;
To effectively use a novel cryogels for the removal of Cd?*, Sr2*, Hg?* and Cs* under
different concentrations and conditions;

To modify the surface of cryogel with silver nanoparticles for targeted and efficient
removal of I" from water;

To study and propose the removal mechanisms by use of kinetics and equilibrium
modeling and cutting-edge characterization methods (XRD, XPS, FT-IR, SEM/EDS,
TEM/EDS);

To study the removal efficiency in environmentally relevant conditions and compare
with commercial adsorbents

To test the synthesized cryogels in animal studies for mitigation of metals poisoning

and compare them to commercial products

1.3. The novelty of the research

To the best of the author’s knowledge the novelty of this research is:

The synthesis of novel cryogels and their silver nanocomposites;

Use of novel cryogel for various cations and targeted removal of iodide;
Investigation of the detailed mechanism of removal of cations and iodide ions from
water using removal experiments, aqueous phase speciation, equilibrium and kinetics
modeling and advanced characterization methods;

Testing the cryogels under environmentally relevant conditions and compare them
to commercial adsorbents

Testing of cryogel effectiveness toward various cations in in vivo animal studies

1.4. Research contributions

2 published research and 1 review papers,, 2 prepared research articles:
1) A.Zh. Baimenov, D.A. Berillo, V.J. Inglezakis. Cryogel-based Ag°/Ag20

nanocomposites for iodide removal from water. Journal of Molecular Liquids,



Volume 299, 1 February 2020, Article 112134. Impact factor 4.56, Quartile 1.
https://doi.org/10.1016/j.molliq.2019.112134.

2) A.Zh. Baimenov, D.A. Berillo, S.G. Poulopoulos and V.J. Inglezakis. A review of
cryogels synthesis, characterization and applications on the removal of heavy metals
from aqueous solutions. Advances in Colloid and Interface Science, Volume 276,
February 2020, Article 102088. Impact factor 8.24, Quartile 1.
https://doi.org/10.1016/j.cis.2019.102088.

3) A.Zh. Baimenov, D.A. Berillo, K. Moustakas and V.J. Inglezakis. Efficient removal
of mercury (1) from water by use of cryogels and comparison to commercial
adsorbents under environmentally relevant conditions. Journal of Hazardous
Materials. Available online 27 May 2020, Article 123056, Impact factor 7.65,
Quartile 1. https://doi.org/10.1016/j.jhazmat.2020.123056

4) A.Zh. Baimenov, D.A. Berillo, and V.J. Inglezakis. Kinetics and equilibrium studies
on the removal of Cd?*, Sr>* and Cs* from water from single- and multi-component
solutions by use of cryogels. To be submitted to Elsevier journal.

5) A. Baimenov, |. Fakhradiyev, D. Berillo, T. Saliyev, V. Inglezakis and T.
Nurgozhin. Macroporous polymer antidotes for treatment of rats intoxicated by LDso

dose of heavy metal ions. To be submitted to Elsevier journal.

1 published conference proceedings:

1) A. Baimenov, D. Berillo, L. Abylgazina, S. Poulopoulos and V. Inglezakis. Novel
Amphoteric cryogels for Cd?* ions removal from aqueous solutions. Key
Engineering Materials. 2018 (775), 376-382,
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1) A. Baimenov, V. Inglezakis and D. Berillo "Nanostructured cryogel composites for
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exchange program).
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International Conference on Key Engineering Materials, March 16-18, 2018, Osaka,
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3) A. Baimenov, D. Berillo and V. Inglezakis "Macroporous cryogel composites for
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project meeting, December 2-5, 2018, Budapest, Hungary (oral presentation).



CHAPTER 2
LITERATURE REVIEW

2.1. Cryogels synthesis

A class of gels with a macroporous spongy-like 3D structure prepared via freeze-thawing
technique is named as cryogels. Cryogels may be categorized into cationic, anionic and
amphoteric, due to the existence of the monomers used. Examples of most common
monomers, their structure and main functional groups used for the synthesis of cryogels are

presented in Table 2.1.

Table 2.1. List of monomers used in the cryogels synthesis (acronym in parenthesis)

Functional
Monomer Structure Ref.
group(s)
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The polymers cryogelation procedure involves co-polymerization of monomer(s) and cross-
linker(s) dissolved in the various solvents such as water, dioxane and dimethyl sulfoxide
(DMSO0), which is used as pore developer [105-108]. The preparation of the cryogel must
be attentively regulated to assure that the freezing of the solvent and the formation of ice
crystals did not occur before the co-polymerization reaction and the development of the 3D
polymer structure (Fig. 2.1). Depending on the temperature of the synthesis of cryogels, the
type of solvent is selected. For example, in the case when a cryogel should be prepared at a
temperature of +12 °C, then 1,4-dioxane or DMSO can be used instead of water. After
completion of the polymerization, the solvent is thawed from the polymer matrix, leaving a
macroporous structure inside the crosslinked cryogel network.
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Fig. 2.1. Schematic illustration of the development of cryogels



The widely used methods of cryogels synthesis include free-radical polymerization [109—
112], gamma-rays, electron beam, UV irradiation [113,114], self-assembly based gel
formation [115], polycondensation reaction under cryo-conditions [42,84,85], enzymatic

catalysis [116], metal-polymer coordinated bonds or ionic interactions [85,117] techniques.

Crosslinking plays an important role in the development of cryogels structure, since it
influences the morphological properties of polymers, elasticity and degree of swelling. The
crosslinking of cryogels networks takes place either physically or covalently [118-120].
Physical crosslinking follows via non-covalent interactions (Van der Waals and electrostatic
interactions, hydrogen bonding, metal coordination, p-p interactions) [42,45,85,98], while
chemical interactions complete covalent crosslinking by a cross-linking agent or zero-valent

bond using enzymatic cross-linking or carbodiimide/succinimide strategy [116].

Since the polymerization process finishes, cryogels are defrosted and thoroughly rinsed with
solvent to exclude non-reacted components. The produced cryogel replicates the form of the
vessel where the synthesis happened. The pores size and shape are generally controlled by
the ratio of monomers to cross-linker, freezing time and temperature [121-124]. The
illustration of the macroporous structure formation at different time points is shown in Fig.
2.2.
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Fig. 2.2. The effect of time on the development of polyacrylamide cryogel porosity [44]

Also, apart from using synthetic chemicals for the synthesis of cryogels, researchers make
an attempt to apply low-cost and non-toxic natural materials. Elbarbary et al. produced a
p(CHI-HEMA) cryogel, where one of the ingredient - chitosan is used as a natural product
having a large number of functional groups [66]. Chitosan is a linear polysaccharide which

is widely known for its high adsorption properties toward cations and anions [85,87].

Cryogels can be used as a scaffold for the embedding of nanoparticles (NPs), i.e. forming
nanocomposites [90,125,126]. Cryogel nanocomposites with precise properties can be
synthesized both by direct polymerization of a purposeful monomer with NPs or by adapting
a prepared polymer by secondary reactions and addition of various metal NPs
[50,64,67,85,92,127].

An alternative method of synthesis of cryogel based composites is a metal ion-imprinting
(MIP) technique, used for targeted adsorption of metal ions. Typically, metal ions interact
with the purposeful monomer(s) before the polymerization reaction occurs, after which they
are detached from the cryogel structure. The resulting holes in the polymer matrix have

specific binding sites with metal ions used for imprinting, which makes them a highly



selective adsorbent. However, the MIP technique usually consists of the multistage synthesis
procedure that may cause some complexity. For example, Jillilzadeh and Senel prepared
p(HEMA-MAH)/MIP-Cu composite using two-step synthesis method [49]. In the first step,
Cu(NOz3)2 was mixed with water-dissolved MAH monomer to appear MAH-Cu(ll) pre-
polymerization compound. Then, HEMA monomer was added to MAH-Cu?* solution and
cryogel template was prepared. Afterwards the polymerized p(HEMA-MAH)/MIP-Cu
composite was washed by Naz(EDTA) solution to separate the imprinted Cu?* ions from the

composite structure [49].

2.2. Cryogels characterization techniques
2.2.1 Porosimetry and surface area

The low-temperature nitrogen adsorption/desorption technique is commonly used for the
determination of micro- and mesoporosity of materials. For determination of the surface
area, pore volume and pore size distribution from the nitrogen adsorption/desorption
isotherms the Brunauer-Emmett-Teller (BET), Density Functional Theory (DFT), and
Barrett, Joyner, and Halenda (BJH) equations are usually used [128]. Since polymer cryogels
are super-macroporous in nature, of the above models, only the BET equation is used to
measure specific surface area (Sget) due to the presence of micropores in the polymer walls
[46,129-132]. For the correct evaluation of the Sger, the sorbents must be thoroughly dried
and degassed. Due to the polymeric nature of cryogels, moderate degassing temperatures,
typically less than 100°C are used [49,102], but the temperatures up to 150°C were also
observed in the literature [46,88]. The Sget values of some cryogels are presented in Table
2.2.

Table 2.2. Specific surface area of cryogel materials

Cryogel Seet (M?/g) Reference
P(HEMA-VIM) 39.7 [46]
P(HEMA-VIM)/p(HEMA) 78.6 [46]
p(HEMA-MAH) 18.6 [49]
p(HEMA-MAH)/MIP-Cu 43.4 [49]
p(HEMA-MAH)/MIP-Cu-Fe;03 106 [49]
p(AA-MA-AAC) 21.9 [129]
p(AA-MA-AAC)-ThU 17.2 [129]

P(HEMA) 27.2 [88]



P(HEMA-DEAE) 9.3 [102]

P(HEMA-PEI) 8.9 [102]
P(HEMA)/p(GMA-EDMA) 18.4 [102]
P(HEMA) 8.7 [102]
P(NIPA-MAH) 16.9 [133]
P(HEMA-MAGA)/p(HEMA) 29.2 [130]
P(HEMA- co-AdeM) 6.7 [131]
P(CHI-QNFC) 495 [134]
p(HEMA-GMA) 4.9 [135]
p(HEMA-GMA)-PEI-MIP-Cu 8.4 [136]
P(HEMA-MAPA) 42 [132]

Another method of determination of the porosity of macroporous cryogels is the mercury
porosimetry technique [137,138]. As for a nitrogen porosimeter, a dried sample must be used
for analysis on a mercury porosimeter. However, when drying cryogels for analysis on a
mercury porosimeter, significant structural changes and even complete destruction of the
entire pore network can occur [41,71,139]. Also, since cryogenic polymers are soft and
elastic during the intrusion/extrusion of mercury under high pressures, the shirking of the
cryogels takes place, which will also affect the quality of the results. For such reasons, the
mercury porosimetry technique is rarely used because it does not guarantee precise results.
2.2.2 FT-IR characterization

Fourier-transform infrared spectroscopy (FT-IR) technique is one of the informative and
easy-to-conduct methods of functional group evaluation [43,51,54,103,127]. The most wide-
spread functional groups of cryogels and their typical wavelength ranges are presented in
Table 2.3.

Table 2.3. Functional groups and frequencies

Functional Functional Type of vibration ~ Wavelength Ref

group group name range, cm*

OH Hydroxyl group Stretching, intra- 3600-3200 [46,140]
molecular

hydrogen bonds

-NH2 Primary amine  Stretching 1690-1640 [103]



-NH Secondary Bending 1650-1580 [49]
amine
-C=0 Amide(l) Stretching 1690-1650 [141]
-C-N Amine Stretching 1250-1000 [141]
-COOH Carboxylic acid  Stretching 3400-2500 [141,142]
group
-CONH: Amide(ll) Stretching 3500-3400, 1560- [90]
1510, 1650-1620
-CONHR Amide(111) Stretching 1550-1530 [94]
-C=CH: Alkene Stretching 3080, 2950 [51]
-C-0 Ether Stretching 1150-1050 [94]
-C=0 Carbonyl Stretching 1750-1715 [140]
-C-0O-C Ether Stretching 1100 [143]
-C-H Alkyl Stretching 3000-2850 [93]
-C-H Alkane Bending 1390-1370, 1470- [46]
1450, 1070-1060
-SO3H Sulfur Stretching 1070-1030,1245- [144,145]

1130

Tekin with co-workers had evaluated the functional groups of the parent and VIM monomer
modified p(HEMA-VIM)/p(HEMA) cryogel. The FT-IR spectra of p(HEMA) has a peak at
3525 cm'! that matches to the vibration band of a hydroxyl group, while after the adding the
VIM the hydroxyl group band became broader. The non-modified p(HEMA) polymer also
has an ester band at 1262 cm™, the peak of the carbonyl group at 1728 cm™, and aliphatic C-
H group at 2955 cm. However, with addition of VIM, a new peaks of imidazole ring and

C-H bending group was detected [46].

2.2.3 Zeta potential

The pH at which the negatively and positively charges of the surface are equal is called the
point of zero charge (pH-PZC) [41,67,146]. If the surface of the material charged positively
then the pH<pH-PZC, while when pH>pH-PZC, the material acts as a negatively charged
surface [41]. Therefore, when the pH of the solution is lower than the pH-PZC, the material



will better absorb anionic adsorbate, and vice versa. [127]. Also, the electrokinetic
phenomena could be described by the determination of the isoelectric point (IEP). In case of
the absence of specific adsorption on the material’s surface, the IEP is equivalent to pH-PZC
[147]. Generally, the IEP is evaluated by titration (potentiometric and/or conductometric) by
using acidic and basic solutions [97,104] or using equipment for zeta potential measurement
[51]. Asexample, in the work of Tatykhanova et al. [97] was found that using potentiometric
titration the IEP of p(AA-MAAc-AAm) was in the range between 4.0 and 4.3. The
determined IEP indicates that the cryogel contains predominantly acidic groups, because the
acid/base ratio it directly affects the IEP value [148].

Dragan with colleagues determined the pH-PZC of initial and modified with (vinylbenzyl
diethyl 2-hydroxyethyl) ammonium chloride p(CHI-VAm) cryogels. It was determined that
at pH ~ 5.5, the surface of parent cryogel had zero charge, whereas, after addition of
VBTACI monomer, pH-PZC was shifted by 0.6 units to pH around 4.9 (Fig. 2.3) [104].
Akilbekova et al. found that by varying the ratio of monomers, different charge of the surface
can be obtained. The gelatin-oxidized dextran cryogel with ratio (1:1), (2:1), and (3:1) had
IEPs at pH 4.59, 6.11, and 4.05, respectively, while pure gelatin at around pH 7.0 [85].
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Fig. 2.3. Determination of IEP of parent and modified p(CHI-VAmM) cryogels.

[Reprinted with permission from Ref. [149]. Copyright 2020, Elsevier]

2.2.4 Interaction of cryogels with water

2.2.4.1 Water permeability



The high permeability and flow rate of solutions through adsorbents are extremely important
properties of separation processes. Cryogels in the form of monolith are promising
wastewater filters with a high liquid flow rate due to their interlinked macropores, allowing
unrestricted  diffusion of water matrix and mass transfer of substances
[52,53,141,143,150,151]. Permeability is highly dependent on the nature of monomer, the
proportion of the crosslinking agent, and the dimensions of the cryogel monolith. Andrabi
et al. studied the flow rate of the aqueous solutions spiked with As** and Cr®* through the at
lab scale filter of p(CHI-DMAEMA)/ Fe3O4 (2,5 cm in height and 1 cm in diameter) and
fabricated pilot filter with 6,5 cm height and 7 cm in diameter. The lab scale sample has 8
mL/min flow rate, while pilot model has 85 mL/min [143]. In another paper [52] was found
that the adsorption capacity of the p(HEMA-MAH) cryogel decreases by four times with the
increase of the flow rate of Fe**-containing solutions from 0.5 to 4 mL/min (Fig.2.4 left).
An increase in the liquid flow rate decreases the contact time of the ions with the polymer
surface, which leads to a fall in the adsorption efficiency. [143]. Lastly, the similar results
were found by Asir et al. during the treatment of blood plasma from Cd?* ions by p(HEMA.-
MAC)-MIP-Cd cryogels. With an increase in the flow rate from 1 to 4 mL/min, the removal

efficiency sharply decreased from 2.6 to 0.34 mg/g (Fig. 2.4 right) [151].
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Fig. 2.4. Dependence of the flow rate on the removal of Fe®* (left) [52] and Cd?* (right)
[151] ions by different cryogels [Reprinted with permission from Ref. [149].

Copyright 2020, Elsevier]

2.2.4.2 Swelling



Due to the monomers chemical nature and the degree of crosslinking of the cryogels the
water swelling time and amount may differ. Commonly, the higher the crosslinking degree,
the lower the swelling and adsorption capacity of polymers [152—154]. In their study, Erdem
et al. [103] validated that the ratio of cross-linking and chain-extending agents contributes

significantly in the removal of metal ions (Fig. 2.5).
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Fig. 2.5. Effect of crosslinker and chain extender ratios to gel percentage (A) and Cd?*
removal capacity (B) [Reprinted with permission from Ref. [103]. Copyright 2017,

Elsevier]

In the work of the Sahiner and Seven [91], the swelling behaviour of the hydrogel and
hydrogel based on AMPS monomer and crosslinked by 0.1 and 10 % of the cross-linking
agent, respectively, is clearly presented (Fig. 2.6). It follows from the picture that cryogel
requires 10 seconds for complete swelling, while the hydrogel reaches maximal swelling in
8 hours. Even taking into account that the ratio of the crosslinking agent is 100 times higher
in the hydrogel than in the cryogel, the macroporous cryogel swells 3600 times faster than

hydrogel. Fast swelling behavior delivers many benefits in water treatment procedure.
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Fig. 2.6. Water swelling of p(AMPS) hydrogel (a) and cryogel (b) during the time
[Reprinted with permission from Ref. [91]. Copyright 2014,

The Royal Society of Chemistry]

2.2.5 Optical and SEM/TEM microscopy

One of the most straightforward methods of investigation of the porosity of polymers is
optical microscopy technique. The cryogel photography’s shown in Fig. 2.7 (e,f) obtained
by an optical microscope clearly show the developed structure of p(AMPS) cryogel with

macro-sized pores [91].



Fig. 2.7. SEM microphotographs (a-d) and optical microscope images (e,f) of p(AMPS)
cryogels under different magnifications. [Reprinted with permission from Ref. [91].
Copyright 2014, The Royal Society of Chemistry]

Obtained by Sahiner and Seven the SEM images (Fig. 2.7(A-D)) of p(AMPS) cryogel
represent the developed macroporous structure. The pore size distribution varies in the range
of 30-120 um. The SEM imaging is often used for the evaluation of the porous structure of
the sorbents; however, if materials were modified by different metallic nanoparticles, the
best technique is transmission electron microscopy (TEM). For example, using the TEM
technique Onnby et al. demonstrated the existence and size variations of Al-NPs on the
surface of the cryogel nanocomposite (Fig. 2.8) [64].



Fig. 2.8. TEM images of parent p(AAm) (a) and Al-modified p(AAm)/Fe-Al.O3 (b, )
cryogels at different magnifications [Reprinted with permission from Ref. [64]. Copyright
2014, Elsevier]

2.3. Adsorption of heavy metals by cryogels

2.3.1. Overview

Table 2.4 represents the review of the cryogels and some commercial adsorbents used for

adsorption of heavy metals.

Table 2.4. The list of cryogels used for heavy metals removal from aqueous media with

main adsorption parameters

Metal  Cryogel Main Predominant Co Qe pH Ref.
functional mechanism(s) (mg/L) (mg/g)
groups
A" p(HEMA)-P. biosorption Coordination 27 3.0 6.0 [155]
chrysosporium
Amberlite IR 120H (resin) R-SOszH lon exchange 100 118 5.0 [156]
Cu?*  p(Jeff600-GA-DAH) -NH; Chemisorption 100 119 55 [103]
R-COOH Physisorption
p(Jeff600-GA) -NH; Physisorption 80 55 55 [140]
R-COOH
p(Jeffa00-GA) -NH: Physisorption 80 47 55 [140]
R-COCOH
p(Jeff2003-GA) -NH: Physisorption 80 34 55 [140]



R-COOH

p(GMA-His) -OH Coordinate- 600 5.6 55 [95]
-C=0 covalent bonding
p(HEMA- -OH Chelation 20 25 55  [46]
VIM)/p(HEMA) -CH=CH,
p(CHI-HEMA) -NH> Chelation 100 66.3 6.0 [66]
-OH
-C=0
p(HEMA-MAH)/MIP-Cu -NH> Chemisorption 60 772 6.0 [49]
-C=0
-NH
p(HEMA-MAH)/MIP- -NH; Chemisorption 60 182.7 6.0 [49]
Cu-Fe>03 -C=0
-NH
p(HEMA-GMA)-PEI- R-COOR Electrostatic 120 121 55  [99]
MIP-Cu -OH interaction
P(AA-MAAC-AAM) -COCH Metal 64 630 40  [97]
-NH, complexation
-C=0
p(HEMA)-P. biosorption Coordination 63.5 24.1 6.0 [155]
chrysosporium
p(PVA-CMC) -OH lon exchange 100 5.5 - [68]
-COOH
Scolecite - lon exchange 30 4.1 6.0 [157]
Clinoptilolite - lon exchange 200 5.9 5.0 [158]
Clinoptilolite - lon exchange 310 11.7 4.0 [159]
Clinoptilolite - lon exchange - 0.7-89 - [160]
Clinoptilolite - lon exchange 800 12.9 6.2 [161]
Activated carbon - Adsorption 20 22.7 5.0 [162]
Fe?*  p(HEMA)-P. biosorption Coordination 55.8 5.6 6.0 [155]
chrysosporium
Lewatit TP 207 (resin) -NH lon exchange 5.34 17.1 6.0 [163]
-OH
Amberlite IR 120H (resin) R-SOsH lon exchange 100 185 5.0 [156]
Activated carbon - Adsorption 20 62.5 5.0 [162]
Fe3*  Clinoptilolite - lon exchange 182 5.6 2.0 [159]
U022  p(AN) -C=N Chelation 6.8 18 7.8 [141]

-CH=CH;



Pb**  p(GMA-His) -OH Coordinate- 600 6.9 5.0 [95]
-C=0 covalent bonding
p(HEMA- -OH Chelation 20 76 55  [46]
VIM)/p(HEMA) -CH=CH,
p(AAM)/TiO; -NH> lon exchange 100 23.3 5.5 [164]
-C=0
p(AA-DMAAmM-AAC)- -COOH lon exchange 400 1643 7.0 [129]
Thu -NH; Metal
-C=0 complexation
Scolecite - lon exchange 30 5.8 6.0 [157]
Amberlite IR 120 (resin) R-SOsH lon exchange 20 3.9 5.0 [165]
Clinoptilolite - lon exchange 1000 1015 4.0 [159]
Clinoptilolite - lon exchange - 23-124 - [160]
Clinoptilolite - lon exchange 800 13.9 6.2 [161]
Activated carbon - Adsorption 20 235 5.0 [162]
Zn*  p(GMA-His) -OH Coordinate- 600 4.2 5.0 [95]
-C=0 covalent bonding
p(CHI-HEMA) -NH; Chelation 100 576 6.0 [66]
-OH
-C=0
p(HEMA- -OH Chelation 4.3 7.6 55 [46]
VIM)/p(HEMA) -CH=CH,
p(PVA-CMC) -OH lon exchange 100 5.3 - [68]
-COOH
p(HEMA)-P. biosorption Coordination 65.4 7.9 6.0 [155]
chrysosporium
Lewatit TP 207 (ion -NH lon exchange 17.1 32.7 6.0 [163]
exchange resin) -OH
Scolecite - lon exchange 15 2.1 6.0 [157]
Clinoptilolite - lon exchange 200 34 6.0 [158]
Clinoptilolite - lon exchange - 3.2-24 - [160]
Activated carbon - Complexation 20 11.7 5.0 [162]
lon exchange
Cd?** p(GMA-His) -OH Coordinate- 600 6.4 5.0 [95]
-C=0 covalent bonding
p(HEMA-MAC) -NH Metal 100 05 - [151]
-COOH complexation

