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LIST OF ABBREVIATIONS

Al adsorbent — well-ordered crystalline dibasic calcium silicate hydrates samples
A2 adsorbent — poorly-ordered amorphous/crystalline dibasic calcium silicate
hydrates samples

A2-750 — A2 adsorbent calcinated at 750 °C temperature

A2-Co sample — A2 adsorbent with incorporated Co?* ions during the adsorption
A2-Co750 sample — A2-Co sample calcinated at 750 °C temperature

A2-Cr sample — A2 adsorbent with incorporated Cr3* ions during the adsorption
A2-Cr550 sample — A2-Cr sample calcinated at 550 °C temperature

A2-Cu sample — A2 adsorbent with incorporated Cu?* ions during the adsorption
A2-Cu600 sample — A2-Cu sample calcinated at 600 °C temperature

AAS — atomic absorption spectrometry

CS — calcium silicate

C/S — the molar ratio of CaO and SiO»

CSH - calcium silicate hydrate

C-S-H — semi-crystalline type compounds C-S-H(l) and/or C-S-H(ll)

DSC — differential scanning calorimetry

EDX — energy dispersive X-ray spectrometry

FT-IR — Fourier-transform infrared spectroscopy

H-Co sample — sample with incorporated Co?* ions during hydrothermal synthesis
H-Co550 sample — H-Co sample calcinated at 550 °C temperature

H-Cr sample — sample with incorporated Cr®" ions during hydrothermal synthesis
H-Cr550 sample — H-Cr sample calcinated at 550 °C temperature

H-Cu sample — sample with incorporated Cu?* ions during hydrothermal synthesis
H-Cu600 sample — H-Cu sample calcinated at 600 °C temperature

PFO — pseudo-first-order kinetic model

PSO — pseudo-second-order kinetic model

Sa — surface area

Seet — the specific surface area of sample calculated by the BET equation

SEM - scanning electron microscopy

STA — simultaneous thermal analysis

TEM — transmission electron microscopy

TG — thermogravimetry

VOC - volatile organic compounds

w/s —ratio of liquid media (ml) and solid state material (g)

XRD — X-ray diffraction analysis

a-C>SH — a-dicalcium silicate hydrate (2Ca0O-SiO2-H:0)



INTRODUCTION

According to various sources, humanity is facing more than 15 environmental
concerns, such as air, water, and soil pollution, global warming, health issues, and
others. One of the major contributors to the global air pollution (denoted by the
contribution to ozone and chemical smog) and human health is volatile organic
compounds (VOCs, alkenes, alkanes, esters, alcohols, etc.). The main sources of these
compounds are chemical and petroleum industry, pharmaceutical plants, etc. In
addition, a large variety of VOCs are generated from the household products. There
are many technologies for VOC neutralization: biological degradation, adsorption,
ozonation, thermal treatment, and oxidation. Catalytic oxidation is one of the most
common attractive ways to eliminate these compounds by converting them to CO,
and H,O at low temperature (200-500 °C). The conventional catalysts require
precious metals (Pt, Pd, Au), which are expensive; therefore, the scientists are looking
for new catalysts based on the transitional metals.

Calcium silicate hydrates (CSH) have been industrially produced as the main
constituents for the heat insulating materials, building materials and artificial wood
due to its high stability at high temperatures and fibrous crystal form. Moreover, due
to the high adsorption capacity, CSH play important roles in many areas: in drug
delivery, bone tissue engineering, adsorption of heavy metal ions, etc. It is known that
dibasic calcium silicate hydrates have good adsorption properties for some metal ions.
For this reason, the attention has been given to the mesoporous calcium silicate
hydrates (xCaO-ySiO,-zH,0) or calcium silicates (xCaO-ySiO,) (these compounds
can be synthesized by calcining calcium silicate hydrates or liquid and solid sintering
of calcium- and silicon-containing material), which are adsorbents with high
adsorption capacity and promising catalyst support. These compounds have the
aforementioned properties and are chemically stable and able to disperse metal
particles on the surface. In addition, calcium silicates and calcium silicate hydrates
allow retaining the unique properties of metal ions and promoting catalytic activity.

Calcium silicate hydrates exist in nature, can be formed as the hydration product
of Portland cement, or can be synthesized in CaO-SiO.-H,O mixtures under
hydrothermal conditions within the 100-350 °C temperature range. Usually, the
preparation of catalysts supported with calcium silicates or calcium silicate hydrates
involves three steps: (1) synthesis of calcium silicates or calcium silicate hydrates, (2)
adsorption of metal ions, (3) calcination at a selected temperature (in order to achieve
active metal oxides). In addition, it is possible to incorporate metal ions into the
structure of calcium silicates and their hydrates during their synthesis. Such
compounds with incorporated metal ions can be used as catalysts for ethanol
conversion to butadiene, the synthesis of bisphenol F, and the oxidation of ketones
and aldehydes. Unfortunately, there is a lack of information about the influence of
metals on the formation, thermal stability, microstructure, and other properties of
calcium silicates and their hydrates.

According to the literature data, some metal ions, such as sodium or potassium,
have a positive effect on the reactivity of crystalline silicon-containing compounds by
eroding their surface and promote the formation of calcium silicate hydrates. Different



results were obtained using aluminum oxide for the synthesis of dibasic calcium
silicate hydrate at 200 °C, because this additive retarded the dissolution of portlandite
and the formation of calcium silicate hydrates but stimulated the crystallization of
calcium silicate. Cations, such as AI**, B®*, and Be?*, can change silicon in the silicon-
oxygen tetrahedron, while others (Na*, K*, Fe?*, Mn?", Ti?*, Zr?*, etc.) intercalate
outside it. The later cations connect silicon-oxygen tetrahedrons to each other. Thus,
the cations change the formation, thermal stability, microstructure, and other
properties of calcium silicate hydrates and calcium silicates.

For these reasons, copper, cobalt, and chromium metal ions incorporation into
the structure of calcium silicate hydrate by the adsorption or hydrothermal synthesis
and their stability (or changes) of mineral composition was examined in detail.
Meanwhile, after the investigation of CSH adsorption capacity for heavy metal ions,
the microstructure and catalytic activity of synthetic and calcined products were
determined.

The aim of the dissertation is to is to determine the adsorption Kinetic
parameters of synthesized poorly-ordered and well-ordered structure calcium silicate
hydrates (CaO/SiO, = 1.5) samples for Cu?*, Co?", and Cr®" ions and evaluate their
thermal stability as well as catalytic activity.

The objectives of the dissertation

1. to determine the adsorption capacity of poorly-ordered and well-ordered
structure calcium silicate hydrates (CaO/SiO = 1.5) samples for Cu?*, Co?",
and Cr®" ions and describe these reactions using adsorption kinetic models;

2. toinvestigate the stability of adsorbents samples, substituted with Cu?*, Co?*,
and Cr®* ions, at 25-1000 °C temperature in the air environment;

3. to evaluate the effect of Cu?*, Co%*, and Cr® ions under hydrothermal
conditions on the mineral composition and structure stability of calcium
silicate hydrate (CaO/SiO; = 1.5) sample;

4. to investigate the possibilities of the best synthetic and calcined calcium
silicate hydrates adsorbents samples application for the adsorbents-catalysts
production and prepare technological recommendations for the production.

Statements presented for the defense

1. Synthesized poorly-ordered and well-ordered structure calcium silicate
hydrates (CaO/SiO, = 1.5) samples have a high adsorption capacity (25-100
mg/g) of heavy metal ions;

2. Pure and substitute with Cu?*, Co?*, and Cr®*" ions calcium silicate hydrate
(CaO/SiO, = 1.5) samples are mesoporous materials and have a large
specific surface area (> 68 m?/g).

Scientific novelty of the research

1. It has been proved that different quantity (25-100 mg/g) of Cu?*, Co?*, and
Cr¥ ions can be incorporated into the structure of poorly-ordered phases of
calcium silicate hydrates (CaO/SiO, = 1.5) samples under hydrothermal
treatment conditions.



2. Synthesized, controlled specific surface area chemisorbents samples
substituted with Cu?*, Co?", and Cr®" ions are stable till 550750 °C, while
at higher temperature, the formation of CuO, Co30s, and Cr,O3 proceeded.

Practical significance of the scientific research

Synthesized poorly-ordered and well-ordered phases of calcium silicate
hydrates (CaO/SiO, = 1.5) samples can be used as chemisorbents for Cu?*, Co?* and
Cr® ions removal in the adsorption processes. It has been proved that the mentioned
metal ions from the liquid solution can be incorporated into the calcium silicate
hydrates samples under hydrothermal treatment conditions. Synthesized and calcined
samples substituted with Cu?*, Co?*, and Cr®* metal ions can be used as materials for
the catalytic applications for propanol oxidation reactions, because at temperatures
lower than 175 °C, the compounds act as adsorbents, while at higher temperatures,
the catalytic oxidation proceeds.

Approval and publication of the research results

The results of the research were presented in 4 scientific publications in journals
indexed in the Web of Science with Impact Factor (JCR SCIE): 1 of them published
in Buildings, 1 in Journal of Thermal Analysis and Calorimetry, 1 in Desalination
and Water Treatment, and 1 in Nanomaterials. The results of the dissertation have
been reported in 5 international conference proceedings or abstracts: “5th Central and
Eastern European conference on thermal analysis and calorimetry (CEEC-TACS) and
14th Mediterranean conference on calorimetry and thermal analysis (Medicta 2019)”
(2019, Iltaly), “Open readings 2019: 62nd international conference for students of
physics and natural sciences” (2019, Lithuania), “Advanced materials and
technologies” (2019, Lithuania), “6th Central and Eastern European conference on
thermal analysis and calorimetry (CEEC-TACS6) and 15th Mediterranean conference
on calorimetry and thermal analysis (Medicta2021)”, and in one national conference
“Technorama” (2019, Lithuania).

Contribution of the author and co-authors

The author synthesized and described all calcium silicate hydrates mentioned
samples in the thesis, examined the adsorption, calcination, and catalytic properties of
the synthesized compounds, and performed kinetic research and BET calculations.
Kestutis Baltakys advised on the possibilities of calcium silicates formation during
the hydrothermal synthesis and the progress of the experiment and preparation of the
manuscripts. Tadas Dambrauskas consulted on the thermal activation properties of
compounds and calculation of adsorption kinetics. Anatolijus Eisinas together with
Kestutis Baltakys advised on the technological recommendations. Andrius Jaskiinas
consulted about the adsorption and catalytic processes.

Structure and contents of the dissertation

The dissertation consists of an introduction, literature review, experimental part,
results and discussion, conclusions, a list of references, a list of publications on the
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topic of the dissertation, and appendices. The list of references includes 192
bibliographic sources. The main results are discussed in 164 pages and illustrated in
20 tables and 72 figures.
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1. LITERATURE REVIEW

1.1. Sources of heavy metals and their environmental impact

The fast economic growth, increasing human population, and industrial
development generate high waste globally [1, 2]. According to various sources, the
total wastewater amount generated in the World is equal to 390-500 km? per year [3].
Most of it is produced by agriculture and industry. These usually toxic wastes may
include various industrial pollutants, such as organic and inorganic compounds, heavy
metals, or petroleum products [4, 5]. The pollution of surface and groundwater with
heavy metals is recognized as an important environmental problem, causing danger to
life and health. According to the Korte aggregate index, which shows danger to life,
health, and heredity, heavy metals are among the first ecological problems, because
of exposure to chemical fertilizers, consequences of oil spills, pesticides, acid rain [6].
Heavy metals are persistent pollutants: they do not decompose, but only travel from
one ecological niche to another, threatening poorly defined consequences. The
individual dangerous chemical pollutants as well as their combined synergistic effect
are dangerous [7, 8]. The sources of pollution of toxic chemical elements and other
compounds that are entering the environment with them are the most diverse and are
presented in Table 1.1.

Table 1.1. Anthropogenic sources of heavy metals [9]

Sources of pollution

Detected heavy metals

Metal processing (manufacture of machine
tools, machines, tools, auxiliary repair
shops, and bars for cars and other devices)

Virtually, all elements are detected, but
mainly: molybdenum (Mo), cobalt (Co),
nickel (Ni), vanadium (V), chromium (Cr),
tungsten (W), barium (Ba), manganese
(Mn), boron (B), niobium (Nb), titanium
(Ti), arsenic (As), yttrium (Y), ytterbium
(YY), scandium (Sc), gallium (Ga)

Electric, radio, telephone, household | Copper (Cu), zinc (Zn), lead (Pb), silver

appliances manufacturing and repair | (Ag), cadmium (Cd), mercury (Hg), tin (Sn)

companies

Galvanic Nickel (Ni), zinc (Zn), copper (Cu),
cadmium (Cd), chromium (Cr), cobalt (Co)
vapor

Coal-fired stoves

Arsenic (As), boron (B), molybdenum (Mo),
nickel (Ni), silver (Ag), gallium (Ga),
barium (Ba), scandium (Sc)

Printing houses

Zinc (Zn), lead (Pb), tin (Sn), cadmium
(Cd), copper (Cu)

For example, copper (Cu) is widely used in various industries, such as fertilizers,
plant protection, electronics, pharmaceuticals, textiles, or paints [10]. However, this
metal is as well a naturally occurring trace element in many organisms, both plant and
animal, and is a component of essential processes, such as photosynthesis and
respiration. Excessive accumulation of copper in the soil, and later in the roots and
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leaves, causes various metabolic disorders in plants, restricts growth and development
by damaging DNA and reducing the processes involved in photosynthesis. Cu
compounds cause nasal congestion, gastritis, diarrhea, and toxic symptoms, such as
chronic lung injury [11, 12].

Cobalt (Co) is used in a variety of industries, such as mining, electronics,
catalysts, alloys, planting, pigments, and steel, and is essential for the synthesis of
vitamin B12 in biological systems [13]. Due to the widespread use, Co can be found
in water bodies and sediments that usually are released from the manufacturing prices
with little or no raw treatment and in high concentrations. Cobalt industrial waste that
is removed without pretreatment causes physical and chemical interactions with
organic (humic and fulvic acids) and inorganic soil constituents (minerals) [14, 15].

Chromium (Cr) is one of the most common heavy metals on earth. It is known
as the fourth major toxic metal after mercury, lead, and cadmium. Exposure to
chromium can lead to serious illness, such as vomiting, stomach ulcers, diarrhea, liver
congestion, and kidney failure [16]. In addition, it is a strong carcinogenic agent that
alters the process of DNA transcription and causes important chromosomal
aberrations. In general, Cr is widespread in wastewater, resulting from chromium
plating, pigment production, skin tanning, corrosion control, and stainless steel
production [17].

The maximum level of heavy metal in soils has to be not harmful to the human
health by indefinite or even lifetime exposure to plants, water, air and does not directly
or indirectly affect heredity. Based on the Lithuanian hygiene norm, the maximum
allowable heavy metals concentrations are defined in Table 1.2 [18]. According to this
order, the users of soil resources must not pollute soil with household, production,
construction and other waste chemicals that are hazardous to the human health and
environment, preserve, and increase the soil fertility. Illegal activities that have
polluted or otherwise caused damage to the soil must compensate it, clean up the
contaminated soil, and restore soil fertility in accordance with the procedure
established by the legal acts [18].

Table 1.2. Maximum levels of dangerous substances [18]

Name of the substance Maximum allowable concentration, mg/kg
Chrome (Cr) 100
Zinc (Zn) 300
Mercury (Hg) 1.5
Cadmium (Cd) 3
Cobalt (Co) 30
Manganese (Mn) 1500
Nickel (Ni) 75
Lead (Pb) 100
Copper (Cu) 100
Potassium chloride 500

It is worth mentioning that the listed pollutants are highly soluble in aquatic

environments; thus, it can be absorbed by the living organisms and may accumulate
in the human body [8, 19]. For this reason, heavy metals should be prevented from
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reaching the natural environment. In order to remove pollutants from the water
systems, the conventional technologies, such as chemical precipitation, ion exchange,
electrochemical treatment, coagulation, foam flotation, filtration, aerobic and
anaerobic treatment, solvent extraction, activated sludge, adsorption, etc., are used
[20, 21]. Among these techniques, adsorption offers flexibility in design and
operation, and in many cases, it generates high quality treated effluents. In addition,
mineral, organic, or biological origin zeolites and others materials with high surface
area can be used as adsorbents [22, 23]. However, these adsorbents often have low
adsorption capacity, poor regeneration (metal ion removal), and short lifetime. Due to
the poor adsorbent properties, adsorption becomes expensive and economically
useless. Therefore, the researchers are investigating new, promising adsorbents [24,
25]. For this reason, the attention has been paid to the mesoporous calcium silicates
or calcium silicate hydrates, which are promising adsorbents. These compounds can
be easily synthesized from inexpensive starting materials, are chemically stable, and
have a high adsorption capacity.