-SH



p(HEMA-MAC) -NH Chemisorption 20 0.01 6.0 [94]
-COOH
-SH
-C=0
p(HEMA-MAC)/MIP-Cd -NH Chemisorption 20 0.03 6.0 [94]
-COOH
-SH
-C=0
p(HEMA-MAC)/MIP-Cd -NH Metal 100 30 - [151]
-COOH complexation
-SH
-C=0
p(PVA-HA) -OH Metal 100 532 6.0 [65]
PO, complexation
p(HEMA- -OH Chelation 20 5.8 5.5 [46]
VIM)/p(HEMA) -CH=CH,
P(AAM)/TiO, -NH; - 10 11 40  [67]
-C=0
p(HEMA)-P. biosorption Coordination 112.4 16.8 6.0 [155]
chrysosporium
Scolecite - lon exchange 15 0.4 6.0 [157]
Amberlite IR 120 (resin) R-SO3H lon exchange 20 3.9 5.0 [165]
Clinoptilolite - lon exchange 200 4.6 6.0 [158]
Clinoptilolite - lon exchange - 0.3-10.7 - [160]
Clinoptilolite - lon exchange 80 2.1 6.2 [161]
Activated carbon - Complexation 20 15.1 5.0 [162]
lon exchange
Co* p(AMPS) SOsH- lon exchange 500 91.7 40 [91]
P(AA-MAAc-AAM) -COOH Metal 59 500 40  [97]
-NH; complexation
-C=0
p(HEMA)-P. biosorption Coordination 58.9 5.3 6.0 [155]
chrysosporium
Scolecite - lon exchange 15 0.9 6.0 [157]
IRN 77 (resin) R-SOsH lon exchange 150 75 5.3 [166]
Clinoptilolite - lon exchange - 13.2 - [160]
Ni*  p(AMPS) SOsH- lon exchange 500 84.3 4.0 [91]



p(PVA-CMC) -OH lon exchange 100 6.0 - [68]
-COOH
p(AA-MAAc-AAM) -COOH - 58 580 40 [97]
-NH>
-C=0
p(IM-AA) -NH; Metal 410 35 53  [167]
=CH: complexation
p(HEMA)-P. biosorption Coordination 58.7 12.9 6.0 [155]
chrysosporium
Lewatit TP 207 (resin) -NH lonexchange  0.395 1.2 6.0 [163]
-OH
IRN 77 (resin) R-SOzH lon exchange 150 50 4.8 [166]
Scolecite - lon exchange 30 0.9 6.0 [157]
Clinoptilolite - lon exchange 200 2.0 6.0 [158]
Clinoptilolite - lon exchange - 055 - [160]
Clinoptilolite - lon exchange 800 6.5 6.2 [161]
Activated carbon - Adsorption 20 12.0 5.0 [162]
Ca* p(CHI-HEMA) -NH; Metal 100 487 6.0 [65]
-OH complexation
-C=0
Lewatit TP 207 (resin) -NH lon exchange 6.7 124 6.0 [163]
-OH
Cr®* p(CHI-DMAEMA)/Fes0;  -N-R2 - 0.25 142 - [143]
-NH>
-OH
p(CHI-VAmM)/VBTACI -NH; Chemisorption 1000 317 5.5 [104]
-OH
=CH,
p(CHI-VAm) -NH> Chemisorption 1000 225 55 [104]
-OH
=CH;
Cr¥*  p(HEMA)-P. biosorption Coordination 52 7.3 6.0 [155]
chrysosporium
IRN 77 (resin) R-SOsH lon exchange 150 75 35 [166]
Clinoptilolite - lon exchange 200 4.1 4.0 [158]
Clinoptilolite - lon exchange 170 6.8 3.0 [159]
As**  p(CHI-DMAEMA)/Fes0;  -N-R2 - 0.2 115 - [143]

-NH;



-OH

p(HEMA-PEGDA)/Fe;0;  -COOH Metal 2 27 7.0 [125]
R-COOR complexation
-OH
p(HEMA-PEGDA)/Fes0;  -COOH Metal 4 31 70 [125]
R-COOR complexation
-OH
p(APTMACI)/Fe -NH lonic interaction 100 140 - [93]
-C=0 lon exchange
p(AAmM)/Fe(OH)s- -NH; Chemisorption 100 24.6 4-11 [168]
Al(OH)3 -C=0
p(AAmM)/Fe(OH)s- -NH2 Chemisorption 1 82.3 7.0 [169]
AI(OH)3 -C=0
As*  p(AAm)/Fe -NH> Electrostatic 100 50 7.0 [50]
-C=0 interaction
p(AAmM)/Fe(OH)s- -NH; Chemisorption 1 49.6 7.0 [169]
AI(OH)3 -C=0
p(AAM-D:AAmM)/ Al,O3 -NH; Metal 5 6.0 7.0 [64]
-C=0 complexation
p(AAM-AA)-SH -NH> Chelation/ 60 2.0 7.0 [90]
-C=0 coordination
p(AAM-AA)-MIP -NH; Chelation/ 60 206 7.0 [90]
-C=0 coordination
p(AAM-AA)-Al-NP -NH; Chelation/ 60 203 7.0 [90]
-C=0 coordination
p(APTMACI)/Fe -NH lonic interaction 400 118 9.3 [100]
-C=0 lon exchange
Ag®  p(HEMA-MAC)MIP-Ag -NH lonic interaction 20 49.3 4.0 [170]
-COOH
-SH
-C=0
Hg?* PEI -NH lonic interaction 100 1280 7.0 [171]
p(HEMA)- P.  biosorption Coordination 200 75.2 6.0 [155]
chrysosporium
p(CHI-PVA) -NH; lonic interaction 2069 5859 55 [172]
-OH lon exchange

-C=0



Purolite S-920 (resin) -NH; Chelation/ - 361.0 4.0 [173]

-S coordination

Rohm & Haas GT-73 -SH lon exchange - 722.1 6.0 [173]

(resin)

Co - Initial aqueous phase concentration
ge - Adsorption capacity

The presented in the Table 2.3 results show that adsorption capacities of major cryogels are
no less than commercial adsorbents. As an example, sorption capacities of some cryogels
and commercial zeolites, ion-exchange resins and activated carbons will be compared below.
Elbarbary et al. synthesized p(CHI-HEMA) cryogel and tested for the removal of Ca?*, Cu?*
and Zn®** from aqueous solutions. The p(CHI-HEMA) sample reached the maximum
capacity of 48.7 mg/g for Ca*, 66.3 mg/g for Cu®* and 57.6 mg/g for Zn?* by chelation
mechanism [66]. In another study, Cimen et al. used the synthesized poly-L-histidine
modified p(GMA) cryogenic polymer to remove a number of cationic heavy metals. The
adsorption results showed that p(His-GMA) cryogel was able to remove up to 7 mg/g for
Pb?* and Cd?*, about 6 and 5 mg/g for Cu?* and Zn?*, respectively [95]. For comparison, the
Kocaoba [165] tested the Amberlite IR 120H ion exchange resin (manufactured by Rohm
and Haas) with respect to the removal of Pb?* and Cd?* from water. The investigated resin
showed only 4 mg/g removal of both metal ions. The another ion-exchange resin TP 207
(Lanxess Lewatit Resins) was tested by Silva et al [163], where authors the maximum
adsorption of Fe?*, Zn?*, Ni?" and Ca?* reached 17.1, 32.7,1.2 and 12.4 mg/g, respectively.
Other commercial adsorbents widely used in the treatment of wastewater contaminated with
heavy metals are natural zeolites [160]. Sprynskyy et al. tested a zeolite from Ukraine which
has a maximum capacity of 13.9 mg/g of Pb?* [161], whereas a Greek clinoptilolite exhibited
significantly higher efficiency for an ion of the same metal - 101.5 mg/g [159]. The high
effectiveness of Hg?* removal was publicized by Lloyd-Jones et al. [173], where Purolite S-
920 and Rohm & Haas GT-73 ion-exchange resins reached 722 mg/g, while Purolite S-920
capacity was twice lower. However, comparing these data with cryogels, PEI and p(CHI-co-
PVA) have a sorption capacity of 1280 and 585.9 mg/g, respectively [171,172].

To increase the adsorption of heavy metals, cryogels can be modified by various
nanoparticles. Suresh Kumar et al. [169] embedded iron and aluminum oxides to the p(AAm)

cryogels to improve sorption of As®* and As®* ions from water. The results of the extended



X-ray absorption fine structure of (EXAFS) showed that As** forms a mononuclear complex
with iron ions, while As®* binds to aluminum ions in a dual-core complex or to single-core

iron ions.

To improve the selectivity and adsorption capacity, metal-imprinted polymer (MIP)
modification can be applied. Tabakli et al. produced Cd-MIP and non-ion imprinted cryogels
(NIP) by free-radical polymerization of HEMA and MAC monomers. The obtained results
indicated that the ion-imprinted p(HEMA-MAC)/MIP-Cd composite was capable to adsorb
32.2 pg/g of Cd?* while the non-modified one removed two times less [94]. Jallilzadeh et al.
fabricated p(HEMA-MAH)/Cu?*-MIP cryogels and modified them with Fe,Os for effective
elimination of Cu?" from water media [49]. It was found that magnetic nanoparticles
additionally improve the removal capacity of MIP cryogels. The quantity of adsorbed Cu?*
ions by non-magnetic-MIP cryogels was 77.2 mg/g while the magnetic-MIP cryogel reached
182.7 mg/g. The p(CHI-HEMA) cryogel achieved a capacity of 48.7 mg/g for Ca®*, 66.3
mg/g for Cu?* and 57.6 mg/g for Zn?* mainly by chemical chelation with functional groups

of the cryogel.

2.3.2. Heavy metals removal mechanism on cryogels

Understanding the mechanism of removal is necessary for further research on the process of
removing heavy metals on various sorbents. However, the elucidation of removal
mechanisms of heavy metals on cryogels is a stimulating chore and literature is usually
overtaking the subject perfunctorily. Different adsorption mechanisms such as
physisorption, including electrostatic interaction and attraction by van der Waals forces,
chemical sorption as chelation, metal coordination and complexation (Fig. 2.9) and ion-
exchange (Fig. 2.10) or a combination of several of these mechanisms have been discussed
in the literature [97,174-176].



£ M
H,N —
L 00C-
Moo 2
M"
NS
L XY
H,N

Fig.2.9. Schematically representation of metal-polymer complexes in cryogel pores

[Reprinted with permission from Ref. [149]. Copyright 2020, Elsevier]
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Fig. 2.10. Reaction of Hg(l1) ions with amino group [Reprinted with permission from Ref.
[149]. Copyright 2020, Elsevier]

The adsorption mechanism of heavy metals by the macroporous cryogels depends on the
chemical composition of the adsorbents and classically comprises more than one mechanism
[177]. The selective sorption on polymers toward heavy metals ions is influenced by several
factors relevant to the physicochemical properties of the surfaces, including the functional
groups, chelating agents, surface charge and active components as nanoparticles. Surface
functional groups reactions are the dominant factor when it comes to selectivity and capacity
[52,54,63]. For instance, amino-functionalized materials are sufficient for the removal of
both anionic and cationic species of metals; the elimination of anionic species is achieved
via electrostatic interaction [87], ion exchange or hydrogen bonding [48,178,179], whereas

the removal of the cationic species is achieved via coordination with the amino groups [85].



Erol and Uzun synthesized PEI modified p(HEMA-GMA) cryogel via co-polymerization
with methacryloyl benzotriazole to prepare Cu-MIP cryogel [99]. PEI ligand attracted the
Cu?* ions, but the process was strongly depended on pH of the solution because of
precipitation of Cu?* ions as hydroxides at the alkaline environment and the adverse effects
of acidic environment on the coordinate covalent interaction [99]. Tatykhanova with co-
authors discussed in more details the mechanisms of the metals removal by synthesized
amphoteric cryogels based on acrylic acid and allylamine [97]. Acrylic acid and methacrylic
acid monomers have carboxyl functional groups, while allylamine has amine groups. The
pKa of the carboxyl group of acrylic acid and methacrylic acid is about 4.26 and 4.88,
respectively, while -NH. group is 5.44. At pH values higher than the pKa, carboxyl groups
are ionized, so these monomers can attract cationic metal species through electrostatic
interactions. Also, oxygen atoms of carboxyl groups can donate paired electrons to cations
and form complexes. Possible reaction paths of metal ions with carboxylic groups via ion-

exchange of H* followed by chelation are shown in Fig. 2.11.
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Fig. 2.11. Possible ion-exchange and chelation of metal ions with carboxylic groups
[Reprinted with permission from Ref. [149]. Copyright 2020, Elsevier]

Tatykhanova et al. stated that Co?*, Ni?* and Cu?* ions form coordination and ionic bonds
with amine and/or carboxylic groups of polymers when water solutions of metals pass

through the polymers [97]. Tekin et al. synthesized a p(HEMA) cryogel composite having



p(HEMA-VIM) particles for elimination of bivalent cations (Pb, Cd, Zn and Cu) from water
and observed that removal mechanism was covalent bonding. Because of Lewis base
character of the nitrogen atoms in the hetero-aromatic ring of VIM monomer, the imidazole
group can definitely create coordinated covalent bonds with selected metal ions via N atoms
[46].

2.3.3. The effect of pH on adsorption

The pH has critical effect on the removal of heavy metal from the aqueous phase, as some
metal ions, for example Cu?*, can be found in the aqueous phase in numerous soluble and
insoluble ionic forms. At pH higher than 5, the Cu(NO3). precipitates as insoluble Cu(OH):
while at pH range between 2 and 5 copper ions are predominant in Cu?* and some Cu(OH)*
ionic forms (Fig. 2.12) [103,146].
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Fig. 2.12. Water phase speciation of Cu(NO3), with Cu?* concentration of 1 mM
(left) and 1 um (right). [Reprinted with permission from Ref. [149]. Copyright 2020,

Elsevier]

The effect of the pH on the removal of metal ions was presented in Fig. 2.13 on the example
of jeffamine-based cryogels p(Jeff600-GA-DAH). Adsorption of Cu?* ions by the cryogel
increased with increasing of the pH. The maximum equilibrium removal capacity for Cu?*
ions at pH 5.5 was 118 mg/g. At pH<5.5, Cu?* ions were present as the prevailing species
leading to lower adsorption at low pH associated with the competitive adsorption between

H* and Cu?* ions. As the pH of the solution grew, the number of protons detached from the



functional groups of the polymer influence to the establishment of more metal/cryogel
complexes [103]. Owning to the increase of Cu(OH)2*" species at pH>5.5, removal rate

reduced, which demonstrates narrow affinity to the cryogel surface.
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Fig. 2.13. Effect of pH on adsorption of Cu?* by p(Jeff600-GA-DAH) [103]

Tekin et al. examined p(HEMA-VIM)/p(HEMA) cryogels for the adsorption of Pb?*, Cu?*,
Zn?* and Cd?" metals at different pH [46]. It was observed that the removal capacity of
polymers at pH 3 was in the range of 2-8 mg/g while at pH 4 increased by 5 times. Jalilzadeh
et al. studied Cu?" ions adsorption by cryogel at pH range 3-6. The increase of adsorption
capacity from 2 to 8 mg/g at pH 6.0 was due to the deprotonation of the functional imidazole
ring of MAH, causing enhanced Lewis base character [49]. Deprotonation also reduced the

possible repulsive interactions between metal ions and protonated amino groups.

2.3.4. Regeneration and reusability of cryogels

In order to reuse cryogels, two important factors must be observed: reversible adsorption
and chemical and / or physical stability of the material. Cryogels must be resistant to typical
environmental conditions, chemically and physically stable, and resistant to microbiological
degradation during continuous adsorption/desorption cycles. The effectiveness of
regeneration and recovery cycles of some cryogels is shown in Table 2.5. Several aspects
of recovery, such as the choice of an active regeneration solution, its type and concentration,
the optimum time and volume of regeneration have not been systematically studied. A right

regeneration solution should be inexpensive, relatively non-toxic, and simple in preparation



and storage. The main solutions for recovery are usually acids and/or bases, some of which
are listed in Table 2.5.

Table 2.5. Efficiency of the regeneration of adsorbents.

Metal  Cryogel Metal Recovery  Desorption Recovery Regeneration Ref.
loading  cycles agent (%) duration
(mg/g) (min)

Cu? p(Jeff600-GA) 55 3 0.01M HNO3 56.3 - [140]
p(Jeffo00-GA) 47 3 0.01M HNOs 61.5 - [140]
p(Jeff2003-GA) 34 3 0.01M HNO3 69.2 - [140]
p(GMA-His) 5.6 5 0.01M HNOs 97 60 [95]
p(HEMA-MAH)/MIP-Cu 77.2 5 5 M Na2(EDTA) 96 180 [49]
p(HEMA-MAH)/MIP-Cu- 1827 5 5M Na2(EDTA) 96 180 [49]
E(e;%MA-GMA)-PEI-MIP-Cu 1.21 5 HNO3 97 - [99]

Pb?* p(GMA-His) 6.9 5 HNOs 97 60 [95]

zn%* p(GMA-His) 4.2 5 HNO;3 97 60 [95]

Cd* p(GMA-His) 6.4 5 HNOs 97 60 [95]
p(HEMA-MAC) 0.006 10 0.1M HNO3 74.4 120 [94]
p(HEMA-MAC)/MIP-Cd 0.032 10 0.1M HNOs3 84.1 120 [94]

Ag* p(HEMA-MAC)MIP-Ag 49.3 1 0.1 M EDTA 72.8 120 [170]

Erdem et al. showed that only three regeneration cycles are possible for p(Jeff600-GA) as it
significantly loses its adsorption capacity. They achieved only 56% of the recovery, which
is most probably related to precipitation of copper hydroxide on the surface of the material.
A more effective regeneration solution would be a solution of hydrochloric acid achieving
nearly 100% of metal recovery due to complete protonation of amino groups. Jallilzadeh et
al. used Nax(EDTA) as desorption agent to regenerate Fe-MIP and non-composite cryogels
after adsorption of Cu(ll) ions. Chemical analysis confirmed that after three adsorption-
desorption cycles there were not any iron release and desorption of Cu?* ions was over 96%
in all cases [49]. Cimen et al. produced a p(GMA-His) cryogel, which showed rapid
adsorption of bivalent Pb, Cd, Zn and Cu ions from water solutions. The p(GMA-His) was
regenerated using 0.1 M HNOs, and after five cycles of adsorption-desorption the
regeneration ratio was at the level of 97% for all studied metals that indicate the reusability

of studied polymers [95].



2.4. Advantages of cryogels over other adsorbents

A variety of adsorbents based on lignin [180,181], tannin [182,183], chitin [184], zeolite
[185-187], clay, by-products of agricultural industry, activated carbons [188,189], carbon
nanotubes [190,191] and synthetic polymers [192—-194] have been used for elimination of
heavy metals from aqueous solutions. The aforementioned adsorbents are typically highly
porous, and the adsorption occurs on specific sites on the large surface area within the
particles [176,195,196]. Depending on the interaction between the adsorbent and the
adsorbate, adsorption is categorized as physical and chemical adsorption. Physical
adsorption (physisorption) is a result of the attraction of a substance on the solid surface by
van der Waals forces. Physical adsorption occurs as mono- or multi-layer and is reversible.
Chemical adsorption (chemisorption) takes place when there is a chemical interaction
between functional groups of the materials and adsorbate. This type of adsorption is mono-
layered and not reversible adsorption [197]. Another mechanism of removal is the ion-
exchange, based on the exchange of ions between the solution phase and the solid matrix.
The combination of the above mechanisms may happen to rely on the nature of the adsorbent
and adsorbate [198].

For porous materials, the leading property associated with adsorption is the specific surface
area, which defines the capacity of the adsorbent. Porous adsorbents such as activated
carbons usually have a high surface area, from hundreds to thousands of m?/g [199,200]
while the surface area of cryogels is typically between 5-106 m?/g [49,99,129,201] similar
to natural zeolites and other aluminosilicate materials. However, the absence of a complex
porous structure is advantageous when it comes to Kinetics due to the lack of restrictions of
diffusion in micropores. This might be very crucial for specific applications when rapid
adsorption is required. Also, cryogels have open-ended pores which contribute to the fast
diffusion in contrast to the closed-end pores of traditional porous materials [52,53,96]. The
relatively low surface area can be compensated with a high number of active sites distributed
on the cryogel walls and also the adaptability of cryogels as the surface can be easily
modified by additional functional groups and ligands, which can expressively contribute to
the efficiency and selectivity [41,46,52,55,67,80,95]. Moreover, hydrogels and cryogels
have the ability to enlarge their structure due to their high swelling capacity [91,92]. Thus,
they can absorb water very fast, resulting in the rapid removal of toxic water spillages or

small amounts of poisonous water in soils. The rapid absorption of water improves the



release of toxins as the absorbed water brings them in contact with the surface-active sites
[93,124,150,202].

An additional benefit of cryogels is that they can be produced in various sizes and shapes
like beads, sheets and columns (Fig. 2.12) [203-205]. This flexibility is highly desirable
when the material is paced into filtering devices. Also, they can form composites with
different materials, such as activated carbons [206-208], zeolites [209] and nanoparticles

[49,64,164,170] for obtaining a number of desired properties.

Monoliths/discs

Fig. 2.12. Cryogels prepared in different formats [Reprinted with permission from Ref.
[210]. Copyright 2008, Elsevier]

Due to highly macroporous structure with open pores up to hundreds of microns and
interconnected flow channels, cryogels in the form of monoliths could be preferred as an
adsorbent for the removal of pollutants even at high viscosity and high flow rates. With these
structural features, the contaminants could easily be transferred into the polymeric network
without any limitations and backpressure [94]. For instance, Plieva et al. designed and
prepared macroporous gel monoliths with embedded molecularly imprinted particles packed
in the special plastic housings (Fig. 2.13) [203]. This plastic housing protects cryogels from
mechanical destruction without any loss of adsorption properties and structural changes

while unique design on the polymer increases the flow rate of the polluted solutions [203].



Fig 2.13. The plastic Kaldnes carriers (A) and (B), macroporous gels formed inside the
carriers (C) and SEM image of formed macroporous gel (D). [Reprinted with permission
from Ref. [211]. Copyright 2008, American Chemical Society]



CHAPTER 3

MATERIALS, SYNTHESIS, AND CHARACTERIZATION

3.1. Materials

For synthesis of cryogels the mentioned monomers and reagents were used: N,N-
dimethylacrylamide (DMAAmM, 99%), N,N-Methylenebisacrylamide (BisAAm, 99%),
allylamine (AA) (98%), methacrylic acid (MAAc) (99%), 2-acrylamido-2-methyl-1-
propanesulfonic acid (AMPS), 70 % HzPO4, 5M NaOH, ammonium peroxodisulfate (APS,
98%) and  N,N,N',N’-Tetramethyl ethylene diamine (TEMED, >99.5%). For the
modification and adsorption experiments HgCl2 (=99.0%), Hg(NO3)2 (>99.0%), Cd(NOz)2
(>98%), Sr(NOz)2 (>99.0%), CsNOz (99.99%), AgNO3 (>99.0%) and KI (>99.5%)
chemicals were used. All reagents were purchased from Sigma-Algrich (Germany). For the
in vivo animal studies, the same metal salts were used, while as a reference material Unithiol
(sodium dimercaptopropane sulfonate) (Ellara, Russia) were purchased at a pharmacy. The
concentration of the active substance (sodium dimercaptopropane sulfonate) in 1 mL ampule
of Unithiol is 50 mg. All solutions for synthesis and experiments were done on ultra-pure

water, purified using a Puris MR-RO1600 (Mirae ST, South Korea) reverse osmosis unit.