1.2. Classification, formation, and synthesis properties of different
crystallinity calcium silicate hydrates compounds

1.2.1. Calcium silicate hydrates classification

Compound formed under hydrothermal conditions, i.e., calcium silicate hydrate
(CSH), is a salt of silicic acid. The relationship between their constituent components
can be expressed with the general formula of CSH:

XCa0-ySiO;-pH20;

where X, y, p are the number of moles [26, 27].

CSH is an important group of silicate minerals, ranging from amorphous to
crystalline compounds with various compositions in a wide range of C/S ratios
between 0.44-3.0 [27]. Both indicators have a decisive influence on the strength and
durability of articles. More than forty CSH are known, some of which are found in
nature, mostly in combination with volcanic calcium rocks [28]. Mainly calcium
silicates are formed during the autoclaving of products or in the production of thermal
insulation materials. Various parameters influence the synthesis of calcium silicates:
reaction time, temperature, composition of the mixture, dispersity, and nature of raw
materials, mixing intensity, water to solids ratio in the suspension. It should be noted
that the above-mentioned parameters affect the synthesis process and the
microstructure of products [29, 30].

The symmetric properties of the structural elements (atoms, molecules) of CSH
crystals have been explained by using Order—Disorder theory. It has been claimed that
it is possible to determine the accurate structures of tobermorite, reyerite, gyrolite,
truscottite, and other group minerals [31, 32]. The structures of these CSH were found
to consist of similar main layers with calcium and silicon components. It should be
noted that not all CSH structures have been studied; thus, there is no perfect CSH
classification [33, 34]. Currently, the most widely accepted is the classification
proposed by H. F. W. Taylor and R. M. Roy, which is supplemented by new data of
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I. G. Richardson [27]. According to this classification, CSH is distributed into
wollastonite, tobermorite, jennite, gyrolite, y-Ca,SiOs, and other CSH grope.

The wollastonite group includes nekoite, okenite, xonotlite, foshagite,
hillebrandite, wollastonite 1A, pectolite [27]. The most important and most practical
compound in this group is xonotlite. This compound is formed under natural
conditions and hydrothermally cured silicate articles and influences their strength
properties [35, 36]. Due to its unique porous structure and low density, heat-insulating
panels, ceramics, or sorption processes are produced from xonotlite [37]. Their linear
shrinkage at 1000 °C temperature does not exceed 2%. Wollastonite group minerals
have lengths of approximately 2 um and widths between 100 and 500 nm. This group
of particles reminds a lath-shape [22, 23, 38] and needle-like micro-fibers (Fig. 1.4)
[39].

Fig. 1.4. SEM images of xonotlite [39]

Xonotlite can be synthesized under hydrothermal conditions at 190-400 °C
temperature, when the molar ratio of the initial mixture is C/S = 1. Increasing the
synthesis temperature significantly shortens the crystallization time of xonotlite.
Using a mixture of tetraethyl orthosilicate and Ca(OH),, xonotlite can be synthesized
at 180 °C in a saturated water vapor environment. This compound remains stable up
to 710 °C temperature, and at 750-800 °C temperature, it recrystallizes to B
wollastonite [27, 40]. Under the same conditions, xonotlite can be synthesized by
using carbide slurry at 800-1000 °C temperature before the synthesis. It has been
found that the temperature and duration of hydrothermal treatment that is required for
the synthesis of this compound can be significantly reduced when Na,SiOs-9H,0 and
Ca(NO3)2-4H,0 are used for the synthesis, and the conventional autoclaving is
replaced by microwave synthesis. In this case, pure xonotlite is obtained after 90 min.
at 180 °C temperature [41].

The tobermorite group includes 1.4 nm tobermorite, 1.1 nm tobermorite, 1.13
nm tobermorite, 0.93 nm tobermorite, clinobermorite, 0.9 nm clinobermorite, Oyelite,
C-S-H (1) (when C/S < 1.5) [27].

Tobermorite compounds are the main minerals formed in industrial silicate
products, and 1.13 nm tobermorite is an important component of various construction
products. Tobermorite gel and semi-crystalline tobermorite are formed under natural
conditions by the hardening of Portland cement and determine the strength, durability,
and other key performance characteristics of the cement stone. In addition, these
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calcium silicate hydrates can be used as fillers, pigments, adsorbents in rubber, paper,
and other industries [42, 43]. Tobermorite group compounds could be synthesized in
the range of 0.1-100 pum, and the shape of products could remind typical needle-like
fibers (Fig. 1.5) [44].

Fig. 1.5. SEM images of tobermorite [44]

The chemical composition, conditions of formation, and stability of 1.13 nm
tobermorite have been studied in detail and confirmed by thermodynamic calculations
[40, 45]. When the molar ratio of the starting mixture is C/S =0.73 and 0.83, 1.13 nm
tobermorite dominated in the synthesis products. At 175 °C temperature, 1.13 nm
tobermorite recrystallizes to xonotlite.

The jennite group includes jennite, metajennite, C-S-H (I1) [27]. The first two
structures are close to the poorly crystallized calcium silicate hydrate formed during
the hardening of Portland cement. C-S-H (Il) is formed during the hydration of
tricalcium silicate in a cement stone and has a nanostructure characteristic of jennite.
These compounds have different diameters giving a wide range between 10 and 300
um. The structure of jennite compounds usually resembles a honeycomb structure [46,
47].

The gyrolite group includes gyrolite, truscottite, reyerite, Z-phase, fedorite, K-
phase [27, 48]. In recent years, there has been a growing interest in gyrolite as a new
field of application has been found, i.e., chromatography, it can be used as an
adsorbent. Gyrolite absorbs heavy metals well, and the used adsorbent can be disposed
of as an additive to the ordinary Portland cement. Heavy metals do not leach or
promote ordinary Portland cement hydration [49, 50]. The particles of gyrolite mainly
consist of a plate shape structure (Fig. 1.6) [27, 51].
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Fig. 1.6. SEM images of pure gyrolite [51]

It has been thought that gyrolite forms only at temperatures above 120 °C,
because at lower temperatures, a semi-crystalline C-S-H gel without a clear crystal
structure is obtained. The studies have shown that this compound is stable in the
presence of saturated water vapor at temperatures from 120 °C to 200 °C and the
formation of truscottite at temperatures above 200 °C. Several literature sources
suggest that gyrolite can be synthesized as well at 270 °C temperature [27, 40].

The group of y-CasSiOs includes y-C,S hydrate, Kilchoanite, calcium
chondrodite [27]. y-Ca:SiOs is one of the five strains of dicalcium silicate. This
compound is undesirable in Portland cement clinker, because it is almost hydraulically
nonreactive [52]. CSH of this group is formed only under hydrothermal synthesis
conditions [53].

The research has shown that the addition of Na,O and very intensive milling
(2000 rpm) can significantly increase the hydraulic activity of y-Ca,SiO. [52]. It has
been found that y-Ca,SiO4 can be synthesized under hydrothermal conditions using
intensive heating [53]. In this case, the reaction capsules are isolated from the water
vapor during the rising period. The required product is obtained from the initial
mixtures with a C/S ratio in the range 1.5-3 by hydrothermal treatment at 220 °C
temperature. According to the other authors, y-Ca,SiOs can be obtained by
hydrothermal treatment of a stoichiometric reagent mixture (C/S = 2) at 100 °C for 8
h and calcinating the resulting product at 1450 °C for 2 h [54].

Other CSH includes 0.315 nm phase, suolunite, rosenhahnite, killalaite,
afwillite, a-C,S hydrate, dellaite, Y-phase, CsS hydrate, cuspidine, jaffeite,
poldervaartite, tilleyite. Many of these compounds are less significant in the chemistry
of cement and binders. In industrial products, they form only a-C,S hydrate that is
used in the production of silicate cement [27]. This compound is not found as a natural
mineral. a-C,S hydrate has the lowest degree of polymerization, i. e., the structure is
dominated by insulated silicate tetrahedra. a-C,S hydrate crystals are orthorhombic,
which crystallize in the form of rectangular plates (200 x 50 x 10 pm) (Fig. 1.7) [55].
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Fig. 1.7. SEM images of a-C>S hydrate [55]

Other minerals that are formed under hydrothermal conditions include scawtite,
fukalite, rustumite, bicchulite, katoite hydrogarnet [27].

CSH has a wide range of uses due to its very high water absorption capacity,
fine particle size, and low bulk density, large specific surface. It could be used as
alternative cementation material or a carrying agent for pesticides and similar
powdered materials. It can be used as an anti-caking and free-flow agent in chemicals,
adhesives, battery separators, brake linings, paint primers, paper, plasticized PVC,
plastisols, polishes, printing inks, sealants and mastics, tableting and pelletizing,
textiles, and thermal insulation [56-59].

1.2.2. Dicalcium silicate hydrates compounds formation and their synthesis
properties

Dicalcium silicate hydrates are important in binder chemistry, adsorption, i.e.,
hillebrandite, a-C-S hydrate, and y-C,S hydrate [60].

a-C,S hydrate is not found as a natural mineral, and in a saturated water vapor
environment, in the CaO-SiO2-nH,0-H,O system [61]. The latter dibasic CSH is
known to form via the intermediate C-S-H (1), and it remains stable in the system
even in small amounts of unreacted parent compound, containing a CaO component.
In the presence of excess SiO, the a-C.S hydrate recrystallizes to the lower base CSH.

a-C5S hydrate is formed under hydrothermal synthesis conditions at 95-200 °C
temperature. In addition, this dibasic CSH is formed during hydrothermal treatment
(150-200 °C) in dense autoclaved and silicate articles with a molar C/S ratio of close
t0 2.0 [62]. It has been found that the synthesis of a-C,S hydrate at 150 °C is inefficient
because even after 16 hours of hydrothermal treatment, a large amount of unreacted
portlandite remains. In addition, it was determined that the temperature of the
hydrothermal treatment influences the mineral composition of the synthesis products,
because at 175 °C temperature, after 16 h, the synthesis products are dominated by a-
C.S hydrate with portlandite. At 200 °C temperature, the hilebrandite and portlandite
were identified in the synthesis product. The research shows that the starting materials
react faster when the suspension is mixed [63, 64].

The other research investigated Lithuanian rocks for the CSH synthesis. It has
been found that a-C,S hydrate can be synthesized from natural rock mixtures with a
molar C/S ratio of 2 [63, 65]. The investigation stated that the hydrothermal synthesis
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of a-C»S hydrate at 175 °C and 200 °C temperatures in opoka and chalk pure mixtures
is economically inefficient, because the starting raw materials react slowly, and the
amount of a-C,S hydrate that is formed increases slowly. Meanwhile, in the stirred
suspensions at 200 °C temperature, a-C,S hydrate was identified after 2 hours of
hydrothermal treatment, and after 4-8 h, the unreacted portlandite remains ~2%. It
should be noted that the researchers mentioned above as well studied the formation of
a-C,S hydrate during the hydrothermal synthesis in stirred suspensions at 200 °C
temperature in a mixture of limestone and quartz sand. The starting materials were
found to react slowly; thus, the Na,O additive was used, which accelerated the
dissolution of quartz, and a-C,S hydrate became the predominant compound in the
synthesis products only after 8 hours of hydrothermal treatment.

a-C,S hydrate does not have cementitious properties, but it increases the
durability and frost resistance of the products. This CSH is slowly carbonized, and the
strength of the samples increases during the carbonization. During the carbonization,
a-C,S hydrate crystals do not decompose, only their volume increases [40]. It has been
found that calcinated a-C,SH recrystallizes to anhydrous calcium silicates (CS),
which may have hydraulic activity. Five varieties of Ca,SiO4 or C,S are known to
exist: a, A, G, B, and y. The scheme of its polymorphism is as follows [66, 67]:

1420 ° . ° 680 — 620 °C °
" 0°C an 1160Céu_ B<500Cy

780 - 860 °C

The vy variety is stable under normal conditions but has no hydraulic activity.
However, B variety is unstable at room temperature but is hydraulically active. From
the o varieties, &_-C,S is the most hydraulically active. These three varieties differ in
the heat value of formation. Unlike B-C.S and .-C.S crystals, y-CS crystals have
calcium atoms that are arranged neatly in the crystal planes, and most of their orbitals
are filled, resulting in much more excellent stability [67, 68].

1.2.3. The influence of additives on the different crystal order of calcium silicate
hydrates compounds formation

The ions of many chemical elements can intervene in the crystal structure of
calcium silicate hydrate. The effectiveness of each additive may vary depending on
the properties of raw materials that are used, the synthesis process regime, and other
factors. It has been noted that additives that are containing sodium [69, 70] or
aluminum [71, 72] ions have a more profound effect on the CSH formation. The
influence of other elements on the synthesis and properties of CSH is less significant
[69, 73, 74].

The effect of additives is most extensively studied in low base CSH. For
example, it has been found that the influence of SOZ~ at 200 °C temperature with a
C/(Si + S) ratio of 0.66 (corresponding to gyrolite) at the beginning of the synthesis
initiates the formation of poorly crystalline Assarsson’s Z-phase. Prolonging the
hydrothermal synthesis, the formed compound recrystallizes into well-ordered
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gyrolite and anhydrite [75, 76]. It should be noted that the recrystallization from C-S-
H (primary C/S ratio 0.83) into tobermorite is accelerated by the SO3~ at 175 °C when
S/(Si + S) ration is 0.02 and at 200 °C when S/(Si + S) ration is 0.0125 [77]. It has
been determined that sulphate can stabilize tobermorite at 100 °C, which is much
lower than the temperature that is generally used to synthesize tobermorite [76].

In another study, the CdO and CuO additive influence on the CSH formation
and structure was investigated [78]. The CdO and CuO was incorporated in the
crystalline structure of the CSH during the hydrothermal treatment at 200 °C, when
the C/S ration was equal to 0.55, and the concentration of metal oxide was 2.27% of
the mixture. It has been revealed that CdO became unstable and intercalated into the
structure of the gyrolite gel and Z phase after 24 h of hydrothermal synthesis. It should
be noted that in the same thermal treatment condition, the CuO did not interact into
the structure of products. It has been determined that CdO incorporation in CHS
increased its specific surface area SBET from 28.11 m?/g to 39.91 m?/g [78].

Meanwhile, there are some different effects of K and Na* ions influence on the
CSH structure stability. There are literature data [79] that state: when using Na;SiO3
as siliceous materials (Na/Si ration = 2) to synthesize xonotlite at 225 °C (CaO/SiO,
ration = 1), only pectolite is observed in the samples. It should be noted that in the
same conditions, only using K2SiO; xonotlite is formed as the main crystalline phase.
Furthermore, when Na,O is added to the system with K;SiOs, xonotlite persists up to
5 wt% of Na.O, while at high Na,O contents, xonotlite is gradually replaced by
pectolite [80]. Na* easily incorporated into the structure of low basicity, poorly
crystalline C-S-H, and tobermorite [81]. When the AI** ions are incorporated, the
bridging sites of SiO, chain can increase the content of bound Na*, as the charge
deficit due to the replacement of Si** with AI** that can be balanced by binding
monovalent Na* or K* ions [76, 81]. The intercalation of AI** ions could increase the
formations of tobermotite at 190 °C, when the duration of synthesis is 12 h [82]. In
addition, Al as well influences the morphology of tobermorite. CSH that was formed
before tobermorite formation could become destabilized by AI** ions. This means that
the barrier to tobermorite crystallization could be diminished by Al [76].

The influence of Fe incorporation in CSH is not widely investigated, because
Portland cement usually contains 2-5 wt% of iron. There are literature data that
reported that added Fe in the primary CSH synthesis products could form a small
amount of tobermorite at 175 °C after 4 h of autoclaving. Prolonging synthesis
duration to 16h, tobermorite crystallinity could be increased, characterized by
improved silicate chain polymerization and chain cross-linkage. For this reason, the
morphology of tobermorite conversion would change from a typical platy shape to a
fiber shape [83]. According to the researcher, during hydrothermal synthesis at 345
°C temperature and using steel slag, Fe hydrogarnet was formed as the main product
in the C/S system. When the SiO, was added to the system to reach a molar rate of
0.8, the main synthesis product was observed, i.e., Fe-substituted tobermorite with an
incorporated amount of Fe around 10-15 wt% [84]. It has been determined that Fe3*
ions occupied the tobermorite microstructure and took the position of the interlayer
Ca? * without losing CHS characteristic crystallinity [85]. Depending on the chosen
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method of product synthesis, these compounds can be used in adsorption processes.
Currently, the most relevant studies of CSH adsorption capacity are investigated.

a-C,SH has been identified by several different authors as the major product of
CsS hydration in the 130-200 °C temperature range [86]. Interesting results have been
obtained using the addition of fly ash, which differed in the C/S ratio to the cement.
With a ratio of 0.3 to 0.7, a-C,SH was the predominant product in all samples after 1
day of hydrothermal treatment at 180 °C temperature. It should be noted as well that
after the addition of 35% finely divided SiO. to the cement, this compound only
begins to dominate after 25 days of hydrothermal treatment at 180 °C. Other authors
have shown that a-C,SH is formed after 2 h hydration of cement dough at 130 °C [87].
The addition of calcium gluconate or sodium phosphonate (0.1%) promotes the
formation of the o-C>SH compound. o-C>SH is relatively easily formed under
hydrothermal conditions from CaO and silicic acid as the starting materials at 150—
200 °C temperature [88]. The authors as well note that the addition of AI** in mixtures
with amorphous SiO, promotes the formation of a-C,SH and inhibits its
recrystallization to hilebrandite. However, the literature concerning the influence of
additives on the hydrothermal synthesis of CSH, which CaO/SiO, ratio = 1.5-2, is
scarce.

1.3. Adsorption

Adsorption and desorption of reactants are very important phenomena and are
found in most catalytic processes. Due to the higher concentration of substances (or
partial pressure p) in the medium, the adsorbate concentrates at the surface of the
adsorbent—adsorption takes place. According to the physicochemical classification,
adsorption processes are classified as the distribution of the components between the
volume phase and the surface layer. This process can be initiated by physical forces
or a chemical reaction between the adsorbent and the adsorbate [89-91]. The chemical
reaction can occur in the same way as the chemical bonding of atoms or molecules or
ion exchange. According to the nature of the interaction between the adsorbent and
the adsorbate, the adsorption is divided into [92]:

1. Physisorption (physical adsorption),

2. Chemisorption (chemical adsorption).

The simplest form of adsorption is physical adsorption or molecular adsorption.
Physical adsorption is caused by Van der Waals forces between the adsorbent and the
adsorbate. It is characterized by reversibility: the adsorbed molecules detach from the
surface of the adsorbent and return to the surrounding space, i.e., desorption occurs.
At the beginning of the process, the adsorption rate is higher than that of the
desorption, but gradually, the adsorption slows down, and the desorption accelerates.
At some point, the velocities of both processes equalize, and the adsorption
equilibrium is reached. A high rate characterizes the physical adsorption. As the
temperature (or the pressure) increases, the adsorption decreases as the increased
thermal motion accelerates the desorption [93].

Chemical adsorption is based on the chemical interactions, is irreversible, and
the adsorbed material may differ from the desorbed in the presence of strong
chemosorption [94]. In addition, this method is used to select compounds for some
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classes. During chemosorption, the structure of the starting materials usually changes.
Chemosorption increases with increasing temperature. Chemical adsorption, like
chemical reactions, requires some activation energy, which is called activated
adsorption.

It is sometimes challenging to distinguish chemosorption from the physical
adsorption. These difficulties can be absorbed when chemosorption is weak and
between the physical and chemical interactions. The interaction forces in physical and
chemical adsorption are different, which is evident when comparing the thermal
effects of these processes (heat of adsorption). In physical adsorption, this effect does
not exceed 100 kJ/mol and is close to the heat of gas condensation and chemical
adsorption: the heat of chemical compound formation reaches more than 100 kJ/mol.
Chemical adsorption occurs at a low rate, which increases at higher temperatures. It
can as well occur at high temperatures where physical adsorption is very low. It should
be noted that there are cases when activated adsorption is reversible. Such issues are
significant for heterogeneous catalytic reactions.

Table 1.3. Comparison of physical and chemical adsorption [93]

Physical adsorption Chemical adsorption

Thermal effect (heat of adsorption) is no | The high heat of adsorption is more than
more than 100 kJ/mol 100 kJ/mol

Van der Waals forces dictate Chemical forces cause

Reversible process Irreversible process

No activation energy required Activation energy required

High pressure is a positive factor that | High pressure is a positive factor, but
reduces desorption desorption does not occur when reduced
It takes place in the polymolecular layer It takes place in the monomolecular layer
It occurs at low temperatures and decreases | It takes place at high temperatures

with increasing temperature

Limited specific process Specific process

Adsorption energy 8-34 kJ/mol Adsorption energy up to 840 kJ/mol

The type of adsorption depends on the following factors:
e Adsorbent activity;
e The nature of the adsorbate and adsorbent;
e Adsorbent surface area;
e Experimental conditions (temperature, pressure, etc.).

The potential energy curves (Fig. 1.1) for physical adsorption and
chemosorption are presented below [95]. The energy minimum (A) of physical
adsorption is higher than for the chemosorption (B), and the equilibrium of physical
adsorption (r1) will always be higher than for the chemosorption (r2). Curves 1 and 2
are separated by an energy barrier, the activation of which requires activation energy.
In most cases, chemosorption is an exothermic process (although sometimes, when
forming adsorbent surfaces for complex intermediates, the overall thermal effect of
the process may appear before).
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Fotential energy

Fig. 1.1. Potential energy curves for physical (1) and chemical (2) adsorptions [95]

It is very important to distinguish chemosorption from a physical adsorption by
experimental data, and this can be done, according to the following process features
[95]:

1. According to the thermal effect of the process. Physical adsorption is
characterized by low (2-6 kcal/mol for molecules and 10-20 kcal/mol for complex)
thermal effect and chemical adsorption by high (20-100 kcal/mol) thermal effect. In
both cases, the heat of adsorption depends on the degree of filling the adsorbent with
the adsorbate.

2. According to the adsorption rate. Physical adsorption occurs rapidly with
virtually no activation energy, whereas chemosorption is characterized by the
activation energy that is close to the reaction and is slow.

3. According to the temperature range. Physical adsorption takes place close to
the boiling point of the adsorbate, while chemical adsorption takes place at much
higher temperatures.

4. According to the reversibility of the process. Physical adsorption is an
equilibrium process that equilibrates very quickly and is a reversible process.
Chemaosorption can be both equilibrium and irreversible. At very high temperatures,
reversible chemosorption processes can occur.

5. According to the process selectivity. Physical adsorption is nonspecific:
vapors and gases are adsorbed on various adsorbents, although the adsorption capacity
depends on the nature of the adsorbent and the adsorbent. In contrast, chemosorption
is specific: it occurs only when the adsorbate and the adsorbent can form a chemical
bond.

There are other criteria to distinguish physical adsorption from chemosorption.
One of the most important is the charge formed on the surface during the year of
chemosorption.

The dependence of the amount of adsorbed substance on its partial pressure is
shown by the adsorption isotherms [96, 97]. The form of the isotherms depends on
the adsorbent and the adsorbate parameters (specific surface structure, chemical
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nature). The IUPAC guidelines divided the adsorption isotherms into six types [98]
(Fig. 1.2).
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Fig. 1.2. Classification of adsorption isotherms [99]

This classification was proposed by Brunauer, Emmet, and Teller and named
BET Theory [97, 100]. Type | isotherms are characteristic of microporous materials
with relatively small external surface area values (e.g., activated carbon, molecular
zeolite sieves, porous oxides). The compounds with this type of isotherms have
predominantly narrow micropores, wider pore size over a range of 1-2.5 nm [101].
Type Il and Type Il isotherms are characteristic of non-porous and macroporous
materials and solids [101]. Type IV isotherms are mesoporous adsorbents, such as
many oxide gels, industrial adsorbents, and molecular sieves [99, 101]. The
interaction between adsorbent and adsorbate determines the adsorption process in
mesoporous materials, thus the interaction between the condensed molecules. In this
case, after single-molecular and multi-molecular, the formation of layers on the walls
of mesopores (having the same curve as the corresponding part of the type Il isotherm)
is followed by gas condensation in the pores. Type V isotherms are observed when
the water is adsorbed on hydrophobic micro- and mesoporous adsorbents [102]. The
reversible gradual type VI isotherm is characterized by adsorption layer by layer on a
very smooth, non-porous surface [100]. In this case, the height of the step indicates
the capacity of each adsorbed layer, and the sharpness of the angle depends on the
system and temperature [101].

Origin and classification of hysteresis loops

Hysteresis loops are formed in the multimolecular layer and are usually
associated with adsorbate condensation in pores and adsorption metastability. Based
on the IUPAC classification, six main types of hysteresis loops are distinguished (Fig.
1.3).
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Fig. 1.3. Classification of hysteresis loops [99]

The H1-type hysteresis loop is characteristic of materials with cylindrical pores
or spherical particles of similar size. In this case, the effect of the pore network is
minimal, and the upright, narrow loops are a clear sign of delayed condensation in the
adsorption portion. In addition, H1-type hysteresis loops can be in the bottle neck-
shaped pore networks where the diameters of the channel (neck) and the pores are
similar. This type of hysteresis loops is characteristic of structured silicas, controlled-
pore glasses, and neatly arranged mesoporous carbons [103].

The H2 (a) hysteresis loop is triangular with a straight desorption branch. The
loops of this type are typical of materials with a predominance of disordered bottle
neck-shaped pores (i.e., different size and distribution); thus, the effect of the pore
network is vital for type H2 (a) hysteresis. The very steep part of the desorption can
be attributed to the pore blocking in a narrow range of pore necks or cavitation-
induced evaporation. H2 (a) type hysteresis loops feature many silica gels, some
porous glasses. There, the H2 (b) type loop is as well associated with pore blocking,
but the distribution range of the pair neck widths is much more extensive. Hysteresis
loops of this type are typical of silica foam, silica gel that is hydrothermally treated,
etc. [99, 104].

H3 type hysteresis loops have two distinctive features: 1) narrow hysteresis
loop, 2) adsorption and desorption branches coincide at P/P0 > 0.3 (the lower limit of
the desorption curve is usually in the cavitation-induced P/P0 range). Hysteresis loops
of this type are typical of materials in which sli-shaped pairs predominate between the
parallel crystalline plates [99, 103].

The H4-type hysteresis loop has almost parallel and horizontal adsorption and
desorption branches. H4 hysteresis loops are characteristic of zeolites or carbons with
narrow crack-shaped pores. It should be noted that in the substances with H4 type
hysteresis loop, there are micro- and meso-pores [103, 104].

The H5-type hysteresis loop is unusual. It has a peculiar shape associated with
pore structures that contain both open and partially closed mesopores. A feature of the
H5 hysteresis loops is the sudden drop in the desorption fraction.

It should be noted that in practice, materials are characterized by pairs of
different sizes and shapes; thus, the combinations of hysteresis loops, which are
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interpreted by mathematical calculations and other instrumental analysis studies (e.g.,
scanning electron microscopy), are most common [99, 103, 104].

A highly important issue related to the adsorption process is the utilization
(stabilization/solidification (S/S)) of adsorbents that are contaminated with metal ions.
The regeneration of adsorbents is a complex and expensive process or even
impossible; thus, the adsorbents after the process are stored in landfills, which cause
secondary pollution of the environment. A more acceptable way is to utilize
adsorbents that are contaminated with metal ions in the production of concrete or reuse
them as catalysts.

According to literature, calcium silicate hydrates with intercalated metal ions
can be utilized as additives in Ordinary Portland cement (OPC). The utilization of
such adsorbents would allow to solve the problems of secondary pollution, and such
additives would improve the properties of cement and concrete. Thus, the
immobilization of inorganic adsorbents contaminated with metal ions in mortars and
concretes (produced using OPC) is one of the effective ways.

The direct utilization of adsorbents with intercalated metal ions is economically
useless, because adsorbents bound metal ions, which can be firstly used as cheap
catalysts.

Heavy metals are significant environmental pollutants, and their toxicity is a
reason for increasing ecological, evolutionary, nutritional, and environmental
problems. These metals are mainly discharged in industrial wastewater due to the
mining operations, battery manufacturing processes, production of paints and
pigments. For this reason, heavy metals should be prevented from reaching the natural
environment. In order to remove pollutants from the water systems, the adsorption
process is most commonly used. Different crystallinity calcium silicate hydrates
compounds are one of the promising adsorbents. The ion exchange properties of
calcium silicate hydrates depend on their chemical composition and the structure of
crystalline lattice. Intercalated heavy metal ions change CSH compounds structure
due to the different properties of cations and anions, such as valence, atom charge, or
molecular size. Such compounds, after thermal treatment, form a stable catalyst
support and metal oxide, a complex that can be widely used.

CSH compounds substituted with heavy metal ions can have a large surface
area, high thermal stability, which expands the use of these compounds in perspective
area. The promising basis for adsorbent-catalysts is functional calcium silicate
hydrates and calcium silicates. However, there is a lack of comprehensive studies on
the CSH adsorption capacity to heavy metals, their specific surface parameters,
mineral composition, and thermal stability.
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2. MATERIALS AND METHODS

2.1. Materials
The following reagents were used

Calcium oxide has been produced from Ca(OH), (“Reaktiv”’, Russia),
additionally burned at 550 °C temperature for 1 h, ground for 30 s in a vibrating cup
“Pulverisette 9” mill (speed: 600 rpm), and passed through a sieve with a mesh size
of 80 um. Surface area S, = 2071 m?kg by CILAS LD 1090 granulometry, and the
guantity of free CaO is equal to 98.7 mass %. Based on the particle size distribution
of calcium oxide given in Fig. 2.1, it has been found that the predominance of particles
with a range of diameters varies between 0.8-5.5 um.
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Fig. 2.1. Granulometric composition of calcium oxide; indexes: 1 is the absolute
amount of particles, 2 is the relative amount of particles

Amorphous silicon dioxide (“Reaktiv”’, Russia) was ground for 2.5 min in a
vibrating cup “Pulverisette 9” mill (speed: 850 rpm) and passed through a sieve with
a mesh size of 80 um. S, = 1291 m?/kg; the loss of ignition is 5.19%. Based on the
particle size distribution of silicon dioxide given in Fig. 1.2, it has been found that the
predominance of particles with a range of diameters varies between 0.8-50 pm.
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Fig. 2.2. Granulometric composition of SiO;; indexes: 1 is the absolute amount of
particles, 2 is the relative amount of particles

Copper nitrate solution (c = 0.25, 1, 10, g Cu?*/L) was prepared by dissolving
Cu(NOs)2-3H,0 granules (“Penta”, The Czech Republic, purity 99%) in distilled
water.

Cobalt nitrate solution (c = 0.25, 1, 10, g Co?/L) was prepared by dissolving
Co(NOs),-6H,0 (“Reachem Slovakia s.r.0.”, Slovakia, purity 99%) in distilled water.

Chromium nitrate solution (c =0.25, 1, 10, g Cr**/L) was prepared by dissolving
Cr(NO3)3-9H,0 (“Sigma—Aldrich”, UAS, purity 99%) in distilled water.

Calcium nitrate solution (¢ = 1 g Ca*/L) was prepared by dissolving
Ca(NOs)2-4H20 (“Penta”, The Czech Republic, purity 99%) in distilled water.

Other pure chemical reagents include acetone, HCI.

2.2. Methods
Hydrothermal synthesis of Al and A2 adsorbents

Fine ground SiO2:nH.O and CaO were used as starting materials. The
hydrothermal synthesis of calcium silicate hydrate has been carried out in unstirred
suspensions in 25 mL volume PTFE cells, which were placed in a stainless steel
autoclave (“Parr instruments”, Germany) under saturated steam pressure in 175 °C,
when the duration of isothermal curing was 16 (A2 adsorbent) and 24 h (Al
adsorbent), applying extra argon gas (7 bar). The molar ratio of the primary mixture
(C/S) was equal to 1.5, while the wi/s ratio was 10. The temperature was reached within
2 h. After hydrothermal treatments, the autoclave was quenched to room temperature.
After synthesis, the suspensions were filtered, the products rinsed with acetone to
prevent carbonization of materials, dried at 50 °C + 5 for 24 h, and sieved (< 80 um).