3.2. Synthesis of cryogels

The AAC and SAC cryogels were synthesized by free-radical polymerisation technique by
BisAAm cross-linking in degassed ultra-pure water [47]. The preliminary degassed ultra-
pure water was prepared by purging nitrogen gas for 30 min to remove dissolved oxygen.
Quantities of the reagents used for AAC and SAC cryogels synthesis are provided in
Table 3.1. Briefly, MAAc or AMPS for AAC and SAC cryogels, respectively and BisAAmM
were added to degassed water under vigorous stirring to achieve complete solubilisation
followed by alkalinisation by 5M NaOH to neutralise the acid. The other flask contains
monomers of DMAAm and AA were dissolved in degassed water under continuous stirring
and acidified by adding concentrated H3PO4 to convert allylamine into a phosphate salt.
Subsequently, after mixing these two separately prepared solutions together and the
degassing was carried out for 30 min, TEMED was added dropwise and cooled down to 2-

4 °C for 30 minutes under nitrogen atmosphere followed by the addition of 5 wt% of APS



under stirring. Finally, 2 mL of the monomeric mixture was poured into plastic syringes of
1 cm of diameter. The syringes were rapidly sealed to avoid dissolution of oxygen from the
air in the solution and to prevent inhibition of radical polymerisation and syringes were
immersed in ethanol cooled cryobath having a program-controlled refrigerated bath (Julabo
F34, Germany) and kept at -12°C for 24 hours. The obtained monolithic cryogels were
thawed out in warm water (23-25°C) and washed firstly with 1 % ethanol and then with 2 L
of pure water. For further characterization and experiments, both types of cryogels were
freeze-dried on FreeZone 2.5L (Labconco, USA) instrument via lyophilization technique at

—53 °C and under vacuum (0.4 mbar) for 48 h in order to remove water.

Table 3.1. Mass composition of AAC and SAC cryogels

AAC SAC
BisAAM, g 0.2186 0.1395
MAAC, mL 0.4125 -
AMPS, g - 0.5644
DMAAM, g 0.3445 0.372
AA, mL 0.300 0.200
5M NaOH, mL 1.2 0.42
HaPO4, mL 0.1373 0.092
5% APS, mL 0.25 0.25
TEMED, mL 0.0155 0.0155
H20, mL 17.3 175

3.3 Modification of cryogels by silver nanoparticles

For modification purpose, both types of dry cryogel in the form of monoliths with a mass of
80 mg were placed in a 100 mL solution of AgNOs3, containing 140 ppm of Ag for three days
by shaking at 100 rpm. The resulting cryogel composites were hereafter called AAC-Ag and
SAC-Ag, respectively. The initial and remaining concentrations of silver ions in the
solutions were analyzed by AAnalyst 400 (Perkin Elmer, USA) atomic absorption

spectrometer. The amount of impregnated silver was calculated using Eq.3.1:



Co—C
Qeq = Tf XV (3.1)

where Qeq is the amount of adsorbed Ag* (mg/g), Co and Cs are concentrations (mg/L) of
silver in the initial and final solutions, respectively, V and m are the volume of solution (L)
and mass of the cryogel (g) were taken for experiment. Blank experiments, with the same
initial concentration of silver and volume without solids, showed that the Ag* losses due to
adsorption on tube walls were less than 2%. All modification experiments were carried out

in duplicate, and the standard deviation was less than 2%.

3.4 Characterization and analysis techniques

Both types of parent and Ag-modified cryogels were characterized by several morphological
and physicochemical techniques and methods before and after metal ions adsorption

experiments.

3.4.1 Fourier Transform Infrared (FTIR) spectrometer characterization

The presence of the functional groups in the structure of cryogels before and after adsorption
of metal ions the Cary 600 Series (Agilent Technologies, US) FT-IR spectrophotometer
equipped with a diamond attenuated total reflection (ATR) accessory was used. The
preliminary lyophilized and crushed into fine powder samples were used and infrared spectra
were recorded for the sum of 32 scans in the range of 4000-400 cm™ at a resolution of 4 cm’

1 at room temperature with duplication of measurements.

3.4.2 Microscopic characterization
3.4.2.1 Optical microscopy

The confocal optical microscope CLSM 780 (Carl Zeiss, Germany) was used to obtain

colour optical images of liver and kidney structure of rats used in animal studies.

3.4.2.2 SEM/EDS



The structural morphology of polymers was investigated by Scanning Electron Microscope
(SEM) at 3-10 kV, equipped with a backscattered electron detector (Zeiss Crossbeam 540,
Germany). The spot and mapping elemental composition of materials were analyzed by an
Energy-Dispersive X-ray (EDS) spectrometer (INCA X-sight, Oxford Instruments)
connected to SEM.

3.4.2.3 TEM/EDS

To determine the size of silver nanoparticles in the modified cryogels, the preliminary
crushed into the fine powder samples were suspended in a solution of alcohol and treated
with ultra-sonication to avoid the agglomeration of the dissolved particles. A 10 uL drop of
the suspension was placed on a 300-mesh carbon-coated copper grid to dry the sample
overnight. The sizes and structure of nanoparticles were examined by a high-resolution
transmission electron microscope (TEM) (JEM-2100 LaB6 HRTEM, JEOL, Japan)
operating at 200 kV. The connected to TEM, an Oxford X-Max 100 Silicon Drift Energy
Dispersive X-ray spectrometer was used for elemental analysis of nanoparticles.

3.4.3 X-ray characterization
3.4.3.1 X-Ray Diffraction (XRD)

The X-Ray Diffraction (XRD) technique was used to acquire data on the phase composition
of silver nanoparticles before and after iodide adsorption on the surface of cryogel
composites. The XRD pattern was identified by X-Ray diffractometer (Rigaku SmartLab,
Japan) having HyPix-3000 high energy resolution 2D HPAD detector. The materials were
scanned in the range of 5 to 70° with a diffraction angle of 26 at 40 kV and 40 mA.

3.4.3.2 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) measurements were conducted on a VG-Microtech
Mutilab 3000 device equipped with a 9 channeltrons hemispherical electron analyzer and X-
ray radiation source with Mg and Al anodes. The binding energies (BE) were calibrated by

a Cls core level at 284.8 eV as a reference.



3.4.4 Zeta Potential analysis

Zeta potential of the samples was studied by a batch equilibration method. A mass of 10 mg
of polymer was immersed in 10 mL of aqueous solution at initial pH from 2 to 9 values
adjusted by adding an appropriate amount 0.1M HCI and 0.1M NaOH keeping the ionic
strength constant and equilibrated for 24 h by shaking at room temperature [85]. A Zetasizer
Nano (Malvern, UK) was used to determine the zeta potential of cryogels from the
electrokinetic data (zeta potential vs pH). All analyses were carried out in triplication at room

temperature and the average results were presented.

3.4.5 Swelling studies

Cryogels were sliced into 10 mm diameter monoliths and used for determination swelling
capacity. The initial weight, wo (g) of cryogel was measured, and then it was immersed in a
200 mL taped-up glass flask containing ultra-pure water at room temperature. At particular
time intervals, the polymer was withdrawn from the water, and its surface was gently wiped
to remove excess water and weighed to obtain the weight w at time t. The procedure was
repeated until no significant change of weight was distinguished. The swelling degree was

calculated by Eq. 3.2:

§=""o (3.2)

where S is the degree of swelling.

3.4.6 Metal ions determination techniques
3.4.6.1 Atomic absorption spectroscopy (AAS)

An atomic adsorption spectroscopy (AAS) instrument (AAnalyst 400 AA, Perkin Elmer,
USA) operated with 7.5/2.5 mL/min acetylene/oxygen gas mixture was used for
determination of metal ions applying suitable lamps. All water solutions were filtered
through 0.45 pm hydrophilic syringe filters and acidified by 2% NHOz3. The calibration
curve for each metal was performed with a minimum R? of 0.997. All measurements on AAS

were done in triplicate.



3.4.6.2 Inductively coupled plasma mass spectrometry (ICP-MS)

The iICAP RQ ICP-MS analyser (Thermo Scientific, USA) was used to determine low-
concentrations and ultra-low-concentrations of metal ions using argon plasma by detecting
isotopic elemental concentrations using a hyperbolic quadrupole mass spectrometer. The

sample preparation was the same as for AAS with appropriate dilution.

3.4.6.3 Ultraviolet-visible (UV-Vis) spectroscopy

An UV-Vis spectrophotometer (PhotoLab 6600, Germany) was used to quantitatively
determine the iodide concentration of the initial and treated solution. The studied samples,
with a volume from 100 pL to 300 pL and were diluted to 3 mL using ultrapure water in

quartz cuvettes 10 mm wide

3.4.6.4 Mercury Analyzer

The RA-915M (Lumex, Russia) mercury analyzer was used for determination of the
concentrations of mercury ions in water samples before and after adsorption experiments
and in the rats' tissues after in vivo experiments. Depending on the initial concentration of
mercury ions an aliquots of 0.02 to 0.1 mL of was samples from vessels and transferred to
with filled by activated carbon quartz boats to measure the samples in pyrolysis furnace
device of the RA-915M. The solid samples with known mass were put directly to the sample
holder without activated carbon. The mercury detection limit is 0.5 ng/L in both water and
solid phases. All adsorption experiments were done in duplicate, and the average results are

presented.

3.4.7 Total nitrogen analysis

The total nitrogen of parent and mercury-containing cryogels was determined by DuMaster
D-480 (Buchi, Switzerland) analyser according to the Dumas combustion method. Aspartic
acid of purity >99.5 % (Sigma-Aldrich) was used for calibration of the instrument with an



average total nitrogen content of 9.8+1 %. The experiments were carried out in triplication

and the average results presented.

3.4.8 Microwave digestion

In order to determine the Cd?*, Sr>* and Cs* content in the animal tissues after in vivo studies
the Multiwave Pro (Anton Paar, Austria) microwave digester was used. The preliminary
lyophilized organs such as liver, kidney, stomach, omentum and duodenum were weighed
and put into 16HF100 rotor vessels containing 5 mL of HNOsz and 2.5 mL H2O>. The power
controlled method of digestion of tissues was used, and experimental conditions are
presented in Table 3.2. After digestion, the tissue-containing solutions were filtered through
paper filters, diluted with ultra-pure water to 25 mL and kept for further studied on AAS

instrument for metal amount quantification.

Table 3.2. The conditions of animal tissues digestion

Step Temperature Power Time
Power ramp 600 W 15 min
Power hold 600 W 20 min
Cooling 70 C ow

3.5 Adsorption studies of metal ions from aqueous solutions

3.5.1 Mercury removal studies
3.5.1.1 Adsorption kinetics of mercury

The mercury solutions were prepared by dissolving analytical grade HgCl, or Hg(NOs)2 in
ultra-pure water. A volume of 100 mL of 100 ppm Hg?* solution without pH adjustment was
mixed with 0.08 g of cryogels in plastic tubes under shaking at 120 rpm at room temperature.
After certain time intervals, 0.1 mL of sample was taken from the tubes for analysis. The
total sampling volume was kept lower than 3% of the initial amount in all experiments. To

determine the residual concentration of mercury ions in the solutions, an RA-915 M mercury



analyser (Lumex, Russia) was used. Blanks with the same initial concentration of mercury
and volume without solids were measured. The amount of mercury adsorbed onto the
polymers was calculated by a mass balance between initial and final solutions, expressed on

a cryogel mass basis as Eq. 3.3.

Co—C
Qeq = Tf xV (3.3)

where geq is the amount of metal ion adsorbed (mg/g), Coand Cs are metal ion concentrations
(mg/L) in the initial and final solutions, respectively, V the volume of solution (L) containing
the metal ions, and m is the weight of the cryogel (g). Blank experiments showed that the
Hg losses due to adsorption on tube walls no more than 3%. All experiments were carried
out in duplicate, and the average experimental error was no more than 2%. The released
sodium ions during mercury sorption were determined by AAS by use of AAnalyst 400
instrument (Perkin-Elmer, USA). The release of sodium ions from cryogels in the absence
of mercury were done by placing 80 mg of dry cryogel in 100 mL of ultra-pure water under
shaking at 120 rpm for 14 days. The release of Na* ions from both types of cryogels was no

more than 1 mg/g.

3.5.1.2 Adsorption equilibrium isotherms of mercury

Equilibrium adsorption isotherms were obtained in the batch mode with the same mercury
solutions as was used in kinetics mode by contacting 0.0025 to 0.1 g of cryogel with 100 mL
of mercury solution on a Rotamax 120 (Heidolph, Germany) shaker at room temperature
until equilibrium was reached. The attainment of equilibrium was monitored by sampling
and measuring the residual mercury daily until no concentration change was observed. The
pH and conductivity of initial and final solutions were measured with a SevenEasy pH and
conductivity meters (Mettler Toledo, USA). The experiments were conducted in duplicate

and averaged values with a standard deviation of no more than 3% are reported.

3.5.2 Cadmium, strontium and cesium removal studies

3.5.2.1 Adsorption kinetics of cadmium, strontium and cesium



The metal solutions were prepared by dissolving analytical grade Cd(NO3)2, Sr(NO3). and
CsNOs in ultra-pure water. A volume of 100 mL of 100 ppm targeted metal solution without
and adjusted to pH 4 was mixed with 0.07 g of cryogels in plastic tubes under shaking at 120
rpm at room temperature. At pre-determined time intervals, 0.1 mL of sample was taken
from the tubes for analysis. The total sampling volume was kept lower than 3% of the initial
volume in all experiments. To determine the residual concentration of metal ions in the
solutions iICAP RQ ICP-MS analyser (Thermo Scientific, USA) with appropriate dilution
was used. Blanks with the same initial concentration of metal ions and volume without solids
were measured. The amount of metal ions adsorbed onto the polymers was calculated by Eq.
3. Blank experiments showed that all metal ions losses due to adsorption on tube walls no
more than 2%. All experiments were carried out in duplicate and the average experimental
error was no more than 2%. The released sodium ions during metal ions sorption were
determined by Dionex ICS 6000 ion-chromatography instrument (Thermo Scientific, USA).
The release of sodium ions from cryogels in the absence of metal ions were done by placing
70 mg of dry cryogel in 100 mL of ultra-pure water under shaking at 120 rpm for 30 days.
The total release of Na* ions from both types of cryogels was no more than 1.3 mg/g.

3.5.2.2 Adsorption equilibrium isotherms of cadmium, strontium and cesium

All adsorption equilibrium isotherms of Cd?*, Sr** and Cs* were carried out in 100 mL
solution of the selected metal ion at three different parameters of the initial concentration of
metal ions and loading of cryogels. In the first adsorption equilibrium isotherm experiment,
the constant concentration metal ion (100 mg/L) under the dosage from 0.0025 to 0.07 g
adsorbent was used. The second set of isotherm experiments were conducted by immersing
0.07 g of cryogels into 100 mL solution of metal ions with various initial concentrations
from 100 to 1000 mg/L. The last series of experiments were done by adsorption of selected
metal ions from 100 mL 1000 mg/L solution varying the mass of polymers from 0.1 to 0.9
g. All experiments were conducted at room temperature. The aliquots of 0.05 to 0.1 mL were
collected from adsorption tubes and analyzed by ICP-MS, following the standard procedure
of sample preparation. The experiments were done in duplicate, and the average values are

presented.



3.5.3 lodide removal studies
3.5.3.1 Adsorption Kinetics of iodide

A volume of 100 mL of 100 ppm iodide solutions were prepared from analytical grade Ki
without pH adjustment and mixed with 80 mg of cryogels in plastic tubes under shaking at
120 rpm at room temperature. After certain time intervals, aliquots of 50-100 pL were taken
from adsorption tubes and diluted to 3 mL to measure the remaining iodide concentration on
UV-Vis spectrophotometer (PhotoLab 6600) at the range of 190-500 nm wavelengths with
detection of iodide at 225-227 nm. The total sampling volume was no more than 2% of the
initial volume in all experiments. The blank tubes with the same amount of KI without

materials were also run, and the total adsorption of iodide on tubes walls was less than 1%.

3.5.3.2 Adsorption equilibrium isotherms of iodide

Equilibrium adsorption experiments were conducted by contacting Ag-cryogel composites
varying the mass of sorbents from 0.01to 0.1 g in 100 mL of 100 ppm KI solution by shaking
in a Rotamax 120 (Heidolph, Germany) shaker at room temperature until reached the
equilibrium. The initial and final concentrations of solutions were analyzed by UV-Vis
spectrometer at 190 — 500 nm wavelengths, while pH and conductivity of those solutions
were measured by SevenEasy pH and conductivity meters (Mettler Toledo, USA). The
experiments were conducted in duplicate and averaged values with standard error no more
than 3% are reported. The released sodium ions and adsorbed from KI solution potassium
ions were detected by AAnalyst 400 atomic absorption spectroscopy apparatus (Perkin-
Elmer, USA).

3.5.3.3 Real seawater studies

The real seawater was provided by a research water plant located at the University of
Alicante, Spain. The seawater was collected from Mediterranean Sea of Alicante region,
purified by filter paper and spiked with 131 mg of KI (100 ppm of iodide). Equilibrium
experiments were conducted under the same conditions as in equilibrium studies with
synthetic solutions (see Section 3.4.3.2). The seawater samples after the experiments were

diluted and analyzed by using the 850 Professional IC Anion MCS ion chromatography



system (Metrohm AG, Switzerland). The spiked seawater had a pH of 7.42 and initial
measured concentrations of anions as follows; 2.544 ppm of F~, 943.48 ppm CI~, 0.042 ppm
NO:, 2.541 ppm Br-, 106.66 ppm NO3", 1468.34 ppm SO4> and 98.63 ppm I".

3.5.3.4 Agl colloids formation studies

The Agl colloids formation experiments were done by adding dropwise 500 ppm solution of
AgNO3 to 500 ppm solution of KI in Ag:l molar ratios from 1:20 to 1:400 under magnetic
stirring at 200 rpm. The mixtures were left for 3 days to age and then scanned with UV-Vis
spectrophotometer at wavelengths from 190 to 500 nm and analyzed by Zetasizer Nano

(Malvern, UK) for determination of sizes and zeta potential of colloids.

3.5.4 Kinetic models

The kinetics of sorption from a solution onto an adsorbent has been explored theoretically
to predict the adsorbent-adsorbate interactions. The sorption process obeys pseudo-first-
order kinetics when the initial concentration of solute is higher than the adsorbent, while
pseudo-second-order kinetics model assumes that the rate of adsorption of solute is
proportional to the available sites on the adsorbent. The pseudo-first-order (Eq. 3.4) and
pseudo-second-order models (eq. 3.5) were used for evaluation of cations, and anion
adsorption at the solid-solution surface by matching the experimental data in linear equation
expressed as [212,213]:

In(ge — q¢) = Inq, — kyt (3.4)

t 1

t
ac k2 q? + E (3'5)

where ge and q: are amounts (mg/g) of metal ion adsorbed on equilibrium point and at
specific time t (min), respectively; ki (min™1) and k2 (g mg ™! mint) are the pseudo-first-order
and pseudo-second-order constants. The constant kiand ge' can be obtained from the slope
and intercept of the linear plot of In(qe™ — q) versus t. The values of k2 and g¢ can be

calculated from the linear fit of t/q: versus t.



3.5.5 Isotherm models

In order to analyze the experimental isotherms Langmuir and Freundlich isotherm models
are utilized, both widely used for the description of adsorption of heavy metals on the
homogeneous or heterogeneous surfaces, respectively. The linear form of the Langmuir
sorption isotherm [213,214] is:

Ce 1 Ce 1

de amKL dm 1+KCo

(3.6)

where Ce (Mg/L) is the equilibrium concentration of Hg?* ions in solution, ge and gm are the
equilibrium and maximum adsorption capacities in mg/g, whereas K. is the Langmuir
constant (L/mg). The Rc value is a dimensionless constant of Langmuir model ratifies the
adsorption process to be linear (R. = 1), favourable (0 < R < 1), unfavourable (R > 1) or
irreversible (RL = 0). The linear form of the Freundlich sorption isotherm is [215]:

logq. = logKr +%logCe (3.7)

where Ce (mg/L) and ge (mg/g) is the concentration and adsorption capacity at the

equilibrium and n (dimensionless) and Kr constants (units depend on the 1/n).

3.5.6 Leaching experiments

The evaluation of the retention of metal ions after adsorption and Ag-modification on the
solids was performed in leaching experiments under neutral (pH 7.0) conditions. First, the
cryogel samples that were used in the metal ions removal experiments were washed with 1 L
of ultra-pure water to wash out the residual solution in the structure tightly closed containers
were left for 14 days under shaking at 120 rpm at room temperature. The samples were
withdrawn from each container and analyzed for leached metal ions. All the leaching

experiments were carried out in duplicate and the average values are reported.

3.6 In vivo animal studies



3.6.1 Experimental animals

Seven-eight week-old male mongrel rats weighing 210 + 20 g were purchased and kept in
the vivarium at the Kazakh National Medical University (Almaty, Kazakhstan). The rats
were placed separately in laboratory animal houses at 22-25 °C with 50-55% humidity and
12 h light/dark cycle based on the Guidelines of the International Committee on Laboratory

Animals. The rats were fed with a standard diet, allowed access to distilled water ad libitum.

3.6.2 Oral acute toxicity

All animal experiments were conducted in the laboratory of Experimental and Clinical
Pharmacology of the Asfendiyarov Kazakh National Medical University (KazNMU) under
the permission of the Local Ethical Committee of KazNMU (reg. No643).

Modeling of acute heavy mercury poisoning was carried out using solutions of Cd(NO3)2,
CsNOs3, Sr(NOs),, and HgCl> dissolved in saline. An acute oral study for calculating LD50
was performed according to the Organization for Economic Co-operation and Development
(OECD) Guideline 425 ““Up and Down procedure’’ [216]. In this method, animals are dosed
once at a time. If the animal has survived, the dose for the next animal is increased; if the

animal has died, the dose for the next animal is reduced.

The animals were observed for obvious behavioral, neurological, and toxic effects within 24
hours. The toxicological effect was assessed on the basis of mortality, which was expressed
as an average lethal dose (LDso) value. An LDsg for rats used in animal experiments is shown
in Table 3.3.

Table 3.3. An average lethal dose (LDso) of various metal salts for rats

Cd(NO3)2 LDso 300 mg/kg oral
CsNOs LDso 2390 mg/kg oral
Sr(NOz)2 LDso 1982 mg/kg oral
HgCl; LDso 75 mg/kg oral

Thirteen experimental groups, in a batch of 10 heads for each dose of metal and for the

positive and negative control groups were used. To model acute intoxication with metal (all



metals were used separately), the LD50 dose of metal, recalculated for each animal weight,

was introduced to studied animal by an atraumatic intragastric probe.

3.6.3 Treatment of intoxicated animals

The treatment of acutely intoxicated laboratory animals was done by AAC cryogels and
unithiol antidote. The introduction of cryogels was done after 60 min of poisoning by the
oral route through an atraumatic probe in the form of a suspension at doses of 250 mg/kg in
a 15 mL saline solution. For the comparison, the commercial chelating agent — unithiol (was
bought in a pharmacy) with a dose of 250 mg/kg body weight was used. Unithiol is a
commercial name of 2,3-Dimercapto-1-propane sulfonic acid, the approved antidote for
some heavy metal poisoning. The effectiveness of sorbents was estimated by the indicator
of 24 h of survival. After 24 h the endured rats were euthanatized, and internal organs (liver,

kidney, stomach, omentum, and duodenum were withdrawn for further analysis.

3.6.4 Histopathological examination

The preserved liver and kidneys of the animals from the control and treated by cryogel and
unithiol groups were subjected to histological examination. The tissue samples were fixed
in 10% neutral formalin and then subjected to paraffin embedding followed by preparation
of sections with a thickness of 5 microns. A section of each tissue was stained with
hematoxylin and eosin. The study of the slices was carried out in transmitted light using a
Zeiss MR Color high-resolution camera of the LSM 780 Confocal scanning microscope

(Carl Zeiss, Germany).

3.6.5 Blood biochemistry analysis

For the analysis of blood biochemical parameters, the biomarkers including total serum
protein (TP), urea nitrogen (BU), fasting glucose (GLU), serum aspartate aminotransferase
(AST), serum alanine aminotransferase (ALT), total bilirubin (TB), direct bilirubin (BD),
gamma-glutamyltransferase, alkaline phosphatase (ALP), total cholesterol (TC), high-



density lipoprotein cholesterol, low-density lipoprotein cholesterol were measured on

biochemical analyzer Cobas Integra 400 plus ( Roche Diagnostics, Switzerland).



CHAPTER 4

SYNTHESIS AND CHARACTERIZATION OF CRYOGELS

4.1. Synthesis optimization and structural formation of cryogels

To better understand the mechanism of polymerization under sub-zero temperatures, an
illustration of the cryopolymerization reaction of the non-frozen liquid microphase befalling
around the developing ice-crystals on an example of AAC cryogel is shown in Fig. 4.1.
Firstly, a complex of allylamine with phosphoric acid and neutralization of acrylic acid was
formed. Previously allylamine was copolymerized with methacrylic acid under cryo
conditions, which characterized by the low yield of gel fraction [97], which was related to
the low activity of allylamine radical polymerization process. According to literature to
improve the activity of allyl monomer in the radical polymerization process, it is necessary
to convert it to a phosphate complex [217,218]. Simultaneously to the radical polymerization
of selected monomers and cross-linking of polymeric chains is taking place producing
branched macromers and growth of ice-crystals occur expelling all components of the
reaction mixture into non-frozen liquid microphase where radical polymerization continues
until run out of monomers or termination of polymerization [97]. Upon achievement of the
polymerization reaction and solvent thawing melting of 3D structure of microcrystals leads

to macro-sized pores formation within the polymeric material.
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Fig. 4.1. Schematic representation of the formation of cryogels.



During the synthesis of polymers, one of the most important stages is the correct selection
of the ratios of monomers, cross-linkers and initiators of the reaction. A crosslinking agent
is an essential link in the formation of an elastic polymer matrix; therefore, different
monomers/cross-linking agent (BisAAm) mole ratios have been tested. It was found that the
optimal ratio of monomers to BisAAm is 10:1. The possible reaction of formation of AAC

and SAC cryogels are presented in Fig. 4.2A and 4.2B, respectively.

MAAc +NaOH DMAAm AA +HyPO, BisAAm A AMTS + NaOH DMAAm A4+ DePOs BaAim B|
CH, O & 0O 0 @
i Nhy | o * s + + Hy (P NHs
H o A
Na 32 NH H H 2 -
HPO? HPO*
CH, ¢ & NH ) BN
+ N\ N t g\ NH;
H ¢ N ) Hac
H H N i
= =
= \ 3
3 HsC CH = ", Cl E
HsC  cH, N9 | = H,C CH, o HyC  CH, =]
N o N ) o_ N @HPO o~ ;
S CHg NHg CHg NHz CHg | + HN N NH; CHy z
‘ | | o > 0o =
‘ -0 C-02 N c-&° o S50 Ssg0 =0
i ; 3 d TP 9 HN NHy &%, ® o X~ HN
J i .. o H‘ ¥ (); o M3 9 o HY o T\
0. N(CHyy, O NCHp, O Ny H o NH, N 0 NCHy 0
CHs y ?“a Y y (CHy,N T HN
: ‘ o . ? N0
@ G . &3 ‘ ;
X VH, N a §=0 = | & §=0 @
6504 NI 07 N o7 MB v2-07% o, g0 Ny g T H
) WPoZ 1f e S04 o o © 9@ HSO;
N& H ol

Fig. 4.2. Possible reaction of formation of AAC (A) and SAC (B) cryogels.

4.2. Characterization of cryogels

The presence of various functional groups in the cryogels structure was evaluated by FT-IR

analysis which spectra are shown in Fig 4.3.

The FT-IR spectra indicate that both cryogels have peaks at approximately 3300 cm™2, which
is attributed to the stretching vibration bands of N-H group and 2900 cm™ corresponds to
sp® hybridized -CH —CH2, —CHs; groups. The peaks at 1621-1610 and 1560-1540 cm™
correspond to the amide(l) and amide(Il) groups, respectively [172]. Also, AAC cryogel
contains stretching vibrations bands of a dissociated carboxyl group at 1141 cm™* and non-
dissociated carboxylic groups at 1390 cm™, respectively [219]. The presence of sulphur-
containing monomer in the structure of SAC cryogel, confirmed by characteristic
frequencies of sulfonic acid, sulfoxide, sulphide and C-S functional groups were found at
peaks 1452-1401 cm™t, 1186 cm™%, 1035 cm™* and 619 cm™2, respectively [220-222].
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Fig. 4.3. FT-IR spectra of AAC and SAC cryogels.

The zeta potential measurements results are presented in Fig. 4.4, which indicate the surface
charge of AAC cryogel starting from pH 3.2 is negative due to protonation of carboxyl
groups, while SAC cryogel surface is negatively charged for the whole pH range due to
existence of sulfonic acid which is a strong acid and dissociates. It can be assumed that
amino groups of allylamine are protonated and have intermolecular polyelectrolyte complex
with neighbouring sulfonic groups and carboxyl groups. A decrease of negative zeta
potential for AAC at pH above 6 is most probably related to the deprotonation of ammonium
groups. A positive charge of AAC at pH below 3.2 is attributed to positively charged amino
groups of polyallylamine and therefore at pH below 3.2 mostly negatively charged ions will
be adsorbed, but adsorption of cations possible via ion-exchange mechanism.

The morphological structure of the cryogels was observed using the SEM. The SEM
microphotographs revealed the three-dimensional network associated with super-
macroporous and interconnected channels of cryogels with the pore size in the range from
10 to 100 um (Fig. 4.5). The spot elemental analysis confirmed that the mass percentage of
carbon, oxygen and nitrogen is approximately the same for AAC and SAC cryogels. An
amount of sodium is detected as expected due to the use of NaOH in the synthesis while
sulfur is detected in the structure of SAC cryogel due to the AMPS monomer used for the
synthesis (Table 3.1).
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Fig. 4.5. SEM images and elemental composition according to spot EDX analysis of the
AAC (A, C,E) and SAC (B, D, F) cryogels.



Finally, swelling results showed that both types of polymers adsorbed water in 1-2 seconds.
The swelling degree for AAC cryogel, reached 22.5 gH>O/g cryogel, while SAC sample
indicated a slightly lower degree of swelling at equilibrium 19.5 gH>O/g cryogel. This fast

swelling dynamic is due to the super-macroporous structure of the cryogels.



CHAPTERS
MERCURY REMOVAL STUDIES

5.1. Introduction

Water pollution with heavy metals, especially Hg?* and its species is a grave worldwide
ecological challenge. Although natural sources such as volcanoes, forest fires, geologic
deposits of mercury and volatilization from the ocean contribute to the dominant share of
mercury emissions comes from human-made sources [223-225]. According to the United
Nations Environment Program, 2018 Global Mercury Assessment report [226] the
anthropogenic sources emitted in the air more than 2 220 tons of mercury in 2015. The
majority of the pollution associated with artisanal and small-scale gold mining accounted
for almost 38% of the global total. Stationary combustion of coal-burning occupies about
21% of the assessed global emissions. Other industrial sectors remain non-ferrous metal
fabrication (15%), cement industry (11%) and ferrous metal manufacturing (2%). In 2015,
artisanal and small-scale gold mining input about 1 220 tons of mercury into the terrain and
freshwater environments, while anthropogenic mercury from other sources added 580 tons
more to maritime encirclement. The key sectors facilitating these 580 tons are waste

treatment (43%), ore mining and processing (40%), and energy (17%) [226].

The removal of mercury from water is a crucial environmental issue due to the adverse
effects on both humans and natural ecosystem [227]. Consumption of water contaminated
with mercury may affect the neurological and mental functions of the humans, leads to
dizziness, irritability, anorexia, hypertension, tachycardia, and memory loss, with less effect
on the digestive and renal systems [228-230]. The serious health consequences of
consuming mercury poisoned fish and water have been long recognized, especially after the
Minamata accident in Japan [231]. As a result, the US EPA established the maximum
acceptable concentration of mercury ions as 1 and 10 pg/L in drinking and wastewater,

respectively [232,233].

Various mercury removal methods have been applied, including membrane separation and
solvent extraction, precipitation, adsorption, ion exchange and bioremediation [234]. Of all
these methods, adsorption is an advantageous method in terms of operational simplicity and
cost-effectiveness. The variety of materials and the selection of the adsorbent with desirable
properties for Hg?* removal is challenging [232]. There are frequent studies on the removal



of Hg?* from aquatic media by use of adsorbents; activated carbons [235], zeolites [200,236],
ion-exchange resins [237] and silver-impregnated materials such as alumina, zeolites,
graphene [200,219,238] and synthetic polymers [213,239]. Table 5.1 reviews the used
adsorbents and their efficiency for the removal of mercury from water.

Table 5.1 Materials for the removal of Hg?* from the aqueous phase.

Initial Hg?*  Initial Hg? Maximum Reference
Adsorbent type concentration ~ PH compound removal
[mg/L] capacity
(mg/g)
SiO»-carbon nanotubes 40 7.0 Hg(NOs), 142 [240]
Au-Al0; 0.4 7.0 Hg(NO3). 676 [241]
Ag- Fes04 1.6 8.0 Hg(NO3). 42 [242]
lon exchange resin TP-214 100 - Hg(NOs), 456 [237]
Chitosan-p(vinyl alcohol) 374 3.5 Hg(NOs)2 374 [243]
cryogel
P.  chrysosporium  loaded 100 6.0 Hg(NOs)2 88 [155]
cryogel
AAC cryogel 100 3.7 Hg(NO3), 742 This
SAC cryogel 100 3.7 Hg(NOs)2 676 research
AgNP@ mercaptosuccinic acid 2 5.0 Hg(O,CCHj3), 800 [219]
on alumina
Chitosan-p(vinyl alcohol) 668 55  Hg(O,CCHj3), 668 [243]
cryogel
Chitosan-p(vinyl alcohol) 2070 55  Hg(OCCHs). 586 [172]
cryogel
Synthetic sodalite-AgNP 10 2.0 HgCl; 1.3 [236]
Activated carbon 150 6.0 HgCl, 29 [244]
Jute nanofiber 10 6.0 HgCl, 85 [245]
Synthetic zeolite-AgNP 10 2.0 HgCl; 6 [200]
Ag/graphene 100 5.0 HgCl; 281 [238]
Cd/S- polycaprolactam 20 7.0 HgCl, 162 [246]
Single wall carbon nanotubes- 30 5.0 HgCl, 131 [247]
thiol groups
Mesoporous silica- ammonium 2 55 HgCl; 164 [248]
(4-chlro-2-mercaptophenyl)
carbamodithioate
Flower-like nanotitanate 50 5.0 HgCl, 454 [249]
Fe304-SiO,-thiol groups 50 3.0 HgCl, 90 [250]
Graphene-diatom silica aerogel 100 6.5 HgCl, 500 [225]
Sulfur-modified activated 100 5.0 HgCl, 75 [235]
carbon
Chitosan-p(maleic acid) 2000 6.0 HgCl, 1044 [213]
hydrogel
Chitosan-p(vinyl alcohol) 468 55 HgCl; 184 [243]
cryogel
Thiol-grafted p(GMA) polymer 300 7.0 HgCl, 51 [251]
p(EGDMA-VIM)] hydrogel 200 5.0 - 163 [252]
Polyethyleneimine cryogels 100 7.0 HgCl, 1280 [171]
AAC cryogel 100 4.99 HgCl: 263 This

SAC cryogel 100 4.99 HgCl, 240 research




5.2 Chapter Overview

This chapter discusses studies on the removal of mercury ions from nitrate and chloride salts
by synthesized cryogels. Studies of kinetics and equilibrium, as well as the use of standard
models for determining the adsorption capacity of the polymers, are presented. Also, the
chapter describes the proposed mechanism of mercury ions removal. In addition, this chapter
also reports on studies on the removal of mercury ions from various aqueous matrices and

comparison with commercial adsorbents.
5.3 Adsorption kinetics

Due to its potential risks, effective and fast removal of mercury from aqueous solutions is
essential. To evaluate the sorption kinetics of Hg?* on cryogels, batch experiments were
conducted and the results are illustrated in Fig. 5.1. It is evident that kinetics are fast and in
the first two hours, AAC and SAC cryogels are able to remove about 91% and 73% of
mercury from Hg(NOs) solution and 64 and 40% from HgCl. solution, respectively. Both
cryogels removed 99 % of mercury ions from the solutions and reached an equilibrium
removal within 24h with the exception of SAC for HgCl. solution, which reached
equilibrium within 48h with a removal level of 81.5 %. As is evident, AAC cryogel is
superior while removal from Hg(NO3)2 solution is faster for both cryogels. The potential

mechanisms are discussed in section 5.5.
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Fig. 5.1. Adsorption kinetics of Hg?* on the AAC and SAC cryogels (80 mg of cryogel in
100 mL of solution).
To further study the mechanism of removal the pseudo-first-order and pseudo-second-order
models were used and their linear forms were calculated using Eq. 3.4 and Eq. 3.5,

respectively. The modelling results are given in Table 5.2.

Table 5.2. Parameters of kinetic models for Hg?* sorption by cryogels.

Pseudo-first order Pseudo-second order
qeexp qecal Kl RZ qecal Kz R2
(mg/g) (mg/g)  (min™) (mg/g) (g mg * min)
AAC-HgCl; 123.3 88.1 0.2704  0.9669 121.9 0.0079 0.9926
SAC-HgCl, 101.9 78.4 0.1958 0.9835 94.3 0.0164 0.9945
AAC-Hg(NOs),  122.6 58.8 0.8436  0.9628 126.6 0.0022 0.9996
SAC-Hg(NO3); 122.7 95.7 0.5177  0.9937 142.8 0.0080 0.9994

The pseudo-second-order model better fits the experimental capacity data, and the

correlation coefficient is higher than the pseudo-first-order.

The presence of mercury on the cryogels surface was proved by semi-quantitative mapping
EDX analysis and is shown in Fig. A1-A4. The results showed that all samples had adsorbed
mercury on the surface of cryogels, and the amount varies from 4.56 to 10.2 % w/w. The
EDX mapping analysis images reveal that mercury ions are distributed over the entire
surface of the polymers. Also, low nitrogen content in the samples of cryogels after mercury
adsorption compared with the initial cryogels (Chapter 4, Fig. 4.5) was observed and is
discussed in paragraph 5.5. Finally, the cryogels were tested for Hg?* leaching, and the
results showed negligible leaching after adsorption, lower than 0.2 % of the Hg?* adsorbed
from both HgCl, and Hg(NO3)2 solutions under neutral pH after 14 days (Table Al). This

demonstrates the strong binding of Hg?*on the cryogels surface.



5.4 Adsorption equilibrium

The experimental isotherms are shown in Fig 5.2. As is clear, the removal from the
Hg(NOz)2 solution is more efficient, reaching much higher loadings. In the Hg(NO3)2
solution cryogels show the same efficiency and the shape of the curve is the same while in
the HgCl, solution, AAC is superior, and the isotherms are different. These results are in
agreement with the kinetics experiment and also show that the interactions Hg(NOs3).
solution are similar in both cryogels in contrast to HgCl2 solution were the interactions seem

markedly different.
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Fig. 5.2. Isotherms of Hg?* removal by cryogels.

In order to analyze the experimental isotherms Langmuir and Freundlich isotherm models
are utilized, both widely used for the description of adsorption of heavy metals on the
homogeneous or heterogeneous surfaces, respectively. The linear forms of the Langmuir and

Freundlich sorption isotherms are presented in Eq. 3.6 and 3.7, respectively.

The correlation coefficient of the Langmuir isotherm model was better than that of the
Freundlich isotherm model for both cryogels in HgCl, solution, and the derived maximum
capacities are close to the experimental ones (Table 5.3). Despite the fact that the correlation
coefficient of the Freundlich model (0.97-0.98) is higher than for the Langmuir model (0.90-



0.93) for samples in Hg(NOz)2 solution, the capacities derived from Langmuir model are
very close to experimental values. The excellent fit of the Langmuir model indicates a

monolayer adsorption of Hg?" ions on the surface of cryogels.

Table 5.3. Parameters of isotherm models for Hg?* sorption by cryogels.

Langmuir model Freundlich model
Qmax™® qm KL R? n Kr R?
(mg/g) (mg/g)  (L/mg)
AAC-HgCl, 262.2 263.2 0.8261  0.9992 0.1758 131.6 0.7501
SAC-HgCl, 174.0 212.8 0.0484  0.9948 0.3787 333  0.9966
AAC-Hg(NOs),  626.5 666.7 0.6667  0.9312 0.4338 83.6 0.9713
SAC-Hg(NOs3),  622.5 666.7 0.0568  0.9073 0.4464 784  0.9837

Adsorption capacities of both cryogels in Hg(NO3). solution are very high, up to 626 and
622 mg/g by AAC and SAC cryogels, respectively, and comparable to other cryogels found
in the literature. Privar et al. synthesized polyethyleneimine cryogels with different
crosslinking agents for adsorption of Hg?* and Cu?* ions from water solutions. The
maximum adsorption capacity was observed for cryogel crosslinked by diglycidyl ethers and
reached 1280 mg/g of Hg?" [171]. Wang et al. used chitosan-p(vinyl alcohol) cryogel for
adsorption of mercury ions from different salts [243]. In this study was observed that at pH
5.5 of HgCl., pH 5.5 of Hg(CH3COO), and at pH 3.5 of Hg(NOz3)2 solutions cryogel samples
reached maximum adsorption capacity 184, 668 and 374 mg/qg, respectively [243]. Ge and
Hua synthesized chitosan-poly(maleic acid) hydrogel crosslinking by glutaraldehyde for the
removal of various heavy metals from aqueous media. For Hg?* ions the maximum capacity
was valued as 1044 mg/g at pH 6.0 [213]. In another study, Ge with co-authors changed
maleic acid to itaconic acid and examined polymers capability to removal Hg?* and Pb?*
ions. The results of the experiments revealed that sorption uptake of mercury ions was found
to be 870 mg/g [253]. Li et al. modified chitosan-polyacrylamide polymer by SiO>@Fe304

nanoparticles and used parent polymer and synthesized composite for removal of Cu?*, Pb?*



and Hg?" ions. The parent polymer showed maximum adsorption capacity at 88.5 mg/g while

modification by iron nanoparticles resulted in an improved of 264 mg/g [254].

5.5 Mechanisms of removal

The functional groups of cryogels can act as ion-exchangers and also form chemical bonds
rendering the removal mechanism of mercury complex [171]. Before discussing what is
happening on the surface, it is essential to understand the aqueous chemistry of mercury, i.e.
its speciation. For this purpose, Medusa software was used to study the speciation in HgCl»
and Hg(NOs). solutions at concentrations of 100 ppm (Fig. 5.3) and 50 ppm Hg?* (Fig. A5).
The initial pH and conductivity of the solutions are shown in Table A2. The speciation is
very different and in acidic conditions while in HgCl. solution the predominant species is
neutral soluble HgCl, while in Hg(NOs3). solution considerable portion of mercury is in the
ionic forms of Hg?* and HgOH*. This was confirmed by the conductivity of the solutions
13.08 uS/cm for HYCl. solution and 244 pS/cm for Hg(NOz)2 solution.
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Fig. 5.3. Speciation of 100 ppm Hg?* chloride (A) and nitrate (B) solutions (Diagram
created by Medusa software).

The pH of solutions for SAC did not change much compared to the pH of the solution with
AAC, which increases to almost neutral (Table A2). It should be noted that although
precipitation of HgO is possible, according to Medusa, but it was not observed. One reason
is that Medusa shows only systems in equilibrium and the formation of some species may

take time. Also, in the course of the experiment and as mercury is removed speciation



changes again and precipitation either occurs in higher pH or the portion of mercury

precipitated becomes lower (Fig. A5).

One of the proposed removal mechanisms is the ion exchange process between H* and/or
Na* in the cryogel phase with mercury ions from the solution phase followed by
complexation of mercury ions with functional groups. The conductance and pH data provide
some evidence of the interactions between mercury and the cryogels surface (Table Ab).
The conductance of HgCl> solution after adsorption of mercury was considerably increased
by almost 10 fold, due to the simultaneous release of Na* and CI ions after HgCl; interacts
with the cryogels functional groups. The removal of mercury from solution by AAC resulted
in an increase of pH. On the contrary, the pH in SAC experiment remains acidic, which an
indication that H* is released, and as expected, it led to the increase of the solution’s
conductivity. This phenomenon occurs due to the substitution of hydronium from the ionic
shell of the sulfonic acid groups the adsorption of mercury ions as it shown in reaction below
(5.2):

0 0
I

R—S—OH « Hg™ ——> R—S—(OHY" . H;0"
O g

(5.1)

As expected, the adsorption of Hg(NO3z)2 solution by AAC shows that, in comparison to
HgCl solution, while pH evolution is the same, the conductivity decreased by a factor of 2,
due to binding of Hg?*. This is an indication that there is a net decrease of ions in the solution;
indeed, while the removal of neutral HgCl. species from the solution can not have any
substantial effect on the conductance, the removal of ionic species of Hg* and HgOH"*
should lead to a decrease of conductance. Based on these observations, the ion exchange
process between H* and/or Na* with mercury is possible and in a good agreement with pH
and conductivity. Conductance change depends on both the charge and the ion mobility and
while ion exchange is a stoichiometric process the exchange of different ions, particularly
H*, will lead to considerable changes in conductance; for instance, H* mobility is almost 7
times this of Na* [255]. However, pH and conductance data while useful they cannot provide
a solid proof that ion exchange is a predominant mechanism. To study the removal

mechanism, the released Na* from the cryogels during the interaction with mercury was



considered. The Hg?*/Na* molar ratio is shown in Fig. 5.4 and depends on the mass of the
cryogel/solution volume ratio. For many AAC experimental data, the molar ratio of
Hg?*/Na* ratio is close to 0.5, which is the stoichiometric ratio expected when ion exchange
takes place. In the case of SAC cryogel, the Hg?*/Na* ratio is much higher, which means
that the released amount of Na* is small. This happens due to the low initial concentration
of sodium ions in the SAC cryogel but probably also because of the sulfonic acid’s H*, which

can be exchanged for Hg?*.
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Fig. 5.4. Molar ratio of removed Hg?* and released Na* during adsorption.