Hydrothermal synthesis of Al adsorbent was synthesized under hydrothermal
conditions at 175 °C temperature when the duration of isothermal curing was 24 h,
and the molar ratio of the primary mixture C/S was equal to 1.5. It has been determined
that the dibasic calcium silicate a-C>SH (PDF No. 04-009-6343) and semi-crystalline
C-S-H type compounds C-S-H(l) and/or C-S-H(Il) (PDF No. 00-033-0306 and No.
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PDF00-034-0002) were formed in the synthesis products (Fig. 2.3 a). In addition,
small intensity diffraction peaks of calcium carbonate (PDF No. 04-012-0489) were
identified as well. X-ray diffraction analysis (XRD) data were proved by the results
of the simultaneous thermal analysis (STA) (Fig. 2.3 b). In the DSC curve, the first
endothermic effect (50-200 °C) can be assigned to the loss of
adsorption/crystallization water in calcium silicate hydrates. Meanwhile, the
endothermic effect in a 400-500 °C temperature range describes the decompositions
of a-C,SH [125].

2Ca0:Si0,-H,O — 2Ca0-Si02 + H,0

It has been determined that ~5.26% of the synthesis product mass was lost (Fig. 2.3
b, curve 1). According to this data, it was calculated that ~55.5% of a-C,SH was
formed. In addition, two exothermic effects at ~852 and ~872 °C, which are
characteristic of the recrystallization of C-S-H(I) and C-S-H(Il) to wollastonite, were
identified (Fig. 2.3 b, curve 2). Meanwhile, an endothermic effect at ~679 °C was
assigned to the decomposition of calcium carbonate.
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Fig. 2.3. XRD pattern (a) and STA curves (curve 1—TG; curve 2—DSC), (b) of Al
adsorbent; indexes: o — a-C,SH, k — CaCOs, ¢ — C-S-H(l) and C-S-H(ll)

Hydrothermal synthesis of A2 adsorbent was carried out in unstirred
suspensions when C/S molar ratio of the primary mixture was equal to 1.5, and the
duration of isothermal curing at 175 °C temperature was 16 h. It has been determined
that after the hydrothermal treatment, the semi-crystalline C-S-H(1) and/or C-S-H(ll)
dominated in the synthesis product (Fig. 2.4 a). Moreover, the traces of dibasic
calcium silicate a-C>,SH was identified in the XRD curve (Fig. 2.4 a). In the DSC
curve, the endothermic effect at 116 °C temperature reflected the removal of
adsorption/crystallization water in semi-crystalline C-S-H type compounds (Fig. 2.4
b, curve 2). Meanwhile, at the higher temperature (400-500 °C), the dehydration of
a-C,SH was observed (Fig. 2.4 b, curve 2). In addition, two exothermic effects at ~804
and ~868 °C temperatures, reflecting the recrystallization of C-S-H(I) and C-S-H(Il)
to calcium silicates were noticed (Fig. 2.4 b, curve 2). It is worth mentioning that the
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endothermic effect of calcium carbonate decomposition was observed at 666 °C
temperature. According to the TGA data, less than 3% of the mentioned compound
was formed (Fig. 2.4 b, curve 1).
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Fig. 2.4. XRD pattern (a) STA curves (curve 1 — TG, curve 2 — DSC), (b) of A2
adsorbent; indexes: o — a-C,SH, ¢ — C-S-H(l) and/or C-S-H(ll), k — CaCOs

Adsorption experiments were conducted at 25 °C in the thermostatic adsorber
Grant Subl4 by stirring 5 g of synthetic crystalline and amorphous structure
adsorbents in 500 mL of Co(NOs3).:6H,0, Cu(NO3)2-3H20, and Cr(NOs)s-9H,0
solutions, which contained 0.25, 1, and 10 g Me**/L (where Me** is Co?*, Cu?*, and
Cr® ions, respectively), while the duration of adsorption varied in a 0.5-30 min range.
The pH values of primary solutions are given in Table 1. The concentrations of heavy
metal ions were determined using a Perkin—Elmer Analyst 4000 spectrometer (Perkin
Elmer, Waltham, MA, USA) and calculated as the arithmetic mean of 3 individual
results. The measurement deviations were below 3%. The values of pH were measured
with a Hanna instrument (Hi 9321, microprocessor pH meter, Hanna Instruments,
Woonsocket, RI, USA). After adsorption experiment, the products were dried at 50
°C £ 5 °C temperature for 24 h.

Desorption experiments for heavy metals (Cu?*, Co?*, Cr®*) were carried out
in 500 ml of distilled water by adding 5.0 g of adsorbent (Al or A2) with incorporated
heavy metals, while the desorption duration at 25 °C was 30 min. The amount of
desorbed ions was determined by examining the concentration of desorbed ions in the
liquid medium. After leaching, the suspensions were filtered off; the products were
dried at 50 °C £ 5 °C temperature for 24 h.
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Table 2.1. The pH values of initial solutions

Solution Solution concentration, g/L Initial pH value

0.25 6.07

Co(NO3),'6H,0 1 4.91
10 2.99

0.25 6.07

Cu(NO3)2-3H.0 1 472
10 4.08

0.25 3.57

Cr(NO3)3-9H,0 1 2.99
10 2.25

Atomic Absorption Spectrometry (AAS)

The concentration of Cu?*, Co?*, Cr®*, and Ca?* ions was determined by using a
Perkin Elmer Analyst 400 atomic absorption spectrometer with the following
parameters: Cu?* wavelength = 324.75 nm; Co?* wavelength = 240.73 nm; Cr®*
wavelength = 357.87 nm; Ca?* wavelength = 422.67 nm; hollow cathode lamp current
() = 30 mA,; the type of flame was C,Hz-air; oxidant air = 10 I/min; acetylene = 2.5
I/min. All tests were repeated three times. The calibration curves are given in the Fig.
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Fig. 2.5. Calibration curves for the calculation of Cu?* (a), Co®* (b), Cr® (c), and
Ca?* (d) ions concentration in nitrate solutions

The concentration of nitrate anions was determined by using a Flow Injection
Analyst FIAlyzer-100 (FIA, FlAlab Instruments, Seattle, WA, USA); FlAlyzer-100
system: FlAlyzer-100, integrated FIA LOB manifold, USB4000 UV/VIS
spectrometer, HL2000-LL visible tungsten lamp.

Adsorption Kinetic models

In order to determine the kinetic parameters of adsorption reactions, the kinetic
models have been developed and fitted for the adsorption process. The first-order
adsorption kinetics model was chosen analogous to the Largergren model [105-107],
which can be represented by the following equation:

d
“E=ki (ge — q0); (2.2)

where ge and g are the amount of adsorbed ions at equilibrium and at time te,
respectively (mg/g), ki is the rate constant of pseudo-first-order adsorption. After
integration and applying boundary conditionst=0tot =t. and g: = 0 to
gt = Qe, the integrated form becomes:

k
log(qe — q¢) =logqe — 5555 t- (2.2)

The pseudo-second-order adsorption kinetic model was chosen analogous to
these models [106, 108, 109] and can be expressed as follows:

d
4~ by (g — )% (2.3)

where ks is the rate constant of the pseudo-second-order adsorption (g/mg-min).
For the boundary conditionst = 0tot = t. and g: = 0 to g: = g, the integrated form of

the equation becomes (the integrated rate law for the pseudo-second-order reaction):
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The X-ray diffraction analysis

The X-ray diffraction (XRD) powder analysis of the samples was performed on
the D8 Advance diffractometer (Bruker AXS, Karlsruhe, Germany) operating at the
tube voltage of 40 kV and tube current of 40 mA. The X-ray beam was filtered with
Ni 0.02 mm filter to select the CuKa wavelength. The diffraction patterns were
recorded in a Bragg-Brentano geometry, using a fast counting detector Bruker
LynxEye based on the silicon strip technology. The specimens were scanned over the
range of 3-70 ° (2 6) at a scanning speed of 6 °/min, using a coupled two theta/theta
scan type. An XRD software “Diffrac.Eva” was used to calculate the crystallite size
(Dnii) and intensities of synthesis products using Scherrer’s equation:

kA
Bpri-cos @’

Dpjy = (2.5)

where A is the wavelength of the CuKa radiation, O is Bragg’s diffraction angle,
B is the full width at half maximum intensity, and k is a constant (the value used in
this study was 0.94).

In Situ XRD analysis was made with a high-temperature camera MTC-hightemp
(Bruker AXS, Germany). The measurements were carried out with a step width of
0.02 26 and 0.6 s/step at the heating rate of 50 °C/min after the equilibration for 5 min
at the desired temperature.

Simultaneous thermal analysis (STA)

STA (differential scanning calorimetry (DSC) and thermogravimetry (TG)) was
employed for measuring the thermal stability and phase transformation of samples.
The tests were carried out by using two different apparatuses:

1) Netzsch instrument STA 409 PC Luxx. Parameters: a heating rate of 15
°C/min and the temperature range from 30 °C up to 1000 °C under air atmosphere.
The ceramic sample handlers and crucibles of Pt-Rh were used as well.

2) Linseis PT10 instrument. Parameters: a heating rate of 15 °C/min and the
temperature range from 30 °C up to 575 °C under air atmosphere. Ceramic sample
handlers and Al crucibles were used as well.

Thermal stability of synthesis products

The thermal stability of synthesis products was estimated in a high-temperature
furnace Nabertherm LH 15/13 at 550, 600, 750 °C temperatures for 24 h. The
calcination temperature was reached within 48 h.

The specific surface area was determined by Brunauer, Emmet, and Taller
(BET) method. The measurements were performed on a KELVIN 1042 Sorptometer
(Costech Instruments, USA) using a nitrogen adsorption isotherm 77 K. The specific
surface area was calculated according to the BET equation, using N, adsorption
isotherm data in the range of 0.05 < P/P, < 0.35:

L 1.p, 1

x-(Bo-1)  XmC po | FmC 2.6)
P
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where X is the mass of adsorbate adsorbed on the sample at relative pressure
P/Po (p is the partial pressure of the adsorbate, and po is the saturated vapor pressure
of adsorbate); Xn is the mass of adsorbate adsorbed at a coverage of one monolayer;
C is a constant, which is a function of the heat of the adsorbate condensation and the
heat of adsorption (Cger).

The BET equation yields a straight line when ﬁ is plotted versus pﬂ. The

o 0
p
slope of % and the intercept of ﬁ was used to determine X, and C:
S = slope = % and I = intercept = X—lc In order to calculate these parameters,

m m

the equations were rewritten as follows: X,,, = ﬁ and C = ﬁ The BET equation

plot provides a linear change in the range of P/Po = 0.05-0.35. The total surface area

St of the sample is calculated from the equation:

_ Xm'N-Acs,

=
where A is the cross-sectional area of the adsorbate molecule (Aa = 16.2-:10°%°

m?), M is the molecular weight of adsorbate, N is Avogadro constant (6.023:10%).The

specific surface area is calculated from the equation:

S, (2.7)

S
Sper = ;t (2.8)
The total pore volume and the pore size distribution were calculated according
to the corrected Kelvin equation and Orr et al. scheme [98, 110, 111] using the entire
N2 desorption isotherm at 77 K. The Kelvin equation relates the adsorbate vapor

pressure depression to the radius of a capillary, which was filled with adsorbate:

L YVmcosO,

ln£ = -2 ; (29)

Po RT'rg
where p is the saturated vapor pressure in equilibrium with the adsorbate
condensed in a capillary or pore, po is the normal adsorbate saturated vapor pressure,
y is the surface tension of nitrogen at its boiling point (y = 8.85 ergs/cm? at
~195.8 °C), Vnm is the molar volume of liquid nitrogen (Vm = 34.7 cmq), 0 is the wetting
angle (usually taken 0° and cos 6 = 1), the gas constant R is
R = 8.134-107 ergs/deg mol, the absolute temperature T is T = 77 K, and rx is the
Kelvin radius of a pore.
The thickness t of the adsorbed layer is calculated according to the following
equation:

t=-—"*-1; (2.10)

where Vi is the volume of absorbed gas, mm?®/g, and 7 is the thickness of
monomolecular adsorbent, mm.

As the cylindrical pore model r, = r¢ + t is used, the following equation is
obtained:
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= 2
v, = (;—Z) - (V, — At - SA); (2.11)
where 7, is the actual average of pore radius in the range of r>—r, A
The volume of desorbed liquid in any desorption isotherm range is related to the
volume of gas evolved A4Vp = AVd (1.54-103). The cylindrical pores are calculated by
the following equation:

A=222 104 (2.12)
p
where AV, is the volume of emitted gas, cm?.
Parallel plate type pairs are calculated using the following equation:

d, =1 +2¢; (2.13)

where r¢ is the measured distance between two plates, A; d_p is the actual
distance between the two plates, A.
The average pore distance between two plates d,volume V; is equal:

V, = 22 (AV, — 2AtZA). (2.14)
Tk

The theoretical surface area A of the pore walls is calculated by the following
equation:

(2.15)

The calculations are completed using any model when A¢-XA exceeds AV, value.

The catalyst activity in oxidation reactions was determined as follows.
Propanol was used as a volatile organic compound for catalytic oxidation
experiments. In addition, 0.945-1.009 g of the analyzed sample was placed inside a
fixed-bed quartz reactor, equipped with a coil preheater. A quartz reactor was mounted
inside a Nabertherm LH 15/13 furnace for maintaining the constant temperature,
while K-type thermocouple inside the reactor was used for accurate temperature
monitoring. The inlet and the outlet of the reactor are equipped with special analysis
points for the collection of gaseous flow samples and CO and CO; concentration
measurement probes that are connected directly to a TESTO 445 unit. Catalytic
oxidation was performed with a constant 370 mL/min flow of air, which was saturated
with 475-640 ppm of volatile organic compounds (VOC). The concentrations of
propanol in the gas stream were determined with a Perkin Elmer Clarus 500 GC/MS
system equipped with a COL-ELITE 5MS universal capillary column, which is 30 m
long and has a 0.25 mm internal diameter.

Scanning electron microscopy (SEM)

SEM (JEOL JSM-7600F, Japan) coupled with energy dispersive X-ray
spectrometry (EDX) (Inca Energy 350, Oxford Instruments), Silicon Drift type
detector X-Max20) was performed by using the accelerating voltage of 10 kV, the
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working distance of 8.6 and 8.7 mm for the SEM observation, and 200 s accumulation
time for EDX analysis.

Transmission electron microscope (TEM)

Transmission electron microscope (TEM) was performed by using Tecnai G2
F20 X-TWIN instrument (FEI, Netherlands) with a Schottky type field emission
electron source. The accelerating voltage was 200 kV. In order to take TEM images,
a high angle annular dark field detector (HAADFD) was used.

Fourier transform infrared spectroscopy (FT-IR)

The FT-IR spectra of samples were recorded with the help of spectrometer
Perkin Elmer FT-IR system Spectrum X. The specimens were prepared by mixing 1
mg of the sample in 200 mg of KBr. The spectral analysis was performed in the range
of 4000400 cm with a spectral resolution of 1 cm™.

The determination of free CaO

In fact, 1 g of the sample was weighed and placed into a 250 cm? conical flask,
poured with 150 cm?® of distilled water, and 5-10 pieces of glass beads were added.
The slurry was heated for 5 minutes. After that, the suspension was cooled down, the
inner wall of the flask was sprayed with distilled water, and 2-3 drops of
phenolphthalein indicator were added. Finally, the suspension was titrated with 1N
HCI, until the pink color disappeared. The amount of free CaO (X) in the sample was
calculated by using the following equation:

V-N-28.04:100
= G-1000 ' (2'16)

where N is the normality of HCI; V is the volume of titrated HCI, cm?; 28.04 is
CaO equivalent, g; G is the initial mass of the sample, g.

X

Ignition of losses

Furthermore, 1 g of amorphous silicon dioxide was weighed with the analytical
balance and placed into an annealed crucible. The material was calcinated to constant
weight at 1000 °C for 90 minutes. The cooled crucible was weighed, and the heaters
were calculated according to the formula:

K =) 1009%; (2.17)

where m is the initial mass of the sample, g; m1 is the mass of the sample after
calcination, g.
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3. RESULTS AND DISCUSSION

3.1. The adsorption peculiarities of heavy metals and the structure properties of
Al adsorbent

It is known that the calcium silicate hydrates are stable in the liquid medium,
which pH values are equal to 7-12 [112, 113]. Unlike calcium silicate hydrates, metal
ions (Mn?*, Fe?*, Co?*, Ni?*, Cu?*, Zn?*, Pb?*, Cd?*, or Hg?*) exist only in acid media,
because the formation of complex compounds or metal hydroxides proceed in the
alkaline solutions [114]. Several studies suggest that it is not expedient to alkaline the
nitrate solutions for the following reasons:

1) practical aspects: the wastewater having acidic properties cannot exist in
alkaline media because it forms complex compounds [115-117]. For
example, when ammonia water is added to the solution (to increase pH value),
the metal ions form complex compounds, such as [Cu(NHs).](OH)., the
adsorption process is following a much more complicated mechanism [118,
119];

2) due to different properties (valence, atom charge) of cations and anions
(ammonium, nitrate, etc.);

3) alkaline ions (sodium, etc.) usually block adsorbent active centers, which
negatively impact the adsorption process [120].

3.1.1. The adsorption capacity of Al adsorbent for the Co?" ions

Firstly, the adsorption experiment was carried out in a Co(NOs3)2-6H-0 solution,
containing 0.25 g Co?'/L. It has been determined that the latter process proceeds
intensively at the beginning, because after 30 s of reaction, about 50% of cobalt ions
were incorporated into the structure Al adsorbent (Fig. 3.1). Moreover, the adsorbed
amount of these ions increased, and after 5 min, it was equal to 24.68 mg Co*/g.
However, the further increment in experiment duration did not affect the uptake of
Co?" ions, because after 30 min of reaction, the amount of absorbed ions remained
almost the same and was equal to 24.73 mg Co?*/g (Fig. 3.1).
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Fig. 3.1. The integral kinetic curve of Co?" ion adsorption by Al adsorbent when the
initial concentration of Co?* was equal to 0.25 g/L

It is worth noting that at the beginning of the experiment, about 7.2% (30 mg)
of Ca?" ions were released from the structure of the adsorbent, showing that the ion
exchange reaction takes place between the Al adsorbent and the Co(NOs),-6H,0
solution (Fig. 3.2). These data can be explained by evaluating the crystal structure of
the latter compound. It is well known that a-C,SH with isolated silicate tetrahedrons
possess the lowest degree of polymerization, and its crystal structure consists of
isolated acidic SiO3(OH) tetrahedra, which share edges with alkaline Ca(O,0H)¢ and
Ca(0,0H); polyhedra [121, 122]. Presumably, for this reason, both Ca?* cations and
OH™ anions are released when the structure of this compound is destroyed in an acidic
environment. These data are in good agreement with the value of pH of liquid
medium, which increased from 4.91 (before adsorption) to 6.07 (after 30 min of
adsorption). As expected, due to the excellent adsorption properties of calcium silicate
hydrates for metal ions, the concertation of Ca®* ions in the liquid medium decreased
to 4.56% (18.6 mg) by prolonging the adsorption to 15-30 min.
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Fig. 3.2 Differential kinetic curve of released Ca?* ions amount from the adsorbent
when the initial concentration of Co?* was equal to 0.25 g/L

Thus, it can be seen that almost all Co?* ions that had been present in the liquid
medium were adsorbed by the A1l adsorbent when a lower concentration of
Co(NOs),-6H,0 solution (0.25 g/L) was used. For this reason, in the next stage of this
work, it was raised to 1 g of Co?*/L.

It has been determined that a higher metal ions concentration has a positive
effect on the incorporation of Co?* ions (Fig. 3.3 a). After 30 s of adsorption, Al
adsorbent adsorbed 90% of initial Co?* ions (90.01 mg Co?*/1 A1 adsorbent) (Fig. 3.3
a) and released 22.1% (89.84 mg) of Ca?* ions (Fig. 3.3 b). When the duration of the
experiment was extended to 10 min, the equilibrium was attained, and the amount of
adsorbed ions reached 99.61 mg Co?'/1 g Al adsorbent (Fig. 3.3 a). Additionally, as
in the previous case, a decrease in the concentration of desorbed OH" anions was
observed. It is worth mentioning that due to the higher destruction of adsorbents, the
pH value of the liquid medium increased from 4.91 to 10.97. In order to confirm the
intercalation of Co?* ions, XRF analysis was performed after 30 min, and it has been
found that A1 adsorbent contained 14.6% of Co?®* ions.
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Fig. 3.3 Integral kinetic curve of Co?* ion adsorption by A1 adsorbent (a) and
differential kinetic curve of released Ca?* ions amount from the A1 adsorbent (b)
when the initial concentration of Co?* was equal to 1 g/L

Thus, the previous results indicated that the interaction between the adsorbent
and the adsorptive is followed by the following reaction:

A1l adsorbent + Co?* —A1 adsorbent—Co sample + Ca?*.

In order to determine the maximum adsorption capacity of the Al adsorbent for
Co?* ions, the concentration of Co(NO3),-6H,0 solution was increased to 10 g/L.

It has been found that the adsorption capacity was equal to 288 mg Co?'/g after
30 min of adsorption (Fig. 3.4), but ~50% of Ca?" ions were released to a liquid
medium within the same duration.
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Fig. 3.4 Integral kinetic curve of Co?" ion adsorption by Al adsorbent when the
initial concentration of Co?* was equal to 10 g/L
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According to the literature, the adsorption capacity of lower basicity calcium
silicate hydrates (gyrolite, xonotlite, and tobermorite) depends on the nature of the
adsorptive. Kasperaviciute et al. [123] determined that the maximum amount of
adsorbed Cu?* ions by gyrolite is equal to 1480 mg Cu?*/g. Meanwhile, Bankauskaite
et al. [124] showed that the adsorption capacity of this compound for Co?* ions is
equal only to 14 mg Co?'/g.

In order to determine if adsorption is a reversible process or not in a neutral
liquid medium, A1 adsorbent sample with intercalated Co?* ions (1 g Co?*/L) was
dried up and immersed in the distilled water. It was measured that after 60 min at 25
°C, Co% ion concentrations in the solution did not exceed ~0.008%. It is worth
mentioning that after the desorption process, Co®* ions were detected in the Al
adsorbent structure via XRF analysis.

Furthermore, in the next stage of this research, the kinetic adsorption parameters
were determined by applying pseudo-first-order and pseudo-second-order equations
(Table 3.1). In order to obtain the experimental data, the cobalt nitrate solutions
containing 0.25 g and 1 g Co?/L concentration were used. The mentioned equation
suitability for the adsorption reaction was verified by comparing the calculated
equilibrium concentrations (geeay) 0f Co?* ions to the experimental concentrations
(deexp)). In addition, the equation is suitable only if the errors between Qeccay and Qeexp)
do not exceed 5%.

Using the pseudo-first-order equation was found that the values of R? were lower
(0.84, 0.85) and the values of ge(cany disagreed with the experimental gecexp) Ones (Table
3.1). Thus, the pseudo-first-order equation did not fit well with the Co?" ions
adsorption mechanism description.

Table 3.1. Al adsorbent with incorporated Co?* ions kinetic parameters of the
pseudo-first-order and pseudo-second-order kinetic models

Concentration R? Qe(exp) Cle(cal) ki k2
(g Co*/L) (mg/g) (mg/g) | (9/(mg-min)) | (g/(mg-min))
Pseudo-First-Order Kinetic Models
0.25 0.84 24.73 8.39 0.450 -
1.00 0.85 99.62 16.93 0.356 -
Pseudo-Second-Order Kinetic Models

0.25 0.99 24.73 25.08 - 0.139
1.00 1.00 99.62 100.00 - 0.091

Different results were obtained by using the pseudo-second-order kinetics
equation: the values of R? were near 1 and equal to 0.99 (0.25 g Co?*/L) and 1.00 (1
g Co%/L) (Fig. 3.5). In addition, the calculated Qe Values were close to the
experimental geexp) ONes (Table 3.1). Thus, it can be stated that the pseudo-second-
order kinetics model adequately describes the Co?* ion adsorption mechanism of the
A1 adsorbent. Moreover, it was calculated that the Co?* ion adsorption rate (k. = 0.139
g/(mg-min)) is higher in the solution containing 0.25 g Co?*/L than in the solution
containing 1 g Co?*/L (k2 = 0.091 g/(mg-min)) (Table 3.1). It should be noted that
these data agree with the experimental results and confirm that Co?* ions are
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chemisorbed by Al adsorbent. The same phenomenon can be found in the literature

[123-128].
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Fig. 3.5. Pseudo-second-order kinetic plots when the initial concentration of Co?*
was equal to 0.25 g/L (a) and 1 g/L (b)

In order to evaluate the stability of the adsorbent, Al adsorbent was described
by XRD and STA. It was determined that 89.84 mg of Ca?* ions were desorbed from
the crystal structure of the Al adsorbent. However, the structure of the latter
compound remained stable. In addition, the adsorption process in the solution
containing 0.25 and 1 g Co?/L, the intensity of the main diffraction peaks (d-spacing:
0.422, 0.326 nm) a-C,SH decreased by 1.77 and 2.53 times, respectively (Fig. 3.6 b,
c). However, the opposite tendency has been observed with the calcite compound, as
its content increased in both samples (Fig. 3.6 b, c). Meanwhile, after adsorption in
the solution containing 10 g Co?'/L, Al adsorbent fully decomposed, because the
diffraction peaks that are typical to this compound are not detected in the XRD
patterns (Fig. 3.6 d). It is worth mentioning that one diffraction peak (d-spacing 0.91
nm) that is characteristic of a new compound was observed, but no standards in the
database that match or describe the resulting compound were found (Fig. 3.6 d).
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Fig. 3.6. XRD curves of Al adsorbent after synthesis (a) and the adsorption process
when the initial concentration of Co?" was equal to 0.25 g/L (b), 1 g/L (c), and 10
g/L (d); indexes: o — a-C2SH, k — CaCOs, ¢ — C-S-H(l), and/or C-S-H(Il)

The XRD results were supported by the STA analysis data. It has been found
that the absorbed heat of the first endothermic effect increased from 84.26 J/g (pure
Al adsorbent) (Fig. 3.7 a) to 175.78 J/g (A1l adsorbent after adsorption in a solution
containing 10 g Co?'/L) (Fig. 3.7 d). These data can be associated with the
amorphization of the synthesis product. Meanwhile, the values of the heat
characteristic to a-C,SH decreased by 1.8 times after the adsorption in the solutions
with lower Co?* ion concentrations. It has been observed as well that the endothermic
effect that is typical to this compound was not identified in the DSC curves of a
sample, in which 10 g/L Co(NO3)-6H-0 solution was used (Fig. 3.7 ¢). These results
clearly show that the Al adsorbent is fully decomposed in such acidic environment,
and the thermal effects that are typical to the cobalt salts and/or oxides were identified
(Fig. 3.7 d) [129, 130]. It has been found that semi-crystalline calcium silicate
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hydrates C-S-H(l) and/or C-S-H(Il) decomposed after the adsorption in a solution
containing 1 g Co?*/L (Fig. 3.7 c). It is worth mentioning that during the adsorption
process, the carbonization appeared, and according to the TG results, the quantity of

calcium carbonate increased to 6.75-9% (Fig. 3.7 c).
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Fig. 3.7. STA curves (curve 1 — TG, curve 2 — DSC) of Al adsorbent after the
synthesis (a) and the adsorption process when the initial concentration of Co?* was
equal to 0.25 g/L (b), 1 g/L (c), and 10 g/L (d)

Thus, when evaluating the pH values of solutions in different concentrations,
literature data, and obtained results, it is not recommended that more than 1 g Co?"/L
of Co(NOs),-6H,0 solution would be used for the adsorption experiments with Al
adsorbent. Since the synthetic adsorbent remains stable at low Co?" ions concentration
(0.25 and 1 g¢/L), more heavy metals, usually found in the wastewater, were
investigated. Accordingly, the Cu?* and Cr* ions intercalation into the A1 adsorbent
structure were determined.
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3.1.2. The adsorption capacity of Al adsorbent for the Cu?* and Cr®* ions

As expected, in the lower concentration metal ions solutions (0.25 g/L), the
adsorption process proceeded intensively at the beginning, because after 30 s, all Cu?*
(25 mg Cu?'/g) (Fig. 3.8 a) and Cr®* (Fig. 3.8 b) ions (25 mg Cr3*/g) from the primary
solution were incorporated into the structure of Al adsorbent. Due to the fast
adsorption of the Cu?* and Cr®* ions by the adsorbent, the PFO and PSO equation
cannot be used for the description of the process.
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Fig. 3.8. Integral kinetic curves of Cu?* (a) and Cr®* (b) ions adsorption by Al
adsorbent when the initial concentration of ions was equal to 0.25 g/L

In order to determine whether the adsorption reactions are reversible or
irreversible, the saturated adsorbents were dried up and immersed in the distilled water
(water to solid ratio is 10). The results revealed that after 30 min, the concentration of
metal ions in the liquid medium does not exceed the atomic absorption spectrometer
detection limit. Moreover, during the adsorption, the structure of the Al adsorbent
remained stable as the intensity of the main diffraction peaks (d-spacing: 0.422, 0.327
nm) of this compound decreased (Fig. 3.9). It should be noted that calcite main
diffraction peaks (d-spacing: 0.304, 0.187 nm) decreased as well (Fig. 3.9).
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Fig. 3.9. XRD patterns of Al adsorbent after the adsorption in copper (curve 1) and
chrome (curve 2) nitrate solutions when the initial concentration was equal to 0.25 g
Cu?* or Cr®*/L; indexes: a — 0-C,SH, k — CaCOs, ¢ — C-S-H(1), and/or C-S-H(lI)

In brief, the Al adsorbent showed good adsorption properties in 0.25 g Cu?* or
Cr¥/L solutions in comparison with other adsorbents [131]. Thus, in the next stage of
this work, the adsorption experiment was performed in higher concentration solutions
(1 g/L).

When the concentration of heavy metal ions in the solution was equal to 1.00 g
Me**/L, the uptake of these ions by the adsorbent proceeded slower (Fig. 3.10). Within
30 s of Cu?* ions adsorption, the removal efficiency of Al adsorbent reaches ~73%
(72.91 mg/g) (Fig. 3.10 a). Meanwhile, the quantity of adsorbed Cr®* ions (Fig. 3.10
b) by the latter compound was higher and equal to 86% (86.14 mg/g). By prolonging
the duration of the experiment to 3 min, the adsorbed amount of Cu?* ions slightly
increased. However, the removal of these ions was completed only after 30 min (Fig.
3.10 a). In the meantime, the uptake of Cr* ions reached 100% already after 3 min
(Fig. 3.10 b). As in the previous case (0.25 g Me**/L), it has been found that the
adsorption process is irreversible because the concentration of heavy metal ions in the
liquid medium did not exceed ~0.01%. The obtained results were confirmed by the
XRF analysis: 16.1% of Cu?* and 16.4% of Cr®" ions were detected in the adsorbent.
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Fig. 3.10. The integral kinetic curve of Cu?* (a) and Cr®* (b) ions adsorption by Al
adsorbent when the initial concentration of ions was equal to 1 g/L

Meanwhile, the measurements of calcium ions concentration have shown that
after 30 s of adsorption in 1 g/L heavy metal solution, 88.0 mg (20.9%) of mentioned
ions were released from the structure of the adsorbent in Cu(NOs)2-3H.0 solution
(Fig. 3.11 a). Moreover, unexpected results were obtained: after 1 min of adsorption,
the amount of released Ca?* ions decreased, while after 5 min, the equilibrium was
attained, and the amount of released ions was equal to 115.6 mg (27.4%) (Fig. 3.11
a). The same tendency was observed in Cr(NOs)s-9H,0 solution, although the amount
of released Ca?* ions was 1.31 times higher after 30 min of the experiment (Fig. 3.11
b). It is worth mentioning that the amount of released Ca?* ions tends to increase by
increasing the duration of experiments when the lower basicity calcium silicate
hydrates are used for Me** ions adsorption [20].