The results show that the ion-exchange mechanism is involved in both cryogels, albeit the
kinetics and equilibrium strongly depend on the mercury solution phase speciation and the
chemistry of the cryogels surface. The availability of the various functional groups in the
structure of the cryogel most probably, ion exchange is followed by complexation of Hg?*
with functional groups [171]. To investigate this FT-IR spectra of Hg-loaded cryogels was
recorded (Fig. 5.5). The FT-IR frequencies of amide(l) and amide(Il) groups at 1612 and
1543 cm* in AAC samples are shifted from 2 to 7 cm™ to lower frequencies with decreasing
of peaks intensity in comparison to the parent cryogel. This phenomenon indicates
deprotonation or metal-bounding on carbonyl groups [256,257]. A similar pattern of amide
peaks shifting is observed in the sample SAC after binding of Hg?" ions. Also, the peak of
sulfonic acid at 1186 cm™ at parent SAC sample is shifted to 1182 and 1178 cm™ in the
samples SAC-Hg(NOs). and SAC-HQCl., respectively.
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Fig. 5.5. FT-IR patterns of cryogels before and after Hg?* adsorption: A) AAC, B) SAC.

EDX analysis shows that the nitrogen content decreased from 12% in the parent cryogels to
about 1% after the interaction with mercury (Fig. S3). However, measurement of the total
nitrogen content by Dumas combustion method (Table A3) shows that there are no
significant changes in nitrogen content. Thus, the shallow nitrogen content observed by EDX
after the interaction with mercury can be assigned to the coverage of the surface by mercury,
which apparently is masking the nitrogen content. This is an indication of some kind of

interaction between mercury and nitrogen occurs.

Based on the observed results the possible complexation reactions on the surface of AAC
and SAC cryogels between Hg?* and the carboxylic, amide and sulfonic acid groups can be
summarized as follows in reactions (5.2), (5.3), (5.4) and (5.5) [213,239,258,259]:

] ! ]
49_;
R7C*OH ‘jHT R—C—OHHHHg
(5.2)
] ! ]
49_;
R*C*ONa R—C—OHHHHg
N (5.3)
| Hg [
R*ﬁ*OH ‘ﬁHr R—ﬁ—O\ I \Hg
O O

(5.4)
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(5.5)

Wang et al observed the same phenomena, after interaction of chitosan-p(vinyl alcohol)
cryogel with Cu?* and Hg?* ions where it was suggested that -NHCOCHS3 and -NH; were
involved in metal ions chelation [243]. Based on the presented removal mechanism

hypothesis, the structure of the cryogels after the adsorption of Hg?* is shown in Fig. 5.6.
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Fig. 5.6. Proposed complexation of Hg?* ions with functional groups of AAC (A) and SAC
(B) cryogels.

5.6 Mercury removal from different water matrices

The results of the elimination of mercury ions from various water matrices by different
commercial adsorbents and synthesized cryogels are presented in Table 5.4. The first 10 min
of adsorption both AAC and SAC cryogels showed 20-30% removal of Hg?* ions from UP
water, while the rest of materials removed less than 2%. In the tap and river water, the
cryogels also showed better removal rate after 10 min of interaction; however, in seawater,
the adsorption of mercury ions by all materials was less than 6%. After 24h of adsorption of
mercury in ultra-pure water, the AAC cryogel showed the more than 90% removal, the SAC
cryogel removed about 70%, while rest of commercial adsorbents eliminated no more than
33%. In tap and seawater, where the concentrations of co-existing cations are higher
comparing with ultra-pure water (see Table A4), the adsorption capacities decreased for all

materials; however, AAC sample still was able to remove ~77% and 87% of mercury ions



from tap and river water, respectively. The best adsorption efficiency of all used commercial
sorbents was demonstrated by activated carbon, which reached 47% and 35% of the mercury
removal from tap and river water, respectively. The natural seawater was the most complex
matrix for the elimination of mercury due to the large concentrations of cations and anions.
Thereby, only activated carbon was able to remove about 45% of mercury ions, while the

other materials adsorbed only 10-20% of initial values.

Table 5.4. Residual concentrations of mercury ions in various water matrices after

interaction with adsorbents at different time points.

time, min 10 60 240 1440
Activated carbon 9.83+0.13 9.23+0.17 9.14+0.25  7.09+0.59
- lon-exchange resin 10.26+0.40 9.73+£0.04 9.18£0.14  6.75+0.15
§ Zeolite 9.82+0.08 9.66+0.40 9.12+0.13  7.81+0.07
% AAC 8.15+0.40 5.62+0.91 3.46+0.66 0.90+0.36
SAC 6.93+0.60 4.00+0.19 1.49+0.28 0.31+0.14
control 10.37+£0.18 10.05+0.11 9.88+0.01 9.78+0.03
Activated carbon 9.48+0.72 8.78+0.10 8.12+0.34  5.284+0.17
lon-exchange resin 9.81+1.03 9.08+0.13 9.06+0.22  8.99+0.08
= Zeolite 9.08+0.08 8.78+0.22 8.57+0.10 8.34+0.19
= AAC 8.63+0.32 6.66+0.33 5.7541.55  2.35+£1.94
SAC 8.36+0.36 7.50+0.36 6.84+0.58 5.62+0.30
control 9.53+0.33 9.30+0.00 9.13+0.05  9.00+0.03
Activated carbon 9.23+0.19 8.80+0.04 8.32+0.11 6.48+0.44
lon-exchange resin 9.32+0.12 8.86+0.64 8.08+0.37  7.02+0.43
§ Zeolite 8.86+0.10 8.11+0.12 7.74+0.16 7.45+0.18
= AAC 7.87+0.34 5.78+0.37 3.85+0.40 1.30+1.19
SAC 9.02+0.42 8.01+0.44 4.11+0.95 3.27+0.39
control 9.68+0.11 9.54+0.67 9.14+0.11  9.20+0.20
Activated carbon 9.23+0.23 9.144+0.06 8.60+0.12 5.46+0.19
e lon-exchange resin 9.55+0.04 9.56+0.04 9.41+0.06  9.14+0.03
§ Zeolite 9.34+0.07 9.54+0.08 9.22+0.08 9.11+£0.05
S AAC 9.40+0.05 9.44+0.04 9.22+0.13 8.41+0.30
? SAC 9.41+0.05 9.48+0.05 8.87+0.06 7.86+0.10

control 9.89+0.79 9.55+0.04 9.50+0.01 9.31£0.08



The behaviour of adsorbents could be described by evaluating the speciation of mercury ions
in various water matrices. The speciation of Hg ions was performed by Medusa software
using the real concentrations of main cations and anions in investigated water (Fig. 5.7 and
Fig. A6). In all water matrices except seawater, the primary forms of mercury were HgCl>,
Hg(OH). and HgCIOH at pH 5-8, while in seawater the predominant species were HgCl4>",
HgCls', HgCl> at the pH of used solution. Knowing that all materials used, except for
activated carbon, are cation-exchangers, and from this, it becomes clear why only activated
carbon was able to adsorb some mercury ions from seawater. The results in the Table A4
also confirm the proposed mechanism of adsorption by AAC and SAC cryogel. The
concentrations of Na* ions after 24 h in both cryogels and zeolites were increased in ultra-
pure, tap and river water with increase of pH of the final solutions. The ion-exchange resin
removed mercury ions by ion exchange with H*, which gave the decrease of pH to the acidic
range. Finally, in AAC and SAC cryogels an increase of PO4?" concentrations was observed
in tap, river and seawater, probably a result if anion exchange. Also, K*, Mg?* and Ca?*

removed by all materials except activated carbon, which indicates ion-exchange mechanism.
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Fig. 5.7. Speciation of 10 ppm Hg in river (left) and sea water (right) matrices (Diagram

created by Medusa software).
5.7 Summary

Two novel cryogels were studied towards Hg?* removal from Hg(NOs). and HgCl. solutions.
The results illustrated rapid kinetics of adsorption and high capacities with AAC cryogel

being superior over SAC cryogel. The removal of Hg?* is higher in Hg(NOs). solution due



to the ionic species, which are diffusing and interacting faster and more efficiently with the
cryogels functional groups. The AAC and SAC samples showed maximum removal capacity
around 260 mg/g from HgCl, salt solution and up to 620 mg/g from Hg(NO3). solution. The
Hg?* removal mechanism is ion exchange followed by complexation reactions. The results
of adsorption of mercury ions from different real water matrixes show that cryogels removed
mercury much faster than commercial adsorbents such as activated carbon, strong acid resin

and zeolite Y except for seawater where activated carbon is superior.



CHAPTER6
CADMIUM REMOVAL STUDIES

6.1 Introduction

Heavy metal pollution of the environment can cause harm to people and living organisms.
One of such toxic pollutants is cadmium (Cd), which is commonly used in battery, plastics
and coatings production [260]. Once in the human body, Cd is strongly associated with
metallothioneins. Cd stands out as a strong poison with a natural half-life of more than 20
years. As the main organ for the accumulation of toxic substances, the kidney is a reliable
main target tissue that exhibits early signs of toxic entry [260]. Chronic manifestations of
elevated cadmium levels can lead to liver damage, bone degeneration, blood damage, and
renal dysfunction. The acceptable limit for cadmium in drinking water prescribed by the US

Environmental Protection Agency is 0.005 mg/L. [18].

Removal of toxic heavy metal ions from wastewater is essential, along with other metal ions
which have been the focus of treatment studies by various materials and technique [20,260—
263]. Several methods have already been considered to recover metal ions from wastewater
including chemical precipitation [264], chemical coagulation/flocculation [265], membrane
filtration [266], ion-exchange processes [267], bioremediation [268] and adsorption [269].
Typical adsorbents such as activated carbons, natural zeolites and clays are of interest, but
often the materials have low adsorption capacity or to be treated chemically to produce
desirable adsorption properties [185,186,236,270]. Therefore, a simple synthesis route of

materials with high adsorption is beneficial for practical applications.

An ideal sorbent intended for the elimination of heavy metal ions shall meet specific
requirements such as I) the chemical structure must have either chelating sites or ion-
exchange groups, Il) it must contain a hydrophilic and three-dimensional (3D) network
structure to maintain the water flow for a long time, I11) it must be cost-effective, and 1V) it

should be practically manufactured [271].

The polymeric materials such as cryogels and hydrogels ideally fit for abovementioned
parameters. Cryogels are hydrophilic sponge-like materials with developed macroporous
polymeric matrices produced at sub-zero temperatures [149]. To increase the chelating

ability to eliminate heavy metal ions, various functional groups, such as carboxyl (-COOH),



hydroxyl (-OH), amine (-NH>) and / or thiol (-SH), can be successfully grafted using proper
modifications. Further remarkable advantages include the fast adsorption kinetics, high

sorption capacities and reusability.

6.2 Chapter Overview

This chapter describes the results of the adsorption of cadmium ions by two types of
cryogels. The sorption behaviour of cryogels depending on pH is described in detail; the
effects of sorption depending on the contact time and the time to reach the equilibrium are
shown. Also, the results of experiments of various ratios of cryogel:metal loading, the effect
of the concentration of heavy metal ions on the adsorption capacity of cryogels are presented.
Using multiple analysis methods, potential mechanisms for the adsorption of cadmium ions
were determined. This chapter also presents the result of testing cryogels and commercial
sorbents (ion exchange resin and zeolite) for the removal of cadmium ions from various

aqueous matrices.

6.3 Adsorption kinetics

The effective and fast removal of highly toxic metal ions is the main parameters of
adsorbents. To evaluate the sorption kinetic of Cd?* ions on cryogels, batch experiments at
pH 4 and 5.5 were conducted. Still, as soon as kinetic curves behaviour was similar, the
results of adsorption at pH 5.5 are given and illustrated in Fig. 6.1. The difference in pH did
not play a significant role in the rate and adsorption capability of cryogels for cadmium ions
since the initial pH of solutions was higher than the isoelectric point of cryogels. It is evident
from the kinetic graph that in the first hour AAC cryogel was able to remove more than 50
% from metal ions solution while SAC removed only about 32.5 %. The Cd?* ions removal
experiments showed that AAC sample removed almost 98 %, while SAC cryogel reached

the maximum removal at 60 % during the first 24 h of adsorption.
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Fig. 6.1. Adsorption kinetics of Cd?*ions on the AAC and SAC cryogels (70 mg of cryogel
in 100 mL of solution) at pH 5.5.

In order to estimate the kinetics of adsorption, the pseudo-first-order and pseudo-second-
order models were used in linear forms as it shown in Eq. (3.4) and (3.5) in Chapter 3.

The results of kinetic models are given in Table 6.1.

Table 6.1. Parameters of kinetic models for metal ions sorption by cryogels.

Pseudo-first order Pseudo-second order
qeexp ct qecal Kl RZ qecal Kz R2
(mglg) (mglg) (mglg)  (min™) (mglg) (g mg * min™)
AAC-Cd 140.7 137.9 84.24 0.1622 0.9769 14493 0.0084 0.9996
SAC-Cd 87.5 64.2 54.73 0.0821 0.9160 98.04 0.0453 0.9801

The obtained results reveal that the linear correlation coefficients (R?) of the pseudo-second-
order model are close to 1 (0.98-0.99) for adsorbed Cd?* ions for both AAC and SAC
cryogel. Additionally, the calculated equilibrium adsorption values g% of pseudo-second-
order kinetics better fits the experimental capacity records with the maximum difference of
3 and 11% for AAC and SAC cryogel, respectively.

The appearance of adsorbed Cd?* metal ions on the cryogels surface was evidenced by point
EDS analysis and is presented in Fig. 6.2. Even though the EDS technique is semi-
quantitative, the results fit well with the experimental results (Table 6.1) and overall picture

of elemental analysis confirms that AAC cryogel has higher adsorption capability compare



with SAC sample. The conducted EDS mapping analysis images reveal that adsorbed metal
ions are evenly distributed over the entire surface of the polymers (Fig. B1, B2). Also, during
the EDS analysis was detected that after the elimination of heavy metal ions by AAC cryogel
the presence of nitrogen was not detected, while in parent polymer the N content reaches
12.65 % (Fig. 6.2C). This occurrence could be described by the involvement of amino
groups in the complexation reaction of metal ions and hiding by larger heavy metal ions.
Also, after the interaction with cadmium, the EDS technique did not detect any trace of Na

ions, which also indicates the ion-exchange nature of the removal.
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Fig. 6.2. Elemental composition of the cryogels before and after interaction with metal
ions according to spot EDX analysis A) AAC, B) SAC, C) AAC-Cd and d) SAC-Cd.

6.4 Effect of pH on metal ions adsorption

The pH is one of the most influential characteristics affecting the adsorption of metal ions.
In alkaline environments, at higher pH, metal ions possible react with hydroxide ions to
produce insoluble complexes, making removal of metals difficult. At this reason, all the pH
measurements were done at pH 5.5 and lower. As it was predicted from the zeta potential
measurements (Fig. 4.4, Chapter 4) it was found that the adsorption of metal ions on
cryogels depends on pH values. At the pH 1.0, the Cd?* ions adsorption by both cryogels



was insufficiently high, about 21 mg/g removal capacity (Fig. 6.3). The low removal
efficiency at highly acidic media could be attributed to ionic repulsion cationic metal ions
with the positively charged functional groups of cryogels [272]. With the rise of the pH to
3.0, conversely, the adsorption capability increased almost 5-7 times for Cd?* ion removal
by the SAC and AAC cryogels comparing with values at pH 1.0. This rapid growth in
adsorption could be endorsed to changes in the surface charges of both polymers, which
perfectly correlate with results presented at Fig 4.4. Removal of the Cd?* increased gradually
with an increase of the initial pH from 3.0 to 5.0 and pointed the maximum adsorption
capacity of Cd?* ions as 182.8 mg/g by AAC and 101.1 mg/g of SAC. At higher pH values,
redundant hydroxyl ions may provoke strong electrostatic interactions of the metal ions with
the negatively charged functional groups of cryogels, which causes immediate

improvements in adsorption capacity.
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Fig. 6.3. Equilibrium loading of Cd?* ions by AAC (A) and SAC (B) cryogels at different
pH values.

6.5 Effect of metal ions initial concentration and cryogels loading for adsorption

isotherms

Three equilibrium adsorption isotherms for Cd?* removal by AAC and SAC cryogels are
presented in Fig 6.4(A,B). The manipulations with varying the mass of samples and different
initial concentrations of metal ions were done to evaluate the adsorption behaviour of
polymers in case of various loading of cryogels and initial low/high concentrations of ions.
In the first adsorption equilibrium isotherm experiment (exp#1) the constant concentration
metal ion (100 mg/L) under the dosage from 0.0025 to 0.07 g adsorbent was used. The



second set of isotherm experiments (exp#2) were conducted by immersing 0.07 g of cryogels
into 100 mL solution of metal ions with various initial concentrations from 100 to 1000
mg/L. The last series of experiments (exp#3) were done by adsorption of selected metal ions
from 100 mL 1000 mg/L solution varying the mass of polymers from 0.1to 0.9 g. As is clear
from the graphs, the removal capacity increases with the increase of initial concentration of
metal ions in the solution. The results show that binding capacities of AAC cryogel were
reached the maximum 248.6 mg/g for Cd?* whereas SAC polymer reached 131.9 mg/g.
However, the average adsorption capacity reached by AAC cryogel is around 200 mg/g and
around 120 mg/g for SAC cryogel. These results fully correspond to the kinetic studies
outcomes and reveal that, nor high/low concentration nor various loading do not

significantly play a role in the Cd?* adsorption behaviour by cryogels.
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Fig. 6.4. Isotherms of metal ions removal by cryogels A) AAC, B) SAC.

In order of investigation of fitting the experimental isotherms values (experiment #2) to
widely use classical models, the Langmuir and Freundlich isotherm models were used for
the determination of adsorption of heavy metals on the surface of the materials. The choice
of experiment #2 data was made as this is the procedure followed by the vast majority of

papers for the derivation of adsorption isotherms in the adsorption literature.

Table 6.2. Parameters of isotherm models for metal ions sorption by cryogels.

Langmuir model Freundlich model
qmaxeXp Om Ki R? RL n Kr R2
(mg/g) (mg/g)  (L/mg)
AAC-Cd 248.6 263.1 0.0218 0.9269 0.9978 0.105 113.4 0.8171
SAC-Cd 131.9 113.6 0.2829 0.9662 0.9725 0.1212 59.37 0.8726

From the results of used models (Table 6.2) was found that the correlation coefficient (R?)
of the Langmuir isotherm model was higher than of the Freundlich isotherm model for both
cryogels and the obtained maximum capacities are close to the experimental ones. Also the

values of R in the range 0-1 confirm the favourable uptake of the metal ions by both

polymers.



Adsorption capacities of both AAC and SAC cryogels toward Cd?* are very high and
comparable to other 3D polymers found in the literature. Godiya et al fabricated
carboxymethyl cellulose/polyacrylamide composite hydrogel for removal Cd?*, Pb?* and
Cu?* ions from aqueous solutions. The maximum removal capacity of Cd?* was observed as
256.4 mg/g at pH 5.5 and initial metal concentration 100 ppm [271]. Elgueta et al used the
same monomer as was used for SAC cryogel, AMPS co-polymerized with HEMA and used
for adsorption of various metal ions, including Cd?*, at concentration from 100 to 1000 ppm
and different pH [273]. In this study was observed that at pH 5.0 samples reached maximum
adsorption capacity valued 226 mg/g. Table 6.3 summarizes the 3D polymeric adsorbents

used for the removal of Cd?* from water and their efficiency.

Table 6.3. Polymeric materials for the removal of targeted metal ions from the aqueous

media.
Metal Initial Cd?* Initial Metal Maximum  Reference
0N Adsorbent type concentration ~ PH compound removal
[ma/L] capacity
(mg/g)

Cd?*  GO-PEI hydrogel 100 7.0 CdCl, 175 [274]
p(AM-AMPS) hydrogel 1000 5.0 Cd(NO3), 510.8 [262]
p(AMPS-VP) hydrogel 200 6.21 Cd(CHsCOy), 70.3 [263]
p(HEMA-AMPS) hydrogel 1000 5.0 Cd(NO3), 226 [273]
CMC-PAM hydrogel 100 5.5 Cd(NO3), 256.4 [271]
NIPA-BISS hydrogel 300 6.0 Cd(NO3), 130 [275]
NaAlg-g-poly(AMPS-AA- 500 7.0 Cd(NOs3)2 456.6 [276]
AM) hydrogel
p(AMPS-DVE-3) hydrogel 560 5.0 Cd(NOs3)2 134.4 [247]
Jute/PAA hydrogel 400 6.0 Cd(NO3). 401.7 [277]
AAC cryogel 100 6.0 Cd(NOs3)2 248.6 This
SAC cryogel 100 6.0 Cd(NOs), 131.9 research

6.6 Mechanisms of removal

The functional groups of cryogels can act as ion-exchangers and also chemical reactions
rendering the removal mechanism of metal ion complex. One of the proposed removal
mechanisms is the ion exchange process between H* and/or Na* and conjugated phosphate
groups in the cryogel structure with metal ions from the solution phase followed by

complexation of metal ions with functional groups.



The easiest way to prove this statement is to measure the released Na* ions after the
interaction of cations with cryogels. The Cd?*/Na* molar ratio is shown in Fig. 6.5 and
depends on the mass of the cryogel/solution volume ratio. At lower weight of AAC cryogel
the molar ratio of Cd?*/Na* the higher 0.5, which is the stoichiometric ratio expected when
ion exchange takes place. Thus, could be suggested that not only Na* was involved in
removal process but also other functional groups also played a role. In the case of SAC
cryogel, the Cd?*/Na"* ratio is much higher which means that the released amount of Na* is
small. This happens due to the low initial concentration of sodium ions in the SAC cryogel

and probably also because of the sulfonic acid’s H", which might be exchanged for cations.
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Fig. 6.5. Molar ratio of removed Cd?* ions vs released Na* during adsorption.

For more in-depth investigation of adsorption mechanism and study the cryogel-metal
interaction the XPS characterization were conducted before and after the adsorption of the
metal ions for the both cryogels (Fig. 6.6 (A,B)). In the AAC cryogel before the adsorption
of cations, the three peaks of sodium ions Na 1S peak at ~ 1071.4, Na Auger peak ~ 497.1
and Na 2S peak at ~ 65.1 eV were observed. After the interaction with Cd?* ions the sodium
peaks disappeared with the advent of corresponding to metal ions peaks of Cd 3ds, and Cd
3ds2 at 405.6 and 412.3 eV indicating the ion-exchange mechanism of sodium ions to
selected cations. The C 1S peaks of AAC cryogel at 284.6, 286.8 and 288.2 eV correspond
to C-C, C-O and C=0 chemical states of carbon [278]. After the interaction of both cryogels
with studied cations, the binding energy of C-O and C=0 are shifted for 0.7-1.2 eV to higher

positions due to the binding of positively charged metal ions. The N 1s core levels are



centered at 399.9 and 401.6 eV, which can be assigned to the non-protonated and protonated
amine/amide groups [279]. Moreover, in the structure of parent AAC the small peak of
HPO.*/PO4* is found at the 133.2 eV while after the interaction with metal ions this peak
disappeared. This finding also corresponds to the exchange probability of phosphate to Cd?*
ions on the surface of polymers. As soon as the most components of SAC are the same to
AAC the main difference in presence of sulfonic acid groups in the structure of SAC cryogel.
Fig. 6.6(B) shows spectrum of SAC cryogel before and after metal ions removal. The S 2p
core level spectrum is deconvoluted into two major peaks centered at 167.5 and 169.0 eV
which are assigned to 2 ps2 and 2 p12. These high oxidized states of sulfur are corresponding
to sulfonic acid group (-SO*) [280]. After interaction of metal ions the sulfonic acid group
peaks shifted for 0.5-0.7 eV to higher region which suggests the formation of coordination
bonds of sulfonic acid residues with cations.
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Fig. 6.6. XPS patterns of cryogels before and after metal ions removal a) AAC b) SAC

cryogels

Thus, these findings indicate not only ion-exchange mechanism of adsorption but also the
involvement of the carboxylic and sulfonic groups in the chelation process, which resulted
in the high adsorption capacity of the synthesized cryogels.

The proposed mechanisms of metal ions removal on an example of bivalent ions are
presented on Fig. 6.7(A) for AAC and Fig. 6.7(B) for SAC cryogels.
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and SAC (B) cryogels.



6.7 Leaching experiments

Synthesized and used for adsorption AAC and SAC cryogels showed negligible leaching of
Cd? ions, it was less than 1% of total adsorbed metal ions under neutral pH after 30 days
(Table 6.4).

Table 6.4. Leaching experiment of metal ions from AAC and SAC cryogels at pH 6.5",

Adsorbent Total adsorbed Leached metal ion Leached metal ion
metal ions after 30 d after 30 d
[mg] [mg] [%]
AAC-Cd 10.1 0.0007 0.007
SAC-Cd 5.97 0.0353 0.61

“The experimental conditions: 0.07 g of material in 100 mL of 100 mg/L metal ions solution

6.8 Summary

Two types of macroporous cryogels were studied towards Cd?* removal from cadmium
nitrate solutions. The results demonstrate a high sorption capacity and fast kinetics of
cadmium sorption by both cryogels. The obtained binding capacities of AAC cryogel were
reached the maximum 248.6 mg/g, whereas SAC polymer reached 131.9 mg/g. The cation
removal mechanism was studied by XPS technique and it was found that ion exchange

followed by complexation reactions is the main mechanism of cations removal.



CHAPTER 7
STRONTIUM AND CESIUM REMOVAL STUDIES

7.1 Introduction

With increasing energy consumption, the development of alternative energy sources is
becoming increasingly popular. However, despite several advantages of nuclear power,
unsafety use of nuclear energy poses many dangers to people and the environment, including
the leakage of radioactive waste from tanks and the uncontrolled release of enormous
amounts of radionuclides caused by nuclear accidents, such as those in Chernobyl and
Fukushima [19]. Among the harmful radionuclides leaked from nuclear power plants
accidents, radioactive cesium (*¥’Cs) and strontium (*°Sr) have the most substantial toxic
effects of emitting beta-particles and gamma rays. Both of radioactive Cs and Sr
radioisotopes have half-life around 30 years, therefore, it is imperative to remove cesium
from the environment and wastewater for sustainable environmental preservation [20].
Moreover, due to chemical similarity of ¥’Cs and %Sr to potassium and calcium,
respectively, the released isotopes after a nuclear accident can be easily incorporated into

terrestrial and aquatic organisms.

Removal of radioactive elements and most toxic heavy metal ions from wastewater is
essential, along with other metal ions which have been the focus of removal studies by
various materials and technique [20,260-263]. Several methods have already been
considered to recover metal ions from wastewater including chemical precipitation [264],
chemical coagulation/flocculation [265], membrane filtration [266], ion-exchange processes
[267], bioremediation [268] and adsorption [269]. Typical adsorbents such as activated
carbons, natural zeolites and clays are of interest but often the materials have low adsorption
capacity or to be treated chemically to produce desirable adsorption properties
[185,186,236,270]. Therefore, a simple synthesis route of materials with high adsorption is

clearly profitable for practical applications.

7.2 Chapter Overview

In this chapter the results of the removal of strontium and cesium ions by two types of

cryogels are presented. The effect of pH on the adsorption, the kinetic studies and isotherm



experiments results are thoroughly investigated and are shown in this chapter. Also, the
results of investigations of various ratios of cryogel:metal loading, the effect of the
concentration of metal ions on the adsorption capacity of cryogels are presented. Using
multiple analysis methods, potential mechanisms for the adsorption of strontium and cesium
ions were determined. This chapter also presents the result of testing cryogels and
commercial sorbents (ion exchange resin and zeolite) for the removal of strontium and

cesium ions from various aqueous matrices.

7.3 Adsorption kinetics

The main parameters that adsorbents should have are the high sorption capacity and fast
removal rates towards targeted pollutants. The sorption kinetic experiments of Sr?* and Cs*
ions on cryogels were conducted in batch mode at pH 4 and 5 but due to the similarity of the
adsorption behavior, the results of adsorption at pH 5 are given and illustrated in Fig. 7.1.
Because at pH 4 and higher both cryogels serve as cation-exchangers, the difference in pH

did not play a significant role in the rate and adsorption capability of cryogels.

It is evident from kinetics graphs that AAC sample is faster in the removal of both cations
in first 8 hour, while the SAC sample need time to start adsorbing metal ions. In the first
hour AAC cryogel can remove about 42 and 45 % from Sr?* and Cs* solution while SAC
removed only about 14 and 21%, respectively. After the 24 h of contact with strontium-
containing solution, both cryogels reached the equilibrium at removal values 86% for AAC
and 48% for SAC samples. In case of Cs* ions, both AAC and SAC cryogels also reached

the equilibrium in 24h with maximum removal 58 and 63%, respectively.
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Fig. 7.1. Adsorption kinetics of Sr?* and Cs* ions on the AAC and SAC cryogels (70 mg of
cryogel in 100 mL of solution) at pH 5.

The Eq. 3.4 and 3.5 (Chapter 3) of the Lagergren pseudo-first-order and pseudo-second-
order models were used to determine the adsorption nature of polymers using the

experimental data. The calculated parameters for kinetic models are shown in Table 7.1.

Table 7.1.Parameters of kinetic models for metal ions sorption by cryogels.

Pseudo-first order Pseudo-second order
qeexp ct qecal Kl RZ qecal Kz Rz
(mg/g) (mg/g) (mg/g)  (min™) (mg/g) (g mg ™ min?)
AAC-Sr 122.7 134.8 80.65 0.1544  0.9199 128.21 0.0102 0.9995
AAC-Cs 88.1 1145 36.05 0.2468 0.8897 87.72 0.0045 0.9999
SAC-Sr 74.8 473 5532 0.0606  0.9459 84.47 0.0644 0.9796
SAC-Cs 91.4 72.2  83.49 0.1902  0.9299 100.00 0.0431 0.9818

The obtained results reveal that the linear correlation coefficients (R?) of pseudo-second
order model for AAC cryogel are very close to 1 for both adsorbed metal ions, while for
SAC cryogels the R? results are a bit lower (~0.98) but still higher than R? of pseudo-first
order model. Additionally, the calculated equilibrium adsorption values ge of pseudo-
second order kinetics better fits the experimental capacity data with the maximum difference

of 12% for SAC-Sr sample. It is known that if the adsorption system follows a pseudo-



second order kinetics, then the rate limiting step may be chemical adsorption involving

valence forces through sharing or exchange of electrons between the adsorbent and sorbate.

The presence of adsorbed Sr?* and Cs* metal ions on the cryogels surface was verified by
point EDS analysis and is presented in Fig. 7.2. The overall picture of elemental analysis
confirms that AAC cryogel has higher adsorption capability compare with SAC sample. The
conducted EDS mapping analysis images reveal that all adsorbed metal ions are evenly
distributed over the entire surface of the polymers (Fig. C1-C4). Also, during the EDS
analysis was observed that after the adsorption of heavy metal ions by AAC cryogel the
presence of nitrogen was not detected, while in parent polymer the N content reaches 12.65
% (Chapter 4, Fig. 4.5). This phenomenon could be described by involvement of

aminogroups in complexation reaction of metal ions and hiding by larger heavy metal ions.
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Fig. 7.2. Elemental composition of the cryogels after interaction with metal ions according
to spot EDX analysis A) AAC-Sr, B) AAC-Cs, C) SAC-Sr, D) SAC-Cs.

7.4 Effect of pH on metal ions adsorption



The pH of the solutions after the dissolution of 100 ppm Sr?* and Cs* ions of nitrate salt were
around 5.5. To avoid the precipitation of studied metal ions the pH of the solution at values
5.5 and lower were chosen for experiments. In alkaline environments, at higher pH values
metal ions possible react with hydroxide ions to produce insoluble complexes. As it was seen
from Cd?* removal studies the adsorption decreases with decrease of pH. The same
phenomenon was observed for strontium and cesium ions. At a highly acidic pH value of
1.0, the adsorption capability of AAC and SAC samples for Sr?* and Cs* was around 44-47
mg/g and 33 mg/g, respectively (Fig. 7.3). As the pH increased to 3.0, however, the removal
efficiency doubled for Sr?* and Cs* ions and an increase with increase of the pH and showed
the highest removal capacity of Sr?* and Cs* ions as 123.7 and 139.4 by AAC and 87.5 and
135.9 mg/g of SAC, respectively. At higher pH values, excessive hydroxyl ions may cause
a strong electrostatic attraction with the metal ions for the negatively charged adsorption

sites, which causes sudden increases in adsorption capacity.
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Fig. 7.3. Equilibrium loading of metal ions by AAC (A) and SAC (B) cryogels at different
pH values.

7.5 Effect of metal ions initial concentration and cryogels loading for adsorption

isotherms

To evaluate the adsorption behavior of polymers in case of various loading of cryogels and
initial low/high concentrations of Sr?* and Cs* ions three equilibrium adsorption isotherms
were done and presented in Fig 7.4(A-D). In the first set of experiments (exp#1) the various

dosage from 0.0025 to 0.07 g of polymers were immersed into the constant concentration



metal ion (100 mg/L). The second batch of isotherm experiments (exp#2) was conducted by
putting 0.07 g of cryogels into 100 mL solution of metal ions with various initial
concentrations from 100 to 1000 mg/L. The last series of experiments (exp#3) were done by
removing of selected metal ions from 100 mL 1000 mg/L solution varying the mass of
polymers from 0.1 to 0.9 g. As is clear from the graphs the removal capacity increases with
increase of initial concentration of metal ions in the solution. The results show that the
maximum adsorption capacities of AAC cryogel were 361.6 mg/g of Cs™ and 209.3 mg/g for
Sr2*, In contrast, SAC polymer also was best for Cs?* with maximum capacity of 258.7 mg/g,

while Sr?* adsorption reached 210.5 mg/g.

In adsorption literature the derivation of isotherms is made by varying the aqueous phase
concentration by keeping adsorbent mass to solution volume constant. Interestingly, there
are no studies comparing the standard method with alternatives, for instance by varying the
weight to volume ratio under constant aqueous phase concentration. Obviously, if only
adsorption takes place the process must result in a single isotherm, however in many systems
a combination of mechanisms exist and such a comparison of methods becomes interesting.
For instance, is well known that the isotherms of ion exchange systems depend on total
normality, a phenomenon called concentration-valence effect [159]. Taking into account that
the removal mechanism of metals on cryogels is complex, being a combination of
adsorption, complexation and ion exchange, all reversible processes, is not the differences
between the isotherms derived by using different experimental procedures for Sr?* and Cs*
are not surprising. The mechanisms of potential removal are discussed in more details in

section 7.6.
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Fig. 7.4. Isotherms of metal ions removal by cryogels.

In order of investigation of fitting the experimental isotherms values (experiment #2) to
widely use classical models, the Langmuir and Freundlich isotherm models were used for
the determination of adsorption of heavy metals on the surface of the materials. The choice
of experiment #2 data was made as this is the procedure followed by the vast majority of

papers for the derivation of adsorption isotherms in the adsorption literature.



The Langmuir sorption isotherm assumes the monolayer adsorption of particles onto the
homogeneous surfaces while Freundlich sorption isotherm corresponds to multilayer

adsorption on energetically heterogeneous surface.

Table 7.2. Parameters of isotherm models for metal ions sorption by cryogels.

Langmuir model Freundlich model
qmaxeXp Om KL R? RL n Ke R?
(mg/g) (mg/g)  (L/mg)
AAC-Sr 209.3 2174 0.2393  0.9944 0.9976 0.1373 82.45 0.9484
AAC-Cs 361.6 400.0 0.0067 0.9566  0.9993 0.3976  25.62 0.9707
SAC-Sr 2105 242.9 0.0052 0.9359  0.9994 0.3563 16.74 0.8425
SAC-Cs 258.7 3125 0.0046  0.9851  0.9995 0.4584 12.05 0.9769

From the results of used models (Table 7.2) was found that the correlation coefficient (R?)
of the Langmuir isotherm model was higher than of the Freundlich isotherm model for both
cryogels in Sr?* solutions and the obtained maximum capacities are close to the experimental
ones. In the case of Cs* ions, R? for both models are close to 1, assuming that the adsorbate
is attracted to various types of functional groups on the surface of the material due to the

monovalence of cesium ions.

The literature search of other 3D materials used to remove Sr?* and Cs* shows that
adsorption capacities of AAC and SAC are much higher than many polymers. Garg et al
synthesized a series of poly-N-vinyl imidazole based hydrogels by adding four different
cross-linkers for the removal of Sr?* ions [281]. The authors reveal that p(N-Vim-cl-DVB)
hydrogel showed the best adsorption results with maximum capacity 247.4 mg/g at pH 7.0.
In another study, Choe and co-authors fabricated alginate/humic acid/Fe-aminoclay
hydrogel for targeted removal of Sr?* ions at different conditions of pH, temperature and
competing cations. The result of the study showed that in single-metal solution the
synthesized hydrogel able to remove up to 45.6 mg/g of Sr?* ions, while from multi-
component model solution only 8.2 mg/g [282]. In case of Cs* removal, a lot of studies were
done by use of Prussian blue modified polymers and clays. Zhao et al reported the production
PAMPS/PAAmM hydrogel modified by [Fe(CN)s] and examined polymers composite’s
capability to removal Cs™ from 1000 ppm CsCl solution at pH 7.0 [283]. The result showed
the high uptake of cesium ions by coupling effect of Cs' with the framework of Prussian blue



crystals and reached the maximum capacity 420 mg/g of composite. In the studies of
Bratskaya et al, macroporous Co?*-chelated carboxyalkylchitosan cryogels were fabricated
and modified with potassium ferrocyanide for selective capture of cesium ions. The results
of the experiments showed that CEC/Co(I1)[Fe(CN)e] cryogel able to adsorb up to 132 mg/g
of Cs* from 264 ppm solution at pH 3.0 [284]. Table 7.3 summarizes the 3D polymeric

adsorbents used for the removal of Sr?* and Cs* from water and their efficiency.

Table 7.3. Polymeric materials for the removal of targeted metal ions from the aqueous

media.
Metal Initial metal  Initial Metal Maximum  Reference
ion Adsorbent type concentration  pH compound rem0\_/al
[mg/L] capacity
(mg/g)

Sr2* alginate/humic acid/Fe- 100 7.0 Sr(NOs)2 45.6 [282]
aminoclay hydrogel
p(N-Vim-cl-DVB) hydrogel 1000 7.0 SrBr; 247.4 [281]
Ag20-Sodium niobate 50-1000 5.0- SrCl; 312 [19]
nanofiber 11.0
PSA hydrogel membrane 200 6.0 SrCl; 60.7 [285]
AAC cryogel 100 6.0 Sr (NOs)2 209.3 This work
SAC cryogel 100 6.0 Sr (NOs)2 210.5

Cs* CEC/Co(Il)[Fe(CN)e] 264 3.0 CsClI 132 [284]
cryogel
AMP-PVA-SA hydrogel 100 7.0 CsCl 71.3 [286]
Fe(l11)-SA hydrogel 7.7 10.0 CsCl 24.0 [287]
KCoHCF-PVA-SA hydrogel 150 2-11 CsNO3 15.0 [288]
Bentonite-chitosan beads 200 8.5 CsCl 57.1 [289]
NIPAAM/IA hydrogel 800 8.0 CsCl 120.0 [290]
CuFC-Fe304-PVA hydrogel 500 7.0 CsNO3 17.4 [261]
[Fe(CN)6]-PAMPS/PAAM 1000 7.0 CsCl 420 [283]
hydrogel
AAC cryogel 100 6.0 CsNOs 361.6 This work
SAC cryogel 100 6.0 CsNOs 258.7

7.6 Mechanisms of removal

The investigated by FT-IR some functional groups of cryogels can act as ion-exchangers and
chelation agents toward cationic metals. The proposed in the previous chapters” mechanisms
of removal of cations from aqueous solution may also be applied for Sr?* and Cs* ions
removal. The released from cryogels mass of Na* were measured and Me/Na* molar ratio is

shown in Fig. 7.5. Ideally, if the ion-exchange of Sr?* goes only with Na*, the molar ratio of



this process should be 2:1, while with Cs* it should be 1:1. However, at lower mass of AAC
cryogel the molar ratio of Sr?*/Na* is higher 0.5, which could be suggested that not only Na*
was involved in removal process but also other functional groups played a role. In the AAC-
Cs sample, the released mass of sodium ions is close to adsorbed cesium, which probably
could be suggested and main mechanism of removal. In the case of SAC cryogel, the both
Me/Na* ratio is much higher which means that the released amount of Na* is small. This
happens due to the low initial concentration of sodium ions in the SAC cryogel (see Chapter
4, Fig. 4.5) and probably also because of the sulfonic acid’s H*, which might be exchanged

for cations.
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Fig. 7.5. Molar ratio of removed metal ions vs released Na* during adsorption.

The results of XPS characterization of cryogels before and after adsorption of the metal ions
(Fig. 7.6 (A,B)) show that peaks of sodium ions Na 1S (~ 1071.4 eV) and Na Auger peak (~
497.1 eV) of parent AAC and SAC cryogels disappeared with the advent of corresponding
to metal ions peaks of strontium at 135.1 eV and cesium peaks at 725.1 and 738.1 eV,
indicating the ion-exchange mechanism of sodium ions to selected cations. After the
interaction of both cryogels with studied cations, the binding energy of C-O (286.8 eV) and
C=0 (288.2 eV) are shifted for 0.7-1.2 eV to higher positions due to the binding of positively
charged metal ions [278]. As soon as the most components of SAC are the same to AAC the
main difference in presence of sulfonic acid groups in the structure of SAC cryogel. Fig.
7.6(B) shows spectrum of SAC cryogel before and after metal ions removal. The S 2p core
level spectrum is deconvoluted into two major peaks centered at 167.5 and 169.0 eV which
are assigned to 2 par and 2 pi2. These high oxidized states of sulfur are corresponding to



sulfonic acid group (-SO*) [280]. After interaction of metal ions the sulfonic acid group

peaks shifted for 0.5-0.7 eV to higher region which suggests the formation of coordination

bonds of sulfonic acid residues with cations.
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Thus, these findings indicate not only ion-exchange mechanism of adsorption but also the
involvement of the carboxylic and sulfonic groups in the chelation process, which resulted

in the high adsorption capacity of the synthesized cryogels.

7.7 Leaching experiments

Synthesized and used for adsorption AAC and SAC cryogels showed negligible leaching of
Sr?* metal ions, it were, less than 1% of total adsorbed metal ions under neutral pH after 30
days (Table 7.4). In case of Cs* ions, leaching reached 2.3 and 1.84 % for AAC and SAC,
respectively. Presumably, this phenomenon is associated with monovalence of cesium and

a weak binding with functional groups of cryogels.

Table 7.4. Leaching experiment of metal ions from AAC and SAC cryogels at pH 6.5".

Adsorbent Total adsorbed Leached metal ion Leached metal ion
type metal ions after 30 d after 30 d
[ma] [mg] [%0]
AAC-Sr 8.89 0.0656 0.74
AAC-Cs 6.88 0.1585 2.30
SAC-Sr 4.45 0.0418 0.94
SAC-Cs 5.73 0.1054 1.84

“The experimental conditions: 0.07 g of material in 100 mL of 100 mg/L metal ions solution

7.8 Summary

Two types of macroporous cryogels were studied towards Sr?* and Cs* removal from
aqueous solutions. The results demonstrated fast removal kinetics and high capacities with
AAC cryogel being superior over SAC cryogel. The results show that binding capacities of
AAC cryogel were reached 361.6 mg/g of Cs* and 209.3 mg/g of Sr?* whereas SAC polymer
also was best for Cs* with maximum capacity of 258.7 mg/g, while Sr?* adsorption reached
210.5 mg/g. The cation removal mechanism was studied by XPS technique and it was found
that ion exchange followed by complexation reactions is the main mechanism of cations

removal.



CHAPTER 8
IODIDE REMOVAL STUDIES

8.1 Introduction

lodine is an essential micronutrient required for the operation of the human body's
neurological activity and thyroid glands. Depending on the pH and redox conditions of
water, iodine exists in iodide (1), triiodide (I*) and iodate (10°") forms. lodine, widely
distributed in seawater in the form of iodide, does not pose any possible risk to humans and
the environment [291,292]. It is commonly used as a source of iodine products used to treat
potable water [293]. Nevertheless, iodide can shape organic species under the oxidative
conditions used in water treatment plants, which may subsequently affect people's health
issues [294]. Organic sources of iodine, however, are not as harmful as the iodine
radionuclides used in uranium fission, as are radioactive nuclear weapons tests and
accidental nuclear power plant by-products. [295]. Another cause of radioactive iodide
wastes is the therapeutic use of **X1 in thyroid cancer care [296]. The radioactive isotopes of
iodine *2°I and 31 can dissolve in agqueous media and vaporize to air causing environmental
hazards [297], and due to extended half-life time (15.7 million years of 12°I), it can reason

long-standing antagonistic effects on the human metabolic processes [293,298].

The iodide elimination methods, specifically its radioactive forms from water, have paid
attention globally, particularly after the accidents in Chernobyl, Ukraine in 1986 and in
Fukushima, Japan in 2011, where 1.76 x 10'® Bq and 1.5 x 107 Bq of 31, respectively,
were discharged to the environment. For fast and efficient iodide removal, new methods are
required because current techniques such as anion-exchange have relatively little selectivity
and secondary anions are wasted on water. Alternatively, the use of silver nanoparticles
(NPs), which selectively react with iodide anions to form insoluble silver iodide (Agl) may
improve the situation. It is, however, impracticable to apply directly to iodine a pure Ag NPs
or other silver compounds. First of all, the capacity and complexation rates of the elimination
mostly rely on the specific surface area of AgNPs [299], and secondly, as a result of the
chemistry of Agl in water, it formulae small crystal-like agglomerates and colloids, which
are problematic to separate from the aqueous phase [294]. A beneficial procedure to get over
these disadvantages is to use silver-modified composites to remove | via surface reaction.

The summarized in Table 8.1, numerous kinds of porous and non-porous materials doped



with AgNPs and its oxides were produced for targeted adsorption of iodide from aqueous
solutions. It should be noted that in most studies, the stated removal capacity is a sum of the
iodide eliminated by surface reaction and physical adsorption. In these studies, the formed
Agl was qualitatively verified by surface characterization techniques like XRD and
SEMV/EDS, but the surface reaction mechanisms and the possible discharge of Ag ions and
subsequent formation of Agl colloidal particles has not been scrupulously investigated. So,
a more comprehensive qualitative and quantitative analysis of the mechanism of elimination

and quantification of adsorbed iodide and released silver ions is necessary.

Table 8.1. Ag-modified composites for iodide removal from water

Ag-composite Ag loading C, Omax Reference
(W/w%) mg/L mg/g
Ag-activated carbon 1.05 450 38.1 [300]
AgCl-calcium alginate 10.9 0-700 133 [301]
MIL-101(Cr)-SOsAg 3.6 920 244 [302]
Ag.0-Ag/TiO; 5.8 1150 208 [303]
AglI&MIL101 2 500 43.2 [297]
AQg20-Ag205-ZIF-8 20 600 232 [304]
Ag.0-Mg(OH). 32.3 200 368.6 [305]
Ag’-silica aerogel 355 17000 88 [306]
Ag-carbon aerogel 10 1.27 0.25 [294]
AgCI-SPAC 34.3 1 160 [307]
Ag,O-titanate nanolamina - 500 428 [295]
Ag20-sodium niobate nanofibers - 50-1000 54.5 [308]
Ag’-D201 resin 6.8 300 300 [309]

Co - initial iodide concentration, mg/L
gmax - Adsorption capacity (mg/g)

8.2 Chapter Overview

In this chapter, the results of the modification of cryogels by silver nanoparticles, their
characterization by several techniques are described. The formation of Ag® and Ag:0
nanoparticles on the surface of the cryogels were investigated in details by XDR, EDS and
TEM. The kinetic studies and isotherm experiments were thoroughly investigated and are
shown in this chapter. Also, potential release of silver nanoparticles from the cryogels and
formation of colloid particles are presented. Using several analytical methods, potential
mechanisms of iodide removal were determined. This chapter also presents the result of
testing Ag-modified cryogels for the removal of iodide from real seawater. The chapter was
written from the results of the thesis author’s published paper [3].