The results have shown that after 30 min of Cu?* adsorption, the exchange of
Cu?*Ca?* proceeded stoichiometric, while Cr3*«<Ca?*, in a non-stoichiometric way.
Presumably, it can be explained by the different valence or atomic radius between
Ca?" and adsorbed ions (Cr3*, Cu?"). According to literature [132, 133], the crystal
structure of Al adsorbent consists of isolated SiO3(OH) tetrahedra, which share edges
with Ca(O,0H)s and Ca(O,0H); polyhedra. Thus, during the desorption of Ca?*
cations, OH™ anions are released as well into the liquid medium. This fact was
confirmed by the value of pH of liquid medium, which increased from 2.99 (0 min)
t0 10.15 (30 min) in Cr(NOz)3-9H,0 solution and from 4.72 (0 min) to 9.17 (30 min)
in Cu(NOs)2-3H,0 solution.
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Fig. 3.11. The differential kinetic curves of released Ca?* ions amount from the
adsorbent when the initial concentration of Cu?* (a) and Cr®* (b) was equal to 1 g/L

In order to determine the kinetic parameters, the adsorption process was
described by PFO and PSO equations. It was determined that the PFO equation (Eg.
2) did not fit the adsorption mechanism of Cu?* and Cr* ions by the synthetic
adsorbent because the error between the adsorbed (Qeexp)) and calculated (Qe(can)
amount of Me** was higher than 5-10% [107]. In addition to this, the values of
correlation coefficients (R%) were low (Table 3.2). However, different results were
obtained when using PSO equation (Eq. 4): the values of R* were equal to 0.99 (Table
3.2), and the relation between (eexp) and geccary Values was observed. It was calculated
that the adsorption rate of Cr3* ions (k. = 0.065 g/(mg-min)) was approximately 3
times higher than Cu?* (k. = 0.020 g/(mg-min)). These results correspond to the
experimental data because the adsorption process of Cr®* ions ended after 3 min, while
in the case of Cu?* ions, after 30 min (Fig. 3.10 b). The same results can be found in
literature [123, 125].

Table 3.2. Al adsorbent with incorporated Cu?* or Cr** ions kinetic parameters of
the pseudo-first-order and pseudo-second-order kinetic models

Metal R2 ma/ ma/ ki, ko,

ions Geterp), MYTG | Getcad: MY | g min) | g/(mg-min)
Pseudo-First-Order Kinetic Models

Cu? 0.813 100.00 42.89 0.813 -

Cr3* 0.492 100.00 12.56 0.492 -
Pseudo-Second-Order Kinetic Models

Cu® 0.999 100.00 100.00 - 0.020

Cr3* 0.999 100.00 101.01 - 0.065

X-ray diffraction analysis data have shown that Al adsorbent became

metastable, since after the adsorption in Cu(NOs),-3H,O and Cr(NOsz)s-9H.0
solutions, the intensity of a-C>SH compound (d-spacing: 0.422, 0.327 nm) diffraction
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peaks decreased by 1.1 and 2.3 times, respectively (Fig. 3.12). In the case of Cr®*ions,
the lower intensity of the aforementioned peaks can be explained by a higher amount
of released Ca?* ions from the adsorbent structure (Fig. 3.11). These results confirmed
that heavy metal ions were adsorbed by Al adsorbent, as there is no evidence of new
compound formation (metal hydroxides, metal oxides).
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Fig. 3.12. XRD patterns of Al adsorbent after the adsorption in copper (curve 1) and
chrome (curve 2) nitrate solutions when the initial concentration was equal to 1.00 g
Cu?* or Cr3*/L; indexes: a.— a-C,SH, k — CaCOs, ¢ — C-S-H(1), and/or C-S-H(lI)

The previous results were confirmed by the data of STA analysis. According to
literature [134], the first endothermic effect can be assigned to the dehydration of
amorphous structure calcium silicate hydrates and/or removal of the adsorption water.
It was calculated that after the adsorption, the mass loss and the heat of the mentioned
thermal conversion increased two times (Fig. 3.13, Table 3.3).

According to the TGA data, the adsorbent lost 5.25% of the mass during the
decomposition of Al adsorbent (Table 3.3), which is equivalent to 55.42% of Al
adsorbent. It was determined that after the adsorption, the amount of the mentioned
compound decreased to 33.99% in Cu(NO3)2-3H20 and 21.01% in Cr(NO3);-9H,0
solutions (Fig. 3.13). These data were in good agreement with the results of Ca?
desorption and XRD (Fig. 3.11, Fig. 3.12). Meanwhile, in the case of Cu?* ions, the
increment in the intensity of the third endothermic effect confirmed that during the
adsorption experiments, the carbonization proceeded (Fig. 3.13). Additionally, an
exothermic effect, which can be assigned to the recrystallization of semi-crystalline
C-S-H, was shifted towards the lower temperature (Fig. 3.13 a, b). It can be explained
by the intercalation of Cu?®* ions or the decrement in crystallinity [135]. In order to
avoid the interaction between Cr3* ions and platinum crucibles, which were used for
the STA analysis, the experiment was carried out only at 540 °C.
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Table 3.3. The mass loss and heat of Al adsorbent after the synthesis and adsorption

process
Mass loss, %
90-140 °C 460-470 °C 625-705 °C 700-710 °C
Am, Q,Jg | Am, Q,Jg | Am, Q,Jg | Am, Q, Jg
% % % %
Al 2.77 84 5.25 189 0.32 22 - -
adsorbent
Al-Cu 5.43 153 3.22 145 - - 2.33 61
sample
Al1-Cr 4.83 381 1.99 34 - - - -
sample
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Fig. 3.13. STA curves (curve 1 — TG, curve 2 — DSC) of Al adsorbent after the
adsorption in Cu(NOs)2-3H20 (a) and Cr(NOs)s-9H20 (b) solutions when the initial
concentration of Cu?* or Cr®* was equal to 1 g/L

In order to determine the maximum adsorption capacity of Al adsorbent for
Cu?* and Cr*ions, the concentration of these ions was increased to 10 g/L. It has been
found that at the beginning of Cu?* ions adsorption (30 s), the adsorbed amount of the
mentioned ions increased rapidly to 228.2 mg/g, and after 30 min, it was equal to
615.54 mg/g (Fig. 3.14 a). Meanwhile, in the case of Cr3*ions adsorption, the removal
efficiency was ~2.5 times lower, and the amount of incorporated ions was equal to
241.42 mg Cr®*/g (Fig. 3.14 b). During the adsorption, more than 50% of Ca?* ions
were released from the adsorbent into the liquid medium in both cases.
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Fig. 3.14. The integral kinetic curve of Cu?* (a) and Cr®* (b) ions adsorption by Al
adsorbent when the initial concentration of ions was equal to 10 g/L

It was estimated that after the adsorption experiments, Al adsorbent was fully
decomposed because the diffraction peaks that are typical to this compound were not
detected in the XRD patterns (Fig. 3.15 a). It is worth mentioning that in the copper
nitrate solution, the precipitation of gerhardtite Cux(NOs)(OH); (PDF No. 04-011-
9699) proceeded. The formation of this compound can be explained by a high
concentration of OH™ anions, which were released with Ca®** cations, and the low
stability of metal ions in the alkaline medium. The formation of the mentioned
compound was confirmed by the STA data (Fig. 3.15 b): at 237 °C temperature, the
decomposition of gerhardtite proceeded [136].

4CU2(OH)3NO3 — 8CuO + 4NO; + O, + 6H,0
The endothermic effect at 400-500 °C temperature, a characteristic of a-C,SH,

was not observed (Fig. 3.15 b).
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Fig. 3.15. XRD patterns (a) of Al adsorbent after the adsorption in Cu?* (curve 1)
and Cr3* (curve 2) ions solutions and STA curves (curve 1 — TG, curve 2 — DSC) (b)
after the adsorption in Cu?* solution when the initial concentration was equal to
10.00 g Cu?* or Cr¥/L; indexes: N — Cuz(NO3)(OH)3

Therefore, it can be stated that a pseudo-second-order kinetics model adequately
describes the Cu?*, Co?, and Cr®* ions adsorption mechanism by Al adsorbent. It
should be noted that a pseudo-second-order kinetics model describes chemisorption;
thus, the Al adsorbent acts more as a chemisorbent [137].

Thus, synthetic Al adsorbent is a promising chemosorbent for the removal of
heavy metal ions from the liquid medium, since its adsorption capacity for Cu?*, Co?*,
and Cr®* ions are 2-10 times higher than other adsorbents (hydrotalcite, C-S-H (1),
zeolites) [138-140]. It should be noted that the adsorption process with the mentioned
adsorbents proceeds 2-3 times slower in comparison with synthetic A1l adsorbents
[141].

3.2. The adsorption peculiarities for heavy metals, the structure properties and
microstructure parameters of A2 adsorbent
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3.2.1. The adsorption peculiarities for heavy metals of A2 adsorbent

As the structure of the Al adsorbent becomes unstable at high concentration
heavy metals solution, the adsorption properties of the synthetic amorphous structure
A2 adsorbent were investigated, i.e., Co(NOs).'6H,O, Cu(NOs),-3H.0, and
Cr(NOs)s-9H,0 solutions, which contained 0.25, 1, and 10 g Me**/L (where Me** is
Co?*, Cu?*, and Cr3*ions, respectively). It has been determined that in Cr(NO3),-6H,0
solution containing 1 g Cr®* ions, the adsorption process proceeded intensively at the
beginning, because already after 0.5 min of adsorption, the amount of intercalated Cr3*
ions reached 100% (100.00 mg Cr®*/g A2 adsorbent) (Table 3.4). Almost the same
tendency was observed in the case of Cu?* ions. After 0.5 min of interaction, the
amount of adsorbed ions was equal to 92.00 mg Cu?*/g A2 adsorbent, and after 1 min,
the process was completed (Table 3.4). Meanwhile, the uptake of Co?" ions by A2
adsorbent was slower, because after 30 s of the process, only 62% (62.50 mg Co?*/g
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A2 adsorbent) of mentioned ions were intercalated into the adsorbent (Table 3.4). It
was established that the adsorption of Co?* ions was completed only after 15 min.

Table 3.4. The amount of adsorbed metal ions by A2 adsorbent in 1 g/L solution

Metal ions | Time, min/The amount of adsorbed Me** ions, mg/g

0.5 1 3 5 10 15 30
Cré* 100 100 100 100 100 100 100
Cu?* 92.00 100 100 100 100 100 100
Co?* 62.50 74.55 79.90 85.46 99.69 100 100

In order to determine the adsorption kinetic parameters, the pseudo-first-order
and pseudo-second-order equations were applied [142]. Due to the fast penetration of
Cu?* and Cr®* ions into the A2 adsorbent, the adsorption data could not be used to
calculate the mentioned parameters. For this reason, these calculations were only
applied for the adsorption of Co?* ions. The data of the pseudo-first-order equation
showed that this equation is not suitable for Co?* ions adsorption mechanism
description, because the value of correlation coefficient R? was equal to 0.8, and the
calculated Qeeay (50.11 mg/g) value disagreed with the experimental Qeexp) (99.30
mg/g) one (Table 3.5). According to the literature, the equation is suitable only if the
errors between the mentioned values do not exceed 5% [143, 144].

The obtained results of pseudo-second-order equation showed that the
correlation coefficient was equal to 0.99, and the agreement between calculated Qe(can)
(98.23 mg/g) and the experimental qeexp) (99.30 mg/g) values were observed. Thus, it
can be stated that the pseudo-second-order equation adequately described the
adsorption process of Co?* ions by A2 adsorbent. It is worth mentioning that these
experimental results were in good agreement with the data in literature, and they
confirmed that in this case, A2 adsorbent acts as a chemisorbent [145-147].

Table 3.5. Co?* ions adsorption kinetic parameters of the pseudo-first- and pseudo-
second-order kinetic models

Kinetic parameters of the pseudo-first-order kinetic models

R Oeexp), MY/Y Oe(can, MY/g ks, g/(mg-min)
0.80 99.30 50.11 0.331

Kinetic parameters of the pseudo-second-order Kinetic model

R? eexp), MY/Y Qe(car, Mg/g k2, g/(mg-min)
0.99 99.30 98.23 0.015

After the adsorption process, the A2 adsorbent was characterized by XRD. X-
ray diffraction analysis data showed that during and after the adsorption experiments,
the carbonization of A2 adsorbent proceeded, because the intensive diffraction peaks,
characteristic of calcium carbonate, were identified (Fig. 3.16). It is worth mentioning
that the intensity of the mentioned peaks was ~2 times higher in the A2-Co sample
and A2-Cu sample, comparing them to the A2-Cr sample. It should be indicated that
the diffraction peaks, characteristic of a-C>SH, were not observed in XRD patterns.
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In the A2-Cr sample, a low intensity diffraction peaks of chromium hydroxide hydrate
(Cr(OH)3'3H,0, (PDF No. 00-016-0817)) were identified (Fig. 3.16, curve 3).
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Fig. 3.16. XRD patterns of A2-Cu sample (curve 1), A2-Co sample (curve 2), and
A2-Cr sample (curve 3); indexes: k — CaCOs, h — Cr(OH)3'3H,0, ¢ — C-S-H(l),
and/or C-S-H(ll)

The previous results were confirmed by the data of STA. The DSC curves of A2
adsorbent samples showed two endothermal effects, where the first one is related to
the removal of adsorption/crystallization water and the second one, to the
decomposition of CaCO; (Fig. 3.17). Moreover, it was estimated that during the
decomposition of the latter compound, the mass loss was equal to 4.45% in a case of
A2-Cu sample, 5.12% in a case of A2-Co sample, and 2.65% in a case of A2-Cr
sample, which was equivalent to 10.11%, 11.64%, and 6.03% of calcium carbonate,
respectively (Table 3.6). Presumably, the exothermic effects at 730 °C (A2-Cu
sample) and 779 °C (A2-Co sample) are related to the formation of metal oxides (Fig.
3.17 a, b). Meanwhile, at ~830 °C temperature, the exothermic effects occur due to
the recrystallization of semicrystalline compounds to wollastonite in the A2-Co
sample and A2-Cr sample (Fig. 3.17 b, c). It is worth mentioning that during Cu?* ions
adsorption, C-S-H(l) and/or C-S-H(Il) were decomposed, because the exothermic
effect at 830850 °C temperature was not observed in the DSC curve (Fig. 3.17 a).
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Fig. 3.17. STA curves (curve 1 — TG, curve 2 — DSC) of A2-Cu sample (a), A2-Co
sample (a), and A2-Cr sample (a)

Table 3.6. The loss on ignition of A2 adsorbent substituted with metal ions

Sample Loss on ignition, %

50-240 °C 650-770 °C Total
A2-Cu 9.85 4.45 22.45
sample
A2-Co 10.33 5.12 22.88
sample
A2-Cr 15.50 2.65 26.05
sample

It was observed that the FT-IR spectrum of A2 adsorbent substituted with the
metal ions was significantly changed in the region of silicate vibrations (Fig. 3.18) in
comparison to the pure system [148]. The intensity of the adsorption band of 6(O-Si—
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O) vibration (~465 cm™) decreased more than 2.5 and 9 times in the A2-Co sample
and A2-Cu sample, respectively (Fig. 3.18). Moreover, in the A2-Cr sample and A2-
Cu sample, the stretching signals of vs(Si—O-Si) almost disappeared. It should be
noted that in the A2-Cr sample, the v(-C0O3%") vibrations were determinate at 1489,
1413 cm, and 873 cm™ (Fig. 3.18, curve 3), while in the A2-Cu and A2-Co samples,
the higher wavenumber disappeared, and respectively, 1454 cm™, 873 cm™?, and 1424
cm', 874 cmlv(-CO%") stretching signals were investigated (Fig. 3.18, curve 1, 2). The
changes of FT-IR spectrum in the 800-2000 cm™ range can be associated with the
intercalation of metal ions into the crystal structure of the adsorbent.
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Fig. 3.18. FT-IR spectrum of A2-Cu sample (curve 1), A2-Co sample (curve 2), and
A2-Cr (curve 3) sample

The previous results were in good agreement with the data of SEM analysis (Fig.
3.19). The SEM micrograph of the A2 adsorbent was packed and interspersed with
thin crystals (called foils or honeycomb) [149, 150]. It has been determined that after
the adsorption process, the mentioned structure was partially destroyed. The metal
ions incorporation was as well proven by the SEM/EDX analysis: in all samples,
~30% of metal ions were observed (Fig. 3.19). It is worth mentioning that SEM/EDX
analysis has shown that the round crystals in the A2-Cr sample consist of mainly Cr3*
ions. Thus, these crystals can be attributed to the compounds, which contain
chromium. These data agree with the XRD results, where Cr(OH)s;-3H,O was
identified (Fig. 3.16).
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Fig. 3.19. SEM images of A2 adsorbent (a), A2-Cu sample (b), Spectrum 1: Cu —
31.18, Si—10.78, Ca—13.69, O — 44.34 mass %, A2-Co sample (c), Spectrum 2: Co
—28.95, Si —15.84, Ca—10.66, O — 44.55 mass %, and A2-Cr sample (d), Spectrum

3: Cr-59.86, Si —6.33, Ca—6.34, O — 27.47 mass % samples; magnification:; a —

20 000 times, b — 15 000 times, ¢ — 10 000 times, and d — 40 000 times

3.2.2. The structure properties and porosity of A2 adsorbent

It is known that one of the most important parameters of materials is thermal
stability, which leads to the successful application [151, 152]. For this reason, in the
next part of this work, the thermal stability of A2 adsorbent was investigated In Situ
XRD in 25-1000 °C temperature range (Fig. 3.20). The calcination was carried out at
a heating rate of 50 °C/min after the equilibration for 5 min at the desired temperature.
It was estimated that the dibasic A2 adsorbent is stable up to 400 °C temperature,
because the diffraction maximums that are typical to this compound remained
unchanged. Meanwhile, at a higher temperature (450 °C), a-C.SH recrystallized to
anhydrous C,S phases [153]. However, due to the small intensity of its diffraction
peaks, the formed compounds could not be identified.