8.3 Synthesis and modification of cryogels

The results of modification reveal that the AAC and SAC were able to bind up to 159 mg/g
and 98 mg/g of silver ions, respectively. The calculated from the EDS data silver loading
values were 137.2 and 89.3 mg/g for AAC-Ag and SAC-Ag, which is also confirmed by
EDS mapping of a large region (100-200 um) of the Ag-polymers (Fig. D1, D2 and Table
D1). In Fig. 8.1 the suggested mechanism of interaction of Ag™ with cryogels’ surface is
presented. The preliminary experiments and also reports elsewhere [92,295,310] showed
that existing on the functional groups of cryogels H" and Na* ions are able to ion-exchange
with Ag*ions.
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Fig. 8.1. Graphical presentation and photos of AAC (left) and SAC (right) cryogels
modification

The FT-IR spectra of the initial and Ag-modified samples are presented in Fig. 8.2. The
evaluation of functional groups and their peaks are described in detail in Chapter 4,
Section 4.2. After the modification of cryogels by silver, the peaks of amide(1) and amide(ll)
are shifted to the right side by 10 and 9 cm™ in AAC-Ag and 5 and 4 cm™ in SAC-Ag,

respectively. These shifts may be qualified as some structural changes of carbonyl groups



due to deprotonation and/or metal-bounding [97]. Also, peaks of non-dissociated carboxylic
groups in AAC cryogel are moved for 15-20 cm™ at AAC-Ag. In SAC cryogel, the sulfur-

containing groups were shifted by 4-8 cmalso after interaction with Ag* ions.
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Fig. 8.2. FT-IR spectra of cryogels before and after Ag-modification and iodide adsorption

In Fig. 8.3 is presented the photos of cryogel composites saturated by silver ions at different
time points. AgNPs may have various optical possessions sensed at wavelengths from 400
to 750 nm depending on sizes and shapes of nanoparticles [311-315]. In the reserach of
Huang and Hu, citrate-stabilized free Ag” NPs were reduced by various amounts of NaBHa
in the water solutions to validate the statement that colloidal silver nanoparticles of different
size and shapes have different colour [315]. The obtained Ag-cryogels were compared by
colour with the finding of Huang and Hu. The dark red color of AAC-Ag composite suggests
the existence of spherical and rod-shaped silver nanoparticles with an average diameter of
25 nm. The yellow color of SAC-Ag cryogel proposes the development of spherical Ag®
NPs with the size of 5 nm [315].

Initial AAC 6h 24h 72h Dried AAC-Ag

Y =ris Y

|
u




Initial SAC 6h 24h 72h Dried SAC-Ag

Fig. 8.3. AAC and SAC polymers during the Ag loading at different time points

The TEM technique was used to determine the sizes of silver nanoparticles on the surface of
composites. From the microphotographs of TEM (Fig. 8.4(A,B)) it was detected, that most
of the particles in AAC-Ag are in the range of 20-50 nm while SAC-Ag demonstrates
significantly smaller NPs in the range of 3-10 nm. From the TEM pictures, it is clearly seen
that Ag NPs are uniformly dispersed on the whole surface of both Ag-cryogel composites
with a low degree of agglomeration. The point TEM/EDS investigation is shown in Fig. 8.4
(C, D), revealing the absence of oxygen, which meant that these NPs are Ag°. However, in
some TEM/EDS analyses (not shown here) the oxygen content reaches 19% in AAC-Ag and
17% in SAC-Ag and thus Ag20 NPs coexist on the surface.
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Fig. 8.4. TEM/EDS images and composition of AAC-Ag (A,C) and SAC-Ag (B,D)

XRD investigation validates the presence of silver nanoparticles with characteristic peaks of
Ag°NPs at 38.29°, 44.62°, and 77.85° and also peaks of Ag>O NPs at 32.39° and 65.16° of
AAC-Ag cryogel. The SAC-Ag composite has peaks of Ag°NPs at 38.30°, 44.51° and of
Ag20 NPs at 32.50° and 64.85 as shown in Fig. 8.5. Afterwards iodide adsorption, numerous
characteristic diffraction peaks of Agl at 20 23.71°, 39.13°, 46.31° can be detected for both
nanocomposites, while the diffraction peaks qualified to Ag® NPs and Ag,O NPs disappear.
These findings demonstrates that the iodide interaction follows according to the reactions

with dissolved oxygen [21]:

4Ag° + 02 — 2A220(S) (8.1)
AgG:0 + 2H* — 2Ag* + H,0 8.2)
+ -
Ag* + I — Agl(s) (8.3)
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Fig. 8.5. XRD spectrum of AAC-Ag (A) and SAC-Ag (B) nanocomposites before and

after iodide removal

The presence of Ag°NPs suggests the in situ reduction of silver. The reduction reaction
without use of added reducing agent is associated to high oxidative properties of silver ions
owing to standard redox potential of +0.75V [316]. Earlier such occurrence of self-reduction

upon adequate heating or presence of light was described for chitosan-[AuCls] based



cryogels [87,317]. Redox potential amino group is similar to ammonia, which is
approximately -0.27 V [318]. Thus, the reduction of Ag* to Ag® could be explained by redox
potential of amino group [319]. Lastly, from the SEM-EDS investigation is obvious that
after the contact with Ag" the structure of cryogels is still undamaged with uniform
distribution of silver (Fig. D1, D2). After interaction with iodide the surface of cryogels was

covered by iodide ions forming the Agl with congruent yellow colour.

8.4 Adsorption kinetics

In Fig. 8.6 the iodide adsorption Kinetics is shown. Despite the fact that only small mass (80
mg) of cryogels was used for experiments, the iodide adsorption was very fast. In the first
0.5 h AAC-Ag and SAC-Ag nanocomposites were able to remove up to 35% of I, while the
equilibrium was reached in 30 h with the maximum removal of 93% for AAC-Ag cryogel
and 77% for SAC-Ag sample. Non-modified AAC and SAC cryogels did not adsorb iodide
which can be attributed to the hindrance of protonated amino group with counter ion hydro
or dihydrophosphate (RCH2-NH3"H2POy).
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Fig. 8.6. Removal kinetics of iodide from water (80 mg of Ag-cryogel in 100 mL of

solution)

The fitting of the experimental data (Fig. 8.7) on the pseudo-first and pseudo-second-order
models was calculated and the obtained parameters are presented in Table 8.2. The R? is

close for both models but the calculated solid phase loadings (g.**) obtained by the pseudo-



second-order model are closer to experimental ones (ge**?). Hence, it could be determined
that the pseudo-second-order model describes better the iodide removal kinetics for both Ag-
cryogel nanocomposites demonstrating a chemical sorption process [212], which is in
agreement with other results of iodide removal by use of silver-impregnated zeolitic

imidazolate framework composite [304].
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Fig. 8.7. The pseudo-first-order (left) and pseudo-second-order (right) model plots for the
adsorption of iodide on the AAC-Ag and SAC-Ag cryogels

Table 8.2. Parameters of kinetic models for iodide sorption by cryogels

Pseudo-first order

Q> (mglg)  qe™ (mg/g)  Ki(min™) R?
AAC-Agl 117.2 87.3 0.1834 0.9686
SAC-Agl 96.8 61.6 0.2293 0.9834

Pseudo-second order
e (mg/g) g (mglg) Ka(gmg minl) R?

AAC-Agl 117.2 97.1 0.0103 0.9713
SAC-Agl 96.8 86.9 0.008 0.9765

After removal of I" the color of both Ag-nanocomposites turns to yellow (Fig. 8A,C), due to
the formation of Agl [305]. The existence of Agl on the surface of cryogels was
investigated by SEM which demonstrates the surface coated with the precipitate, while EDS
technique detected the iodide-distributed surface of the cryogels (Fig. 8.8 B,D and Figs. D3
and D4). Moreover, the formed Agl particles can be observed in the high resolution
TEM photograph (Fig. 8.9). As expected, the size of nanoparticles after uptake of I is slightly
bigger than the initial NPs (Fig. 8.4), which is consistent with the previous findings of Yang



et al. [320] and Mu et al. [308]. TEM shows dark areas which are probably agglomerated
silver and Agl NPs.

Fig 8.8. Photographs and SEM images of AAC-Ag (A,B) and SAC-Ag (C,D)
after iodide adsorption
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Fig. 8.9. TEM of AAC-Agl (A,B) and SAC-Agl (C,D)

8.5 Equilibrium adsorption isotherms

The sigmoidal shape of the equilibrium isotherms results are presented in Fig. 8.10. The
AAC-Ag reached the maximum iodide adsorption of 326 mg/g, while SAC-Ag has about
247 mg/g. The reached capacities are of the utmost reported in the literature comparable to
advanced materials such as Ag-modified titanate nanoalumina and D201 resin (Table 8.1).
As is known, the iodide removal efficiency by Ag-modified materials is mainly controlled
by the Ag content. But, as the literature review show this is not always true due to several
contributing phenomena such as adsorption and colloids formation.



350 -

—o— AAC-Agl (exp) o
300 - —@— SAC-Agl (exp)
AAC-Agl (theor)
250 4 e SAC-Agl (theor) -
— 200 -
b0
S~
bo
£ =
T 150 - /
=
S |
100 7ttt e
50
0 T T T T T T T 1
0 10 20 30 40 50 60 70 80

Ceq (mg/L)

Fig. 8.10. Isotherms of iodide removal by cryogels

Based on the silver content of the Ag-modified cryogels (161.4 mg/g and 105 mg/g for AAC-
Ag and SAC-AQ), the theoretical iodide loadings should be no more than Ag content, which
is considerably lower than the measured iodide equilibrium loadings (Fig. 8.10). The
involvement of physisorption is excluded as the non-modified cryogels did not show any
affinity towards I". Also, the discrepancy between the theoretical and actual iodide loading
is increasing by decreasing the mass of cryogel to solution volume ratio. On the other hand,
the EDS mapping of a large area (50-100 um) of the sorbents displayed that Ag and I are
uniformly distributed on the cryogels surface with Ag:1 molar ratios close to 1 (Fig. D3,
D4). The silver and iodide content measured by EDS are in excellent agreement with the
expected silver (measured by AAS) and iodide (based on the Ag amount) content of the
iodide-loaded cryogels (Table D1).

Such discrepancies were also observed by Mao et al [297] for the removal of iodide by

Ag@MIL-101 composite. The authors presented the following mechanism:

Ag@MIL-101 + 2I' — MIL-101 + Agl> (8.4)
2Agl — Agl+ Agls (8.5)



Aglz + 21" > Agl + 2T + I, (8.6)
Agl + I,— Agls (8.7)

According to these reactions, first Ag™ is released from the composite and reacts with I~ to
yield Agl with simultaneous oxidation of I” to I.. Subsequently, the generated I can be
adsorbed by the nearby Agl nanoparticles released form the surface of material to form
Agls, or be adsorbed by complex ions (Agl2n-1) to create more stable complex ions (Aglan+1).
However, no data verified the existence of I except the large adsorption capacity and thus
their explanation is incomplete. The same discrepancy between experimental and theoretical
iodide loading were observed in the study of Zhao et al [302]. They synthesized MIL-
101(Cr)-SO3H metal-organic framework sample modified by Ag* with maximum loading of
silver 35.8 mg/g. After interaction with Nal the parent MIL-101(Cr)-SOzH iodide loading
was 94.1 mg/g and this of Ag-modified sample 244.2 mg/g. The difference of almost 150
mg/g between the materials was not explained by the authors although they mentioned some
release of silver from the material without any further analysis.

To better understand these observations, the release of Ag™ and Na* from the cryogels and
the removal of K* from the solutions were studied and the results are presented in Fig. 8.11.
As it can be seen, although there is no trend there is some Ag* release from the cryogels and
its concentration in the solution is between 1.3-8 ppm, similar to the concentration of the
released Na" which is between 2.6-7.8 ppm. Taking into account that leaching experiments
in pure water showed negligible release of silver from the Ag-modified cryogels (0.05-
0.54%) the release of Ag* and possibly Na* can be attributed to ion exchange with H* and
K™ from the solution. Definitely, as is shown in Fig. 8.11 the K* concentration in the solution
is between 5.8-24.5 ppm, lower than its initial concentration of 31.7 ppm. The slow release
of Ag”in an iodide-rich solution can lead to the formation of colloidal Ag| that have lower
Ag:l molar ratio than 1 as the theory predicts [321,322]. As it was experimentally
confirmed by measurements in the model solutions Agl colloids are formed and detected
by UV-Vis (Fig. 8.13) but the bounded iodide cannot be measured by UV-Vis or ion
chromatography and this explains the discrepancy observed in the equilibrium results. More

discussion on this is conducted in paragraph 8.7.
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Fig. 8.11. Release of Ag* and Na* from the cryogels and K* remaining in the solution

under different cryogel/solution volume ratio.

After interaction with Ag-modified cryogels the pH and conductivity of the solutions
changed (Table D2). The conductivity of solution falls from 104.4 uS/cm to 29.35- 88.65
uS/cm for AAC-Ag experiments and to 13.3-96.9 uS/cm for SAC-Ag experiments
depending on the mass of cryogels, mostly owing to the removal of iodide from the solutions.
The pH of solutions containing AAC-Agl cryogels increase from 5.56 to 6.11-7.11 possibly
due to the exchange of H* from the solution for Na* from the cryogels and the dissolution
reaction of Ag»O to Ag* (equation 8.2). Quite the opposite, the pH of the solutions having
SAC-Agl remains slightly acidic around the initial pH of 5.59 which is possibly due to the
H™* discharge from the sulfonic acid groups.

8.6 Real seawater studies — competitive removal of iodide

The results revealed that the concentration of all anions except Br-and |- remain constant
(Fig. 8.12). However, the initial concentration of bromide was very low and did not
significantly inhibit the adsorption of iodide on Ag-cryogels. The AAC-Ag and SAC-Ag
nanocomposites were able to adsorb almost 20-100% and 5.3-98.3% of iodide, respectively.
The results of iodide removal from real seawater and synthetic solution are very close with
the exception of low cryogel/mass ratio (10-20 mg) probably due to the more extended
period needed for equilibrium in seawater. It could be concluded that both Ag-cryogels could



be used as efficient, highly selective adsorbents in the treatment of iodide contaminated
natural seawater.
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Fig. 8.12. lodide removal (%) from seawater and synthetic solution under different

cryogel/solution volume ratio.

8.7 Agl colloids formation studies

In the early works of the Verwey and Oberbeek [321,323] the theory of formation and
stability of lyophobic colloids were described in detail. An electric double layer is formed
around the Agl particles with different charges depending on the relative concentrations I
and Ag" in the solution. If silver nitrate is added to a solution of excess of potassium iodide



the formed A gl particles first attract negatively charged iodide anions (Fig. 8.13) to form
potential-forming layer. To this layer the positively charged potassium (K*) and negatively

charged iodide (I") ions join to form the ion diffusion layer of counter ions.

Fig. 8.13. Formation of Agl colloids in excess of iodide

To further investigate the formation of colloids 500 ppm of AgNO3 solution was added
dropwise to 500 ppm KI solution resulting in solution Ag: | ratios from 1:20 to 1:400. The
solutions were measured by UV-Vis spectrophotometer and the peak at 424-431 nm was
detected and attributed to Agl colloids [324]. The same peak was found in the iodide

equilibrium solutions after interaction with the Ag-cryogels (Fig.8.14).
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Fig. 8.14. UV-Vis plot determination of Agl formation

The results of zeta potential measurements and size of colloid solutions presented in

Table 8.3 and confirm the formation of negatively charged particles of colloidal particles.



With increasing of Ag:1 ratio the zeta potential of the solutions decreases and the size of
colloidal Agl increases. The zeta potential of Agl colloidal solution decreased from -65.2
mV at the ratio 1:20 of Ag:I to -50.3 mV at 1:400 ratio, in general agreement with the
findings of other studies [325]. The sizes of colloid particles linearly rise from 193.9 to
317 nm when the ratio of Ag: 1 grows from 20 to 400. This phenomenon is observed with
very dilute electrolytic solutions in which the colloidal particle size can reach 1000 nm due
to an increase in the diffusion layer of the particle [321]. For comparison, the zeta potential
of solutions contained 10 mg of AAC-Agl and SAC-Agl samples were -45.1 and -50.9 mV
and the average size of the formed colloids 171.4 and 175.7 nm, respectively. Taking into
account that colloids formation is a dynamic process and depends on many factors the results
are satisfactory and confirm the creation of colloids. This offers a reasonable explanation of
the discrepancies between theoretical and actual iodide loading values as the colloids exhibit

Aq:1 ratios lower than 1.

Table 8.3. The results of zeta potential and size measurements of Agl colloid solutions

Ag:l molar ratio Zeta potential (mV) Average size (nm)
1:20 -652+1.0 193+£10
1:40 -61.8+£2.6 21749
1:80 -67.1+2.1 212+12
1:80 -66.6+3.2 265+16
1:160 -51.8+2.1 275+14
1:200 -51.2+0.8 264+11
1:240 -52.4£1.9 29147
1:380 -56.1£2.0 297+14
1:320 -52.4+1.2 307+11
1:360 -52.7+3.1 294+5
1:400 -50.3£2.6 317421
Kl -0.11+0.03 0
8.8 Summary

In this chapter, two novel Ag°Ag.O nanocomposite cryogels were synthesized,
characterized and used for the removal of iodide from modelled and natural waters. The
silver loading of AAC and SAC cryogels was 159 and 98 mg/g, respectively. The results
revealed the reduction Ag™ ions by amide groups of cryogels by forming Ag® nanoparticles

with further partial agglomeration and oxidation result in the formation of Ag.O



nanoparticles. This hypothesis is supported by the colours of the cryogels, XRD, SEM-EDS
and TEM-EDS analysis. In the KI solutions Ag° is oxidized to Ag2O and then dissolution
follows to form Ag* which reacts with I to form insoluble Agl on the surface of the Ag-
cryogels. lon exchange also takes place between Ag* and Na* from the cryogels and K* and
H* from the solution. The removal of I is fast and follows the pseudo-second-order model.
Lastly, a small release of Ag* during I elimination ensued in the establishment of negatively
charged Agl colloids in the solution. The Ag:l molar rations of these colloids is considerably
lower than 1 resulting in higher than theoretically expected removal of 1" by considering the
formation of Agl bulk precipitate. The formation of colloids in the solution provides a
satisfactory explanation for other similar discrepancies between observed and theoretically

expected I removals in the literature.



CHAPTER 9
IN VIVO ANIMAL STUDIES

1. Introduction

In the environment, heavy metals are omnipresent in different forms and compositions.
Humans and animals are mainly intoxicated by the ingestion of contaminated food, polluted
water, during the anthropogenic and natural-source activities. However, in addition to
chronic heavy metal poisoning, there are several cases of acute intoxication with metals such
as cadmium, mercury, strontium, and cesium, which are suicidal or due to accidental
poisoning [326—-330]. Human exposure to cadmium and mercury can lead to systemic injury
of many organs such as kidneys, lungs, liver, reproductive system, and bones [326,331,332].
Various antidotes and chelating agents are prescribed rely upon the quantity of the dose of

poison and the severity of the patient's condition.

During the last decades, a numeral of new chelating antidotes have been developed and tried
in animal trials showing high efficiency compared to classic chelators. Dimercaptosuccinic
acid (DMSA) and dimercaptopropane sulfonate (DMPS) chelating agents are examples of
antidote for numerous metal poisonings treatments approved by US FDA [333]. A basic
standard in chelation therapy is that metal (Lewis acid) and chelator (Lewis base) should
have high similarity, where soft metals (e.g., Pd®*, Ag*, Hg2+, Cu?*, Cd?*, Pt**, Pb?") should
be chelated by materials with soft ligands (e.g., DMSA and DMPS), while hard metals (e.g.,
Cr¥*, Fe®, Be?*, AI*) with chelators with hard ligands [334]. Intermediate metals (e.g., Fe?*,
Co?*, Ni?*, Zn?*) can be chelated by both hard and soft bases. A huge amount of chemical
complexes was considered as antidotes in experiments on acute cadmium and mercury
poisoning in animals [327,333,335]. Generally, metal and antidote injections are given
parenterally or orally. Enteral administration of DMSA effectually decreases gastral
absorption and toxicity of extremely poisonous oral doses of cadmium, while intraperitoneal
administration of DMSA only slightly protected against Cd toxicity. Oral administration of
DMSA efficiently reduced intestinal uptake and toxicity of highly toxic oral doses of
cadmium, while intraperitoneal injection of DMSA only marginally protected against Cd
toxicity. Nevertheless, these agents interfere with vital metal ions like Ca?*, Cu?*, Zn?*, K*,

Na* results in abnormal physiologic function [336]. Besides, heavy metals are redistributed



by these agents to potentiate toxicity at intracellular sites of the liver and kidney [332]. To
overcome these disadvantages, the investigation and study of new treatment methods and
materials are essential. This research aimed to evaluate the antidotal effect of cryogels and
Unithiol toward elimination LDso dose of cadmium, cesium, strontium, and mercury from
rats. To the best of our knowledge, it is a first time when cryogels were tested as an oral
sorbents for heavy metal detoxification in vivo, while the Unithiol, the commercial name of
DMSA compound was approved by US FDA as effective antidote for cadmium and mercury
treatment [326,327]. Despite the fact, that therapeutic pharmacokinetics of cryogels and
Unithiol are different in nature, it was decided to compare synthesized cryogel with best
efficient commercial antidote. To test the success of treatment, histopathological evaluation
of liver and kidney, biochemical parameters of blood and presence of metal ions in various

animal tissues were done.

9.2 Chapter Overview

In this chapter, the results of the use of AAC cryogel as oral sorbents for treatment of
experimental animal poisoned by LD50 dose of Cd(NOz3)2, CsNOs, Sr(NOs). and HgCl> in
water phase. For the comparison of efficiency of cryogels, the Unithiol was used in the same
dose as cryogel. After the animals were withdrawn from the experiment, the internal tissues
were removed for histological and chemical analyzes, while blood samples were collected
and used to determine the levels of biochemical markers.

9.3 Survival and clinical observations of intoxicated animals

After 2h of metal poisoning, the some rats in the untreated groups moved slowly, showed
emphatic noise sensitivity, and frequent convulsions. Table 9.1 represents the data of the
experimental groups depending on the doses of metals received, methods of detoxification,
and the percentage of survival in the group. Mortality of animals in the groups poisoned by
cadmium and mercury occurred within 2-4 hours after administration of the toxins, while
animals from groups with strontium and cesium died within 4-7 hours. Most fatal cases in

rats treated with cryogel and unithiol occurred 15-18 hours after metal intoxication.



Table 9.1. Survival rate of rats in the experimental groups depending on metal dose and

treatment method

Group Subgroup Metal dose and/or antidote Survival rate, %
Group | NC control 100
Cd-PC LDsoCd(NOs)2 40
Sr-PC LD508I’(NO3)2 50
Group Il
Cs-PC LDsoCsNOs 50
Hg-PC LDsoHgCl; 40
Cd-AAC LDsCd(NO3). + AAC 90
cryogel
Cs-AAC LDsoCsNOs; + AAC cryogel 90
Hg-AAC LDsoHgCl, + AAC cryogel 80
Cd-DMSA LDsoCd(NOs)2 + unithiol 70
Sr-DMSA LDsoSr(NOs3), + unithiol 80
Group IV __
Cs-DMSA LDsoCsNOs + unithiol 80
Hg-DMSA LDsoHgClI> + unithiol 60

9.4 Histopathological studies of liver and kidney

Histopathological analysis of the liver of the control group of animals demonstrates the
typical structure of the organ, a distinct cortex with centralized nuclei, glomeruli, and

preserved tubules (Fig. 9.1A).

During a morphological study of the histological parameters of the liver of animals poisoned
with cadmium and strontium (Fig. 9.1 B,D), it was found that the introduction of metals in
a dose of LDsg leads to a significant expansion of sinusoidal capillaries and central veins.
The introduction of a more massive dose of toxicant causes a change in the architectonics of
the hepatic lobules, a violation of the traditional orientation of hepatocyte beams.
Morphological study of the liver in experimental animals receiving intragastric
administration of mercury and cesium revealed pronounced hydropic and fatty degeneration
of hepatocytes with focal necrosis, and profuse hemorrhage in sinusoidal capillaries (Fig.
9.1 J, L). Histological examination of the liver of animals of the Cd-AAC group (Fig. 9.1
E) shows a slight hemorrhage in the sinusoid capillaries and damage to hepatocyte cells,

while the sample Cd-DMSA (Fig. 9.1 F) showed an almost intact liver structure with a slight



hemorrhage in the intercellular space. However, when studying liver samples after the
intoxication of animals with strontium followed by the introduction of antidotes, a directly
opposite picture is observed. The liver of the sample Sr-AAC looks intact without visible
damage, while the liver of the Sr-DMSA animal group is severely damaged with marked
increases in sinusoidal capillaries and dystrophic changes in cells. In the case of cesium
treatment, the liver samples of Cs-AAC and Cs-DMSA (Fig. 9.1 M and 9.1N, respectively)
look slightly damaged with a slight hemorrhage and deformation of some hepatocytes. An
extremely high degree of liver damage is observed in sample Hg-DMSA (Fig. 9.1 R), which
is characterized by acute venous hyperemia of the liver, hemorrhage, necrosis of hepatocytes
in the central zone of the hepatic lobule, while the sample Hg-AAC (Fig. 9.1 P) exhibits
less damage with slight hemorrhage.

Fig. 9.1. The histopathological images of livers of all groups of experimental animals



The histopathological investigations of kidneys of healthy, poisoned and treated animals are
presented in Fig. 9.2 (A-R). In healthy animals (Group 1), the capsule, cortical and brain
layers are microscopically distinguishable. Numerous glomeruli of nephrons with a spherical
shape with a slightly uneven surface are clearly visible in the cortical layer. The glomeruli
are enclosed in capsules, the lumen of which is sickle-shaped or surround the glomerulus in
the form of a ring. The cavity of the capsule is free of contents. The space between the
glomeruli is represented by a homogeneously colored fabric with numerous rounded sections
of convoluted tubules and vessels of the cortical substance. The tubule epithelium adheres
strictly to the surface of the basement membrane, represented by a continuous unicellular
layer of endothelial cells. The nuclei of these cells are rounded, regular in shape with a
smooth surface. They are located in the center of a homogeneous cytoplasm. The lumen of
the tubules is gaping, free of content. The brain substance is represented by homogeneously

colored parenchyma with a parallel tubular apparatus.

In Group Il animals poisoned with metals, significant changes in the structure of the
histological picture are observed both in the cortical substance. It is noteworthy that in the
lumens of the capsules of most glomeruli, there are amorphous deposits and red blood cells
(Fig. 9.2 B,D,J,L). In the tubules of all levels, significant dystrophic changes in the
epithelium are noted, which are manifested in the swelling and separation of epithelial cells
from the basement membranes and from each other, the loss of a significant number of
basophilia nuclei, karyolysis, and desquamation of epithelial cells. Gleams of tubules were
significantly expanded. In interstitium, pronounced edema, lymphocytic and neutrophilic
infiltration was observed and had a focal character. The cortical vasculature looks diluted
and filled with blood.

In animals treated with cryogel (Group IlI), on the histological sections, the lumen of
individual capsules contains amorphous inclusions (Fig. 9.1 E,G,M,P). The tubular
apparatus contains signs of dystrophic changes, however, these changes are much less
pronounced than in untreated Group Il. In contrast to the control group, in which tubular
obstruction by amorphous masses is observed throughout the thickness of the section, in this
group, these changes are focal in nature and are localized mainly in the zone of transition of
cortical substance to the brain. The degree of desquamation of the epithelium and
pathological changes in the nuclei is also significantly less pronounced than in control. In
animals treated with Unithiol (Group 1V), the lumen of individual capsules on histological



sections contains amorphous inclusions and showed a moderate degree of congestion in renal
blood vessels and atrophy of some glomeruli. The signs of dystrophic changes in the tubular

apparatus are significantly less than in the control group but slightly higher than in the

cryogel-treated group.

Fig. 9.2. The histopathological images of kidneys of all groups of experimental animals

9.5 Effects of poisoning and treatment on biochemical markers

Blood biochemical parameters are essential in determining damage to the liver and kidneys.
The levels of biochemical blood markers of the intact, metal-poisoned, and treated groups
are presented in Table 9.2. After the metals were introduced into the animal organism, the
enzymatic activity of AST, ALT, GGT, alkaline phosphatase in the blood serum tended to
increase, however, in the group of cryogel-treated animals these parameters returned to
normal, except for alkaline phosphatase. In the results of Group 1V, it was found that the
ALT levels were within normal limits, AST was higher than that of the intact and the group
treated with cryogels, but lower than the metal-poisoned group.



Table 9.2. Effect of metal on blood biochemical markers in experimental animals

TP, Urea, Glu, ALT, AST, TBil, GGT, ALP, TC,

g/L mmol/L mmol/L U/L U/L pM/L U/L U/L pM/L
NC 60.35+2.3 4.19+0.2 11.9£1.0 53.5+8.4 91.8+9.5 0.9+0.28 0.81+0.27  115.5423.3 1.02+0.20
Cd-PC 55.87542.1  5.71+0.6 18.0+£3.8 139.5+10.3  130.4+33.5  0.79+0.26  2.33+1.5 181.8480.6  0.81+0.52
Sr-PC 64.8+3.8 7.842.9 14.7+1.3 137.2+9.5 143.8+14.4 1.05£0.07  2.65+1.34  207.5+64.3  2.06+0.73
Cs-PC 63.15£3.0 6.3£1.6 11.1£1.5 131.4+4.0 130.5+25.7 1.16£0.35  1.4+0.71 204.5+47.4  0.59+0.05
Hg-PC 59.9+3.8 4.1+0.5 13.7+1.4 194.2+9.5 153.3+14.4 1.1540.21  4.55+£5.02  152.5+17.7 1.05+0.08
Cd-AAC 60.8+3.8 7.0£1.2 11.840.6 27.3+£8.5 71.4+9.5 0.75+0.07  1.2+0.28 219.5436.1 1.14+0.21
Sr-AAC 62.9+8.8 10.4+5.0 10.9+1.9 43.3+1.9 85.2+7.0 0.95+0.21  0.8+0.0 199+25.5 1.17+0.49
Cs-AAC 62+8.6 6.2+1.3 10.2+£2.0 29.8+12.8 93.5+8.3 1.35£0.21  0.56+0.77  178+101.8 0.77+0.48
Hg-AAC 57.2+2.7 6.1+0.1 11.1+£2.8 39.55+6.6 88.7+14.8 0.95£0.35  0.45+£0.21  200.5+16.3 1.05+0.25
Cd-DMSA 59.45£3.0 6.4+1.8 12.0+£2.4 33.84+12.0 126+42.3 1.15£0.49  0.5+0.57 129.5+£3.5 0.68+0.35
Sr-DMSA 70.9+3.7 5.4+0.6 23.242.4 28.5+6.1 102.3+£23.4 1.35¢0.07  3.7+4.67 348.5457.3  2.25+0.19
Cs-DMSA 55.3+4.5 22.749.1 14.0+0.1 41.6+£17.9 133.6£33.4  0.95+0.35  3.05+£3.75  358.5+44.5 1.03+0.58
Hg-DMSA 64.1+3.4 6.8+0.4 15.3+£5.9 37.9+7.9 102.8+£3.9 1.3+0.14 0.75+0.92  181446.7 1.13+0.09

TP - total protein, Glu - glucose, ALT - alanine aminotransferase, AST -aspartate aminotransferase, TBil — total billirubin, GGT -gamma-

glutamyltransferase, ALP - alkaline phosphatase, TC - total cholesterol

9.6 Evaluation of the existence of metal ions in animal tissues

The results of the evaluation of metal ions presented in various tissues, such as liver, kidney,
stomach, omentum, and duodenum of poisoned and treated animals are presented in Table
9.3. No metals were detected in the control group. From the Table 9.3, it follows that in
cadmium-poisoned animals, the maximum concentrations of metal ions was observed in the
stomach and intestine, 8.998 and 6.812 g per g of dried organ. When studying the
effectiveness of cryogel on the sorption of cadmium ions in infected animals, it was revealed
that after 24 hours of contact, the amount of cadmium in the stomach was ten times less, and
in the duodenum almost 34 times. Also, a noticeable decrease in the concentration of
cadmium in other investigated organs is 2-24 times compared with the data of group Cd-PC.
In the case of unithiol-received animals, it was found that DMSA effectively eliminates
cadmium ions, the concentration of which is three times lower in the stomach and 2 times
lower in the duodenum compared to cryogel-treated animals. When studying the
effectiveness of cryogel and unithiol against strontium, it was found that both antidotes have
similar metal-binding activity, which can reduce the metal ions in tissues by 3-5 times.
During the determining the cesium content in the poisoned and treated animals, it was found

that all groups of animals showed high concentrations of cesium ions due to the use of a



large amount of cesium nitrate, which corresponds to an LDso dose. Despite the introduction
of antidotes, the levels of cesium in all groups of the studied organs were consistently high,
except for the stomach, in which cryogel and unithiol reduced the cesium concentration by
half compared to the Cs-PC group. In a group of animals poisoned with mercury was found
that high concentrations of mercury are observed in all studied tissues. Comparing the
effectiveness of cryogel and Unithiol, it can be seen that after the treatment with Unithiol,
the concentrations of mercury in all tissues was very low, while the cryogel was able to

decrease the mercury values by an average of 1.5 times compared with the Hg-PC group.

Table 9.3. Concentration of metal ions in the various tissues of experimental animals

Liver, Kidney, Stomach, Omentum, Duodenum,

mg/g mg/g mg/g mg/g mg/g
Cd-PC 0.234 0.146 8.998 2.498 6.812
Cd-AAC 0.105 0.035 0.899 0.104 0.202
Cd-DMSA 0.079 0.045 0.313 0.092 0.111
Sr-PC 0.025 0.065 0.298 0.123 0.150
Sr-AAC 0.022 0.038 0.103 0.032 0.037
Sr-DMSA 0.013 0.024 0.086 0.037 0.038
Cs-PC 10.52 9.79 16.27 13.59 10.63
Cs-AAC 14.38 13.15 8.18 9.81 10.16
Cs-DMSA 13.07 14.56 8.82 6.78 14.08
Hg-PC 0.247 0.613 3.035 0.493 0.664
Hg-AAC 0.130 0.564 2.126 0.112 0.420
Hg-DMSA 0.014 0.030 0.207 0.046 0.040

9.7 Summary

Studies have shown that heavy metal intoxication leads to increased changes in liver and
kidney function, disrupting the regulatory function of liver and kidney enzymes. With
intragastric administration of cryogels after 1 hour of poisoning with LDso doses of metals,
it was revealed that after 24 hours of experiments, the survival of experimental animals’
increases. A histopathological study of the kidneys and liver markedly improves the
condition of tissues with less deformed structure. In the study of biochemical blood markers

of experimental animals revealed improvements in indicators treated with cryogels and



Unithiol compared with the poisoned group. A study of the presence of metals in animal
organs revealed a decrease in the concentration of metal ions after treatment with cryogel in
the organs of rats. Preliminary studies of the use of cryogels as antidotes in acute heavy
metal poisoning show that these sorbents have potential in the treatment of acute intoxication
and require a more detailed study.



CHAPTER 10

CONCLUSIONS AND FUTURE WORK

10.1 Conclusions

Two novel macroporous cryogels were synthesized by free-radical co-polymerization of
acrylate-based precursors with allylamine under sub-zero temperature conditions by
optimizing the ratios of monomers, cross-linkers and initiators of the reaction. Surface
analysis by use of SEM showed that both types of cryogels have a three-dimensional network
associated with super-macroporous and interconnected channels with pore sizes in the range
from 10 to 100 um. AAC and SAC cryogels, containing key monomer methacrylic acid and
2-acrylamido-2-methyl-1-propansulfonic acid, respectively were analyzed by use of FTIR,
which identified carboxylic, amide(ll), amide(l1l) and amino groups. The main difference
between AAC and SAC was observed as well, being the sulfur-containing functional groups

in the structure of the later.

The studies of Hg?* removal from Hg(NOs). and HgCl, solutions demonstrated that the
removal is very fast and the loading capacity very high with AAC cryogel being superior
over SAC cryogel. The AAC and SAC samples showed maximum removal capacity around
260 and 174 mg/g from HgCI. salt solution and up to 626 and 622 mg/g from Hg(NOz3).
solution, respectively. The mercury removal from Hg(NOs)> was more effective, both in
terms of equilibrium and kinetics, due to the speciation in the aqueous phase allowing the
existence of free Hg?* ions in contrast to HgCl> where neutral complexes dominate the
aqueous phase. The Hg?* removal mechanism was studied in detail and is possibly a
combination of ion exchange and complexation reactions. The results of mercury removal
from different real water matrixes showed that cryogels removed mercury much faster than
commercial adsorbents such as activated carbon, strong acid resin and zeolite Y except for
seawater where activated carbon is superior. Again, this is a result of speciation as under the
presence of CI- mercury forms stable neutral complexes favoring adsorption rather than ion
exchange and complexation. The removal experiments of Cd?*, Sr?* and Cs* showed fast
kinetics and high loading capacities as well. The results show that removal capacities of
AAC cryogel were reached the maximum in such order: 361.6 mg/g of Cs*, 248.6 mg/g for
Cd?* and 209.3 mg/g for Sr?* whereas SAC polymer also was best for Cs* with maximum



capacity of 258.7 mg/g, while Sr?* and Cd?* adsorption reached 210.5 and 131.9 mg/g,
respectively. The dominant removal mechanism was found to be similar to mercury

involving ion exchange followed by complexation reactions.

The synthesis of two novel Ag%Ag.0 nanocomposite cryogels was successfully done. The
nanocomposites were used for targeted removal of iodide from model solutions and real
seawater. The results showed that AAC and SAC nanocomposites reached 159 and 98 mg/g
iodide loading, respectively. It was found that amide groups of cryogels were able to reduce
Ag" to form AgP nanoparticles while agglomeration and oxidation result in the formation of
Ag20 nanoparticles, verified by XRD and TEM. The release of small amounts of Ag* during
I removal resulted in the formation of negatively charged Agl colloids in the solution. The
formation of colloids in the solution was verified by independent experiments and it provides
a satisfactory explanation of some discrepancies between observed and theoretically
expected I loadings in our work as well as in the literature. Finally, the seawater experiments
showed that both Ag-cryogel nanocomposites were able to remove almost 100 % of iodide

from 100 ppm natural water.

The AAC cryogel, due to its superior efficiency towards metals removal, was used for
treatment of LDso poisoned experimental animals and compared with commercial antidote
Unithiol. It was found that intragastric administration of cryogels after 1 hour of poisoning
with LDsp doses of metals decreases the mortality rate of examined rats. A histopathological
study of the kidneys and liver and also biochemical blood markers of rats revealed
improvements in indicators treated with cryogels and Unithiol compared with the poisoned
group. A study of the presence of Cd?" Hg?*, Sr** and Cs* metal ions in animal tissues
revealed a decrease in the concentration of metal ions after treatment with cryogel in the
organs of rats. Preliminary studies of the use of cryogels as antidotes in acute metals
poisoning show that these sorbents have potential in the treatment of acute intoxication and

require a more detailed study.

10.2 Future work



The amount and quality of the experimental results enable to suggest future research

directions on cryogel-based adsorbents. Future research directions can be summarized as

follows:

[1]

Testing the efficiency of cryogels toward examined and other metal ions in flow-
through experiments, by varying the flow rate, the size of monoliths and the
concentrations of metal ions.

Modification of cryogels by different metallic nanoparticles, functional groups and
materials such as carbons for targeted removal of inorganic and organic substances
such as arsenic, chromium, fluoride and phosphorous.

Scale-up the synthesis of cryogel monoliths by retaining removal efficiency,
mechanical strength and elasticity.

Study of cryogels under variable aqueous chemistry such as in the presence of
competing cations and complexing anions extended to a systematic study under real
conditions by use of real contaminated water.

A more detailed study on the biocompatibility and effectiveness of cryogels for
detoxification of animals poisoned with metals and other substances and
investigation of the elimination mechanisms in biological media and living

organisms.
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A. Appendices for Chapter 5.
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Fig A2. EDX mapping images and elemental composition of SAC-HgCl, sample
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Fig A3. EDX mapping images and elemental composition of AAC-Hg(NOz3), sample
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Fig A4. EDX mapping images and elemental composition of SAC-Hg(NO3), sample
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Fig. A5. Speciation of 50 ppm (C, D) Hg?* chloride and nitrate solutions (Diagram created

by Medusa software).
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Fig. A6. Speciation of 10 ppm Hg?* in ultra-pure (left) and tap (right) water matrices

(Diagram created by Medusa software).

Table Al. Leaching experiment of Hg?* from AAC and SAC cryogels at pH 7"

Adsorbent type Total Leached Hg Leached Hg
adsorbed Hg after 14 d after 14 d
[ma] [ma] [%]
AAC-HgCl; 9.96 0.021 0.21
SAC-HgCl, 8.36 0.0015 0.018
AAC-Hg(NOs3)2 9.94 0.008 0.08
SAC-Hg(NO3), 9.84 0.02 0.20

“The experimental conditions: 0.08 g of material in 100 mL of 100 mg/L Hg?* solution



Table A2. The pH and conductivity of the mercury solutions before and after sorption (80
mg cryogel in 100 mL solution).

Sample-metal
precursor

AAC-HgCl,
SAC-HgCl,
AAC-Hg(NO3),

SAC-Hg(NO3),

Initial pH

4.38 +0.03
4.38 +0.03
339 £ 05

3.39 £ 05

Final pH

7.16+0.13
3.99+0.1
7.42+0.18

3.77+0.0

13.08 £ 0.53
13.08 + 0.53
244 £ 2

244 £ 2

Initial conductivity,
puS/cm

Final conductivity,
puS/cm

115.15+0.15
122.54¢2.1
112.8+0.9

170.45+0.15

Table A3. Total nitrogen content (% w/w) in parent and mercury-treated cryogels.

AAC-Hg(NO3);

SAC-Hg(NO3).

AAC
SAC

AAC-HgCl;

SAC-HgCl»

9.32+0.43
8.70+1.90

7.27+0.36
8.24+1.06
10.13+0.18
11.32+0.73

Table A4. The pH, electrolytic conductivity and concentrations of cations and anions after

24 h removal of mercury ions in different water matrices.

Na, K, Mg, Ca, Cl, S04, PO4, pH EC™,
ppm ppm ppm ppm ppm ppm ppm uS/cm

Activated
carbon 6.61 57.97 0.09 1241 43.87 3.81 0.07 9.34 175.95
lon-

= exchange

§ resin 055 29.25 0.02 0.32 22.93 0.33 0.04 4.66 77.25

o Zeolite 1.63  16.37 0.01 0.23 13.12 0.51 n.a.” 5.04 46.25
AAC 12.12 7.98 0.04 0.39 7.73 n.a. n.a. 7.78 96.10
SAC 4.98 7.13 0.05 0.47 6.95 0.53 n.a. 6.80 72.25
control 0.61  13.47 0.01 0.16 10.01 0.10 n.a. 5.06 98.20
Activated
carbon 80.59 6.06 2352  53.65 100.81  86.04 n.a. 8.09  894.00
lon-
exchange

o _resin 31.49 1.59 6.17 17.45 102.96 82.52 n.a. 2.49 1618.00

[

= Zeolite 145.62 2.45 11.79  22.36 104.17  82.63 n.a. 8.08 1031.50
AAC 154.43 3.08 3.57 9.90 106.90 85.09 1455 832 93550
SAC 128.71 3.14 11.23  31.09 10691 89.25 55.01 8.06 995.50
control 77.29 5.45 20.55  61.27 101.51  80.79 n.a. 8.02 875.00




Activated

carbon 20.89 2.80 499  26.92 22.27 1955 0.83 8.26  335.00
lon-
exchange

5 resin 6.12 2.15 1.02 10.06 23.31 1540 n.a. 3.10 399.50

>

‘= Zeolite 60.72 0.30 0.16 1.30 2143 14.25 0.07 7.67 357.50
AAC 53.35 0.54 0.46 5.20 2200 1502 1701 844 35550
SAC 62.26 1.45 0.53 6.17 2347 1937 5838 811 43550
control 19.68 1.72 298 29.01 2143  13.63 n.a. 6.95 285.00
Activated
carbon 11250.63 333.18 1309.56 369.19 18526.32 249397 7.1 7.96 42.05
lon-

. exchange

£ resin 10885.58 322.74 1203.07 322.71 18281.98 2451.75 n.a. 2.12 45,95

% Zeolite 11302.83 321.00 1290.32 365.63 18846.18 252592 6.73 7.83 44.40
AAC 11367.18 325.95 1256.80 378.17 18906.10 2561.40 12.31 7.71 45.05
SAC 11046.52 326.39 1271.15 380.73 18702.95 2520.04 26.81 7.81 45.40
control 12031.77 386.27 1436.59 41221 1942547 3012.78 na. 7.99 46.10

*n.a. — not availbale, below detection limit

** - electrolytic conductivity of solutions



B. Appendices for Chapter 6.
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C. Appendices for Chapter 7.
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D. Appendices for Chapter 8.
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Fig D2. EDS mapping images of SAC-Ag sample
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Table D1. Silver and iodide content in Ag-modified and iodide-loaded cryogels (wt %).

Ag-modified lodide-loaded
Ag Ag [
Cryogel Expected EDS Expected EDS Expected
AAC 13.72 10.80 11.82 11.60 13.9
SAC 8.93 8.70 8.08 9.50 9.50

Table D2. Conductivity and pH of solutions after I removal by Ag-cryogels

AAC-Agl SAC-Agl
Cryogel, Conductivity, pH Conductivity, pH
mg /100 mL uS/cm uS/cm
Kl
100 29.35+2.75 7.11+£0.27 13.3+0.9 5.255+0.05
80 27.95+0.45 6.67+0.03 22.3£1.9 5.24+0.13
60 26.6+0.6 6.18+0.02 43.0+£0.3 5.02+0.09
40 33.7+2 6.53+0.06 65.0+0.5 5.21+0.06
20 76.85+0.45 6.25+0.15 84.2+0.1 5.35+0.12
10 88.65+0.65 6.11+0.03 96.9+0 5.59+0
Kl stock 104.4 5.56 104.4 5.56