Furthermore, when the calcination temperature was increased to 650 °C,
calcium carbonate decomposed, and the peaks of calcium oxide (PDF No. 00-002-
1088) were observed in the XRD patterns. It has been determined that at 800850 °C
temperature, the semicrystalline type compounds and C,S phases recrystallized to
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wollastonite (PDF No. 00-066-0271) and B-C,S (PDF No. 00-033-0302). In the 850—
1000 °C temperature range, the diffraction peaks, characteristic to the mentioned
compounds, were increased. The present results were in good agreement with the data

that have been obtained by the other authors [154].
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Fig. 3.20. In Situ XRD patterns of the A2 adsorbent, when the temperature of
calcination varied in 25-1000 °C range; indexes: a — a-C,SH, k — CaCOs, ¢ — C-S-

H(l), and/or C-S-H(ll), w — wollastonite, f — B-C.S

In order to evaluate the structural transformations and how the physical
parameters of the material change, the synthetic sample was calcined in the furnace
“Nabertherm LH 15/13” at 750 °C (this temperature was chosen to investigate the
porosity of sample at the beginning of wollastonite and B-C,S formation) and 850 °C
(this temperature was chosen to investigate the sample structural changes when
wollastonite and B-C,S started to be form) temperatures for 24 h. It was obtained that
after the calcination at 850 °C temperature, wollastonite and 3-C.S were formed (Fig.
3.21 a). The formation of wollastonite and -C,S in the A2 adsorbent sample after the
calcination was confirmed by the SEM analysis: the plate-shaped crystals of
wollastonite and oval crystals characteristic of B-C.S were observed (Fig. 3.21 b)
[155-157]. The XRD and SEM results were verified with FT-IR analysis. Meanwhile,
the symmetrical stretching signals at 644 cm™ (Si—O-Si) were observed. It should be
noted that the absorption signal at ~707 cm-1, reflecting the symmetrical vs(Si—O-Si)
stretching vibrations, a significant shift up to 682 cm™ was noticed. Meanwhile, the
adsorption signals at ~908 cm™ and ~987 cm™, which can be attributed to the
symmetrical v(O-SiO-) stretching signals, were observed [158, 159].
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Fig. 3.21. XRD pattern (a), SEM image (magnification of 5000 times) (b), and FT-
IR spectrum (c) of A2 adsorbent calcined at 850 °C temperature; indexes: w —
wollastonite, g — p-CS

It is known that one of the most important parameters of all catalysts is surface
area, which leads to a successful application. Thus, in order to determine the specific
surface area, the nitrogen gas adsorption, combined with the Brunauer, Emmett, and
Teller (BET) equation, was performed.

The nitrogen adsorption-desorption isotherms of adsorbent and calcined
adsorbent samples are presented in Fig. 3.22. The adsorption isotherm of synthetic
adsorbent can be classified as Type 1l (does not have plateau at P/Py> 0.7) or Type IV
(the presence of hysteresis loop) (Fig. 3.22 a). This uncertainty occurs due to the
presence of macro-pores in the sample that cause the unrestricted multilayer
adsorption on the surface. A similar shape of adsorption isotherms is as well presented
in other calcium silicate hydrate samples and can be used for the calculations of
surface area (by using the BET equation) and the dominant shape of pores [98, 160,
161].

The adsorption and desorption isotherms of adsorbent do not coincide with the
P/Po range of 0.66-0.95, i.e., the hysteresis loop is formed (Fig. 3.22 a). The hysteresis
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loop of adsorbent can be classified as Type H1, which is a characteristic for
mesoporous materials, in which spherical particles or well-defined cylindrical-like
pore channels are dominant [162]. According to the literature [97], in this type of
isotherm, the plateau should be presented; however, due to the presence of pores
between parallel plates and/or macro-pores, the plateau is not observed. The existence
of macro-pores was confirmed by the SEM micrographs where huge pores can be seen
between the particles of adsorbent (Fig. 3.23 a). These results are in good agreement
with other authors, whom state that during hydrothermal synthesis of calcium silicate
hydrates, cylindrical-like, slit-like, or ink-bottle pores can be presented in the products
[162, 163].

The remarkable changes in the shape of adsorption-desorption isotherms of
nitrogen on calcined adsorbent (750 °C) were observed (Fig. 3.22 b): the adsorption
isotherm corresponds to Type Il and does not have the hysteresis loop. Such type of
isotherm is present in non-porous or macro-porous materials [161, 164]. The changes
can be explained by the sintering of adsorbent particles during the calcination process.
This fact was confirmed by the TEM analysis where sintered smooth
particles/crystallites were detected (Fig. 3.23 b). It is worth mentioning that this type
of isotherms can be used for the calculations of BET surface area; however, the
calculations of the shape of dominant pores are meaningless.
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Fig. 3.22. Nitrogen adsorption (1), desorption (2) isotherms of A2 adsorbent (a) and
A-750 sample (b)
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The presently discussed results were confirmed by the TEM data (Fig. 3.23).
The TEM micrograph showed disordered uncertainly shaped crystallites of cylindrical
pores crystalline phase C-S-H and parallel plates crystallites of a-C>SH (Fig. 3.23 a).
The analysis of the A2-750 sample (Fig. 3.23 b) showed oval crystals of B-C,S [157].

C-S-H(1),
C-S-H(I1)

Fig. 3.23. TEM micrographs of A2 adsorbent (a) and A2-750 sample (b)

According to the literature [100, 161], the BET method can be used to calculate
the surface area of samples that are characterized by Type Il and Type 1V adsorption
isotherms. The calculations by the mentioned method are valid if a straight line in
BET coordination (1/(X[(Po/P)— 1])) — (Po/P) is obtained, and the value of Ceger
constant is higher than 2 (in the ideal case varying from 50 to 150-250) (Fig. 3.24).
The calculations revealed that in both cases, the reliability coefficient (R?) is higher
than 0.999, while the values of Cger constant are equal to 233.78 (synthetic adsorbent)
and 251.33 (calcined adsorbent) (Table 3.7). Thus, the calculations by the BET
equation can be accepted as reliable. It has been determined that the surface area of
synthetic and calcined adsorbent are equal to 46.13 m?g and 18.70 m%g, respectively.
According to the literature [60, 165], the surface area of synthetic calcium silicate
hydrates is equal to 30-500 m?/g, while calcium silicates have a lower surface area:
wollastonite — 2 m?/g, kilchoanite — 6 m?/g, rankinite — 11.7 m?/g, etc. [166-168].
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Fig. 3.24. The isotherm of N2 adsorption at 77 K in the BET plot of A2 adsorbent (a)
and A2-750 sample (b)

Table 3.7. Calculated parameters of A2 adsorbent and A2-750 sample by the BET
method

BET equation . -
constants Capacity Seer, Ceer Rella_b |_I|ty
Sample of mono > coefficient,
Slope Intercept m4/g constant 5
_ layer Xm R
S=tga ||
A2
adsorbent | 75.21 0.32 0.013 46.13 233.78 0.9993
A2-750 | 185.58 | 0.74 0.005 18.70 251.33 0.9999

The application of adsorbents and later as a catalyst is limited by specific surface
area and the total pore volume. In order to determine the cumulative pore volume, the
shape of the pores should be known; however, the analysis of adsorption isotherms
can be misleading. Thus, in order to confirm the results of the adsorption isotherms
analysis and calculate the cumulative pore volume, the corrected Kelvin equation and
the scheme developed by Orr et al. were applied. The calculations were performed by
using the two most common models, i.e., cylindrical-like pores and slit-like pore
models. The model is considered appropriate if the difference between Sger and
calculated surface area (3> A) is insignificant (up to 20%). The summarized results of
the calculations are given in Table 2. It has been obtained that the difference between
Seer and Y A values is significantly lower when using a cylindrical-like shape model
than a parallel plates pore model. These results are in good agreement with the
classification of the hysteresis loop as Type H1 (Fig. 3.22 a). Further calculations
revealed that the cumulative pore volume (3 VP) of the synthetic adsorbent is equal
to 0.207 cm®/g (Table 3.8).
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Table 3.8. The data of A and X Vp calculations of A2 adsorbent

Results using a cylindrical pore | Results using a parallel plates
model pore model
SgeT, |SBET |SBET |SBET |SBET
Sample |z I za, |- |- SVe, | ZA, |- |- V5,
m3g | ZA|, | ZA|, |cmilg | m¥g | ZA|, |ZA|, | cmilg
m3lg | % m3lg | %
46.1 | 52.2 13.3 35.3 |10.7 |23.2
A2 ads. 3 9 6.16 4 0.207 9 4 9 0.188

It was calculated that the value of the cumulative pore volume of A2 adsorbent
sample depends on the used model and is equal to (V) 0.207 (Table 3.8). The
differential distributions of volume pore sizes showed that the A2 sample is
mesoporous material, because the pores with 3-12 nm diameter are dominant (Fig.

3.25).
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Fig. 3.25. Differential distributions of volume pore sizes of A2 adsorbent; indexes: 1
— values obtained using a cylindrical-like pore model, 2 — values obtained using a
slit-like pore model

3.2.3. Texture and microstructure parameters of A2 adsorbent substituted
with Cu® ions

In the next part of this work, the thermal stability of A2 adsorbent substituted
with Cu?* ions were proved by In Situ XRD experiment (Fig. 3.26). It has been
determined that the investigated sample was stable when the temperature varied in
25-600 °C temperature range (Fig. 3.26). Meanwhile, at a higher temperature, the
formation of metal oxide CuO (PDF No. 00-048-1548) and CaO (PDF No. 00-002-
1088) were noticed. It should be indicated that the mentioned compounds remained
stable up to 1000 °C. Moreover, when the temperature was increased to 700-750 °C
and 800-850 °C, the decomposition of calcium carbonate and recrystallization of
semicrystalline type compounds to wollastonite and B-C,S, respectively, was
observed.
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Fig. 3.26. In Situ XRD pattern of A2-Cu-Cu sample; indexes: k — CaCOs;, A — CaO,
U — CuO, w — wollastonite,  — B-C,S

These In Situ XRD results were confirmed by the calcination experiment (Fig.
3.27). It was observed that during the calcination at 600 °C, the formation of CaO and
CuO starts (Fig. 3.27 a). The proceeding calcination, diffraction XRD patterns show
that at 850 °C temperature, wollastonite, B-C,S and heavy metals containing
compounds were observed (Fig. 3.27 b). It should be noted that during the calcination
from 600 °C to 850 °C temperature, the CuO intensity of the diffraction peaks
increased 3-3.5 times. Meanwhile, the CaO intensity of the diffraction peaks

increased 1.57 times.
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Fig. 3.27. XRD patterns of A2-Cu600 sample (a) and A2-Cu850 sample (b);
indexes: ¢ — C-S-H(I) and/or C-S-H(Il), A — CaO, U — CuO, w — wollastonite,  — -
C.S

The previous results were in good agreement with the data of SEM analysis (Fig.
3.28). The SEM micrograph of the A2-Cu600 sample showed that each other thin
crystals, characteristic to C-S-H(l) and/or C-S-H(Il), still dominated at the adsorbent
structure (Fig. 3.28 a). The formations of wollastonite and -C2S compounds are
determined in a sample, calcinated at 850 °C temperature (Fig. 3.28 b). The metal ions
incorporation was as well proved by the SEM/EDX analysis: it was calculated that
~20% of Spectrum 1 was concluded with Cu?* ions (Fig. 3.28 b).

Fig. 3.28. SEM images of A2-Cu600 (a) and A2-Cu850 (b) (Spectrum 1: Cu —
19.43, Si— 20.56, Ca — 35.63, O — 24.37 mass %) samples; magnification: a — 25
000 times, b — 3 500 times

In the previous study, it has been shown that the adsorbent with intercalated
copper ions is stable up to 600 °C temperature, while at a higher temperature, CuO
and CaO were formed. Thus, the adsorbent after the adsorption of Cu?* ions as well
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as after the calcination at 600 °C temperature was characterized by nitrogen
adsorption.

It has been found that the intercalation of Cu?* ions influences the shape of
nitrogen adsorption-desorption isotherms (Fig. 3.29). The adsorption isotherm of the
A-Cu sample is steeper than the synthetic adsorbent, but as in a previous case, it can
be classified as Type Il or Type IV. Meanwhile, the hysteresis loop became narrower
and closed at the lower value of P/P, (0.47). The assignment of the hysteresis loop of
the A-Cu sample is complicated, because it has similarities to Type H1 and Type H3,
i.e., it closes at P/Po equal to ~0.5 and is steep. It has been obtained that the calcination
of A-Cu sample at 600 °C temperature does not have an influence on the shape of
adsorption isotherm; however, the hysteresis loop can be classified as H1.
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Fig. 3.29. Nitrogen adsorption (1) — desorption (2) isotherms of A2-Cu sample (a)
and A2-Cu600 samples (b)

The results of the TEM analysis show that the hysteresis loop of samples can be
classified as H1 because similar size oval crystallites are dominant in both samples
(Fig. 3.30). It is worth mentioning that in the A-Cu sample, the needle crystallites
were observed as well (Fig. 3.30 a); thus, the shape of the hysteresis loop has
similarities to Type H3.
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a
Fig. 3.30. TEM micrographs of A2-Cu sample (a) and A2-Cu600 sample (b)

It has been determined that the calculations of surface area of A2-Cu and A2-
Cu600 samples by using the BET equation are reliable, because the values of R? (>
0.99) and Cger constant (50 < Cger < 250) match the requirements (Table 3.9). The
calculations revealed that after the adsorption of Cu?* ions, the specific surface area
of the adsorbent increased from 46.13 m?%/g to 63.31 m?g. As expected, during the
calcination at 600 °C temperature, the latter value decreased to 42.38 m?/g (Table 3.9).

The calculations of the dominant pore shape showed that the cylindrical-like
pore model is more suitable than the parallel plates pore model, because the difference
between Sger and Y A values is significantly lower (Table 3.9). Even by using a
cylindrical-like pore model, a high difference (~22%) between Sger and Y A values
was obtained, which can be explained by the fact that the spherical particles of similar
size are dominant in the samples. Further calculations have shown that during the
adsorption of Cu?* ions on the adsorbent, the total pore volume decreased slightly
(from 0.207 cm®/g to 0.191 cm?/g), despite the increase of specific surface area (Table
3.10). Finally, due to the particle compaction during the calcination, the value of ) VP
decreased to 0.114 cm®/g. Thus, the intercalated metal ions into the structure of the
adsorbent changed the porosity of both synthetic and calcined samples. Since the
adsorbent with intercalated copper ions is stable and during calcination does not lose
porosity, it can be applied as a catalyst for the oxidation reactions.
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Fig. 3.31. The isotherm of N2 adsorption at 77 K in the BET plot of A2-Cu sample
(a) and A2-Cu600 sample (b)

Table 3.9. Calculated parameters of A2-Cu sample and A2-Cu600 sample of the
BET method

BET equation | - avacity Reliability
constants SgeT, Ceer -
Sample of mono > coefficient,
Slope Intercept m*/g constant 5
_ layer Xm R
S=tga ||
A2-Cu 54.47 0.57 0.018 63.31 95.93 1
A2- 81.63 0.59 0.012 42.38 137.16 0.9991
Cu600

Table 3.10. The data of XA and £V calculations of the A2-Cu sample and A2-
Cu600 sample

Results using a cylindrical pore | Results using a parallel plates

s model pore model
BET,
Sample mily | 2A, |Seer | |SseT SVe. | A, |Seer | [Seer Ve,
m2/g -ZA|7 - ZAL Cm3/g m2/g - ZAL - 2A|, CmS/g
mig | % mig | %

A2-Cu | 63.31 | 77.22 | 1391 | 21.97 | 0.191 | 39.29 | 24.02 | 37.94 | -

A2 42.38 | 51.89 | 9.51 | 22.44 | 0.114 | 21.49 | 20.89 | 49.29 | -
Cu600

Differential distributions of volume pore sizes showed that A2-Cu and A2-
Cu600 samples are mesoporous material, because the pores with 2-10 nm diameter
are dominant in both samples (Fig. 3.32).
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Fig. 3.32. Differential distributions of volume pores sizes of A2-Cu sample (a) and
A2-Cu600 sample (b)

3.2.4. Texture and microstructure parameters of A2 adsorbent substituted
with Co?" ions

In order to determine the influence of Co?* ions on the thermal stability and
structural properties of the A2 adsorbent, an In Situ XRD experiment was performed
in the next step of this work (Fig. 3.33). A2 adsorbent with incorporated Co?* ions
remained stable in a 25-700 °C temperature range. It should be mentioned that at 700
°C temperature, the formation of Cos;0,4 (PDF No. 00-043-1003) oxide was observed.
It was determined that in the primary A2 adsorbent calcination experiment, at 700—
750 °C and 800-850 °C temperatures, wollastonite, 3-C,S, and CaO compounds were
identified in In Situ XRD patterns (Fig. 3.33).
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Fig. 3.33. In Situ XRD patterns of A2-Co sample in a 25-1000 °C temperature
range; indexes: k — CaCOs, A — CaO, O — Co30., w — wollastonite, p — B-C.S

In order to provide In Situ XRD results, the calcination experiment was
performed (Fig. 3.34). The XRD patterns show that at 700 °C temperature, the Co304
started formatting because the diffraction peaks of CosO4 (d-spacing 0.285) were
identified (Fig. 3.34 a). It has been determined that during the calcination at 850 °C
temperature, one more Co304 diffraction peak (d-spacing 0.243) was observed (Fig.
3.34 b). Moreover, in higher temperatures, the calcite diffraction peak was no longer
determined, and wollastonite, B—C,S compounds were observed (Fig. 3.34).
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Fig. 3.34. XRD patterns of A2-Co700 sample (a) and A2-Co850 sample (b);
indexes: k — CaCOs, O — C0304, w — wollastonite, p — B-C.S
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Meanwhile, the SEM micrograph of the calcination A2-Co sample showed the
sintered structure of products where the crystals of wollastonite and p-C,S cannot be
distinguished (Fig. 3.35). It is worth mentioning that the EDX analysis results have
shown that the spectrum 1 consists of Co?* (22.13%) ions (Fig. 3.35 b).

e A
Spectrgjim‘f\

Fig. 3.35. SEM images of A2-Co700 (a) and A2-Co850 (b) (Spectrum 1: Co —
22.13, Si—16.43, Ca—21.91, O — 39.53 mass %); magnification: a — 5 000 times, b
—10 000 times

In the next part of this work, the adsorbent after the adsorption for cobalt ions
as well as after calcination (750 °C) was characterized by the N, adsorption-desorption
experiment. The calcination temperature was chosen based on the formation of cobalt
oxide (Co304). The sample with intercalated Co?* ions was labeled as A2-Co, while
the adsorbent with intercalated Co?* ions and after calcination at 750 °C was labeled
as A2-Co750.

The nitrogen adsorption-desorption isotherms on A2-Co and A2-Co750 samples
are presented in Fig. 3.36. As in a previous case, the adsorption isotherms of both
samples can be classified as Type Il or Type IV, which shows that in the samples,
meso-pores and macro-pores are presented. Meanwhile, the hysteresis loop of the A2-
Co sample is an intermediate case between Type H1 and Type H3 (Fig. 3.36 a), while
the hysteresis loop of the A2-Co750 sample is typical Type H1 (Fig. 3.36 b).
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Fig. 3.36. Nitrogen adsorption (1) — desorption (2) isotherms of A2-Co sample (a)
and A2-Co750 sample (b)

The analysis of adsorption isotherms and hysteresis loops was confirmed by the
TEM data (Fig. 3.37). In TEM micrographs of the A-Co sample, small uncertain shape
crystallites were observed, which can lead to the difficult classification of hysteresis
loop (Fig. 3.37 a). Meanwhile, in the calcined sample, smooth sintered crystallites
were dominant (Fig. 3.37 b, ¢).

C-S-H(1), :
C-SH(I) —4
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Fig. 3.37. TEM micrographs of A2-Co sample (a) and A2-Co750 samples (b, c)

It was observed that the BET equation could be used for the calculations of
specific surface area of A2-Co and A2-Co750 samples, because the values of R? and
Ceger meet the requirements (Table 3.11). It is worth mentioning that the A2-Co750
sample showed a high value of Cger constant (319.82). According to the literature, it
can be related to the sorption of nitrogen on high energy sites or filling narrow
micropores. Since the surface of the A2-Co750 sample is sintered and the micropores
are not presented, the high value of the Cger constant can be caused by the sorption of
nitrogen. Thus, the calculated specific surface area of the A2-Co750 sample can have
some errors.

It was calculated that during the adsorption of cobalt ions, the surface area of
the adsorbent slightly increased to 50.06 m?/g (Table 3.11). Meanwhile, during the
calcination at 750 °C, the particles of adsorbent sintered (Fig. 3.37 b, c); thus, the
specific surface area of the sample decreased almost 6 times and was equal to 8.53
m?/g. It is worth mentioning that the pure calcined (750 °C) adsorbent has more than
two times higher value of the surface area (18.70 m?/g) (Table 3.12). Probably, due to
the intercalated ions, the sintering temperature of particles decreased; thus, higher
particles with the lower porosity were formed.
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Fig. 3.38. The isotherm of N> adsorption at 77 K in the BET plot of A2-Co sample
(a) and A2-Co750 sample (b)
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Table 3.11. Calculated parameters of A2-Co sample and A2-Co750 sample of a
BET method

BET equation | Capacity Reliability
Sample constants of Seer, Ceer coefficient
Slope Intercept | monolayer | m?/g constant R ’
S=tga || Xm
A2-Co 69.34 0.28 0.014 50.06 252.95 0.9995
A2-
Co750 407.38 1.28 0.002 8.53 319.82 0.9996

The calculations of the dominant pores shape in A2-Co and A2-Co750 samples,
using a parallel plate pore model, have shown high differences between Sger and Y A
values (> 30%); thus, this model is not suitable for the characterization of samples
(Table 3.12). Meanwhile, the significantly lower differences between the mentioned
values were obtained by using cylindrical-like pores (< 11%), which allows to state
that the cylindrical pores are dominant in the samples. It is worth mentioning that the
hysteresis loop of the A2-Co750 sample was classified as Type H1, which is in good
agreement with the results of calculations (Fig. 3.36 a). Meanwhile, the classification
of the hysteresis loop of the A2-Co sample was complicated, because its shape had
similarities between Type H1 and Type H3 (Fig. 3.36 b). Probably, the difference
occurs due to the irregular shape of crystallites of the A2-Co sample.

Further calculations have shown that during the adsorption of cobalt ions, the
value of the cumulative pore volume of the adsorbent decreased from 0.207 cm®/g to
0.125 cm®/g (Table 3.12). It is worth mentioning that the intercalation of copper ions
did not have a significant influence on the cumulative pore volume of the adsorbent.
As expected, the total pore volume of the sample with intercalated cobalt ions
decreased by more than 4 times during the calcination. Such decrement can have a
negative influence on the activity of the sample, despite the formation of the active
compound-cobalt oxide C030..

Table 3.12. The data of XA and XV calculations of A2-Co sample and A2-Co750
sample

Results using a cylindrical | Results using a parallel plates

pore model pore model
SgeT, |SeeT
Sample mllg | A, |- |SeeT SV, | ZA, |Seer | [Seer Ve,
mig | ZA|, |, ZAl, cmilg | m¥g | ZA|, | - 2A, cm/g
e /é % mlg | %

A2-Co | 50.06 | 54.33 | 427 |853 |0.125 | 34.62 | 1544 | 30.84 | -

A2-
Co750 | 853 7.66 | 0.87 |10.20|0.028 | 433 |4.20 |49.24 | -

According to the data in Table 3.12, the value of the cumulative pore volume of
the A2-Co sample is equal to 0.125 cm®/g. This compound could be assigned to
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microporous material, because the pores with 2-3 nm diameter are dominant (Fig.
3.39). The results of the A2-Co750 sample of cumulative pore volume are lower and
equal to 0.028 cm®/g (Table 3.10), but this compound is a mesoporous material with
dominated pores in 2-15 nm diameter range (Fig. 3.39).
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Fig. 3.39. Differential distributions of volume pore sizes of A2-Co sample (a) and
A2-Co750 sample (b)

3.2.5. Texture and microstructure parameters of A2 adsorbent substituted
with Cr®* ions

The In Situ XRD experiment was performed to investigate A2 adsorbent with
incorporated Cr®* ions structural parameters (Fig. 3.40). It was observed that the
sample remains stable in 25-550 °C temperature interval. The new compounds,
CaCrO4 (PDF No. 00-008-0458) and Cr,O3 (PDF No. 00-038-1479), were determined
respectably at 550 °C and 850 °C temperatures. As in the results above, in higher
temperatures (700-850 °C), the formation of wollastonite, B-C.S, and CaO
compounds were identified in In Situ XRD patterns (Fig. 3.40).
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Fig. 3.40. In Situ XRD patterns of A2-Cr sample in a 25—-1000 °C temperature
range; indexes: k — CaCOs, A — CaO, R — Cr203, Cr — CaCrO4, w — wollastonite,  —
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According to the In Situ XRD results, the calcination of the A2-Cr sample was
performed at 550 °C, 750 °C, and 850 °C temperatures (Fig. 3.41). As the XRD pattern
shows, at 550 °C temperature (Fig. 3.41 a), the CaCOs compound was determined.
The new compound, Cr(OH)3'3H.O (PDF No. 00-038-1479), was identified in the
A2-Cr550 sample. Typically, this compound is formed in poorly crystalline or
amorphous materials [169]. When the temperature increased, this compound was not

observed. It should be noted that CaCrO, starts formatting at this temperature (Fig.
3.41 a). Meanwhile, in the 750 °C temperature, the amount of CaCrQOa.incrases,
because more diffraction peaks that are attributed to this compound were determined.
It could be noted that Cr,O3; and wollastonite start to form in this sample at 750 °C
temperature (Fig. 3.41 b). The XRD patterns show that at 850 °C temperature,
wollastonite, B-C.S, CaO, and chromium ions containing compounds were observed
(Fig. 3.41¢).
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Fig. 3.41. XRD patterns of A2-Cr550 sample (a), A2-Cr750 sample (b), and A2-
Cr850 sample (c); indexes: A — CaO, Cr — CaCrOgs, R — Cr203, Cr — CaCrOs, k —
CaCOs;, w — wollastonite, p — B-C,S

The SEM analysis results confirm the formation of calcium chromate, because
at 550 °C temperature, small crystals, characteristic of CaCrOa, were observed (Fig.
3.42 a). It is worth mentioning that in the A2-Cr sample at 850 °C temperature, the
hexagonal crystals of Cr,0s; were observed (Fig. 3.24 b). The EDX analysis results
showed that the mentioned crystals mainly consist of Cr (73.79%) atoms.
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Fig. 3.42. SEM images of A2-Cr550 (a) and A2-Cr850 (b) (Spectrum 1: Cr —43.89,
Si—13.52, Ca—13.52, O — 29.08 mass %; Spectrum 2: Cr —73.79, Si — 1.12, Ca—
1.42, O — 23.67 mass %) samples; magnification: a— 100 027 times, b —10 000 times

In order to determine the structure of compounds porous, the parameters of
porosity of adsorbent with intercalated Cr®* ions (labeled as A2-Cr) and its calcination
products at 550 °C (labeled as A2-Cr550) were determined. The calcination
temperature was chosen based on the formation of calcium chromate (CaCrOs).

As in the previous cases, the adsorption isotherms of both samples (A2-Cr and
A2-Cr550) can be classified as Type Il (do not have plateau at high P/P, values) or
Type IV (have hysteresis loop), which shows that meso- and macro-pores are
presented in the samples (Fig. 3.43). The hysteresis loop of the A2-Cr sample can be
classified as Type H3, since the adsorption isotherm increases evenly with the relative
pressure (P/Po) and the hysteresis loop close at P/Py ~0.42. It is worth mentioning that
the hysteresis loop of the previously investigated samples showed Type H1 or
intermediate case between Type H1 and H3; thus, it can be stated that the intercalated
Cr® ions strongly affect the porosity of adsorbent. Further analysis has shown that the
shape of the hysteresis loop of the calcined A2-Cr sample becomes narrower and
closed at a higher value of P/Py (~0.55). Probably, the shape of the pores of the
adsorbent changed during the calcination.
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Fig. 3.43. Nitrogen adsorption (1) — desorption (2) isotherms of A2-Cr sample (a)
and A2-Cr550 samples (b)

The results of TEM analysis are in good agreement with the classification of
hysteresis loops (Fig. 3.44). The sample with intercalated chromium ions mainly
consists of irregular plate crystallites (Fig. 3.44 a). Meanwhile, small rounded (< 20
nm) and huge plate-like crystallites are presented in the calcined sample (Fig. 3.44 b);
thus, the classification of the hysteresis loop is complicated.
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Fig. 3.44. TEM micrographs of A2-Cr sample (a) and A2-Cr550 sample (b)
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It has been determined that a stable monolayer of N, was adsorbed on the
surfaces of A2-Cr and A2-Cr-550 samples, because the value of Cger constant falls in
the range of 50-150, and a straight line with R? > 0.999 was obtained (Table 3.13). It
was calculated that during the adsorption of chromium ions on the adsorbent, its
specific surface area decreased slightly (Table 3.13). Moreover, the sample with
intercalated Cr®* ions after the calcination at 550 °C temperature is characterized by
the value of specific surface area, which is important in further application of the
material.

The calculations of dominant pore shape confirmed the classification of
hysteresis loops (Table 3.14). As expected, slit-like pores between plate-like particles
are dominant in the A2-Cr sample, because the difference between Sger and Y A
values was equal only to 3.22% (Table 3.14). Meanwhile, by using cylindrical-like
pores, the difference between the mentioned values was equal to more than 50%. The
difference results were obtained in the A2-Cr550 sample, because both models
showed similar errors (> 30%). This is caused by the different shapes of crystallites
(small spherical and plate-like), which are dominant in the sample. Further
calculations revealed that the total pore volume of the adsorbent decreased to 0.171
cm?®g during the adsorption of chromium ions (Table 3.14). The same tendency was
observed during the calcination; however, the value of the total pore volume depends
on the used model and is approximately equal to 120 cm®/g.
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Fig. 3.45. The isotherm of N> adsorption at 77 K in the BET plot of A2-Cr sample
() and A-Cr550 sample (b)
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Table 3.13. The calculated parameters of A2-Cr sample and A-Cr550 sample by a
BET method

BET equation | - nacity Reliability
Sample -Eonstants of mono | SEET Ceer coefficient
P Slope Intercept m?/g constant ) ’
_ layer Xm R
S=tga ||
A2-Cr 79.72 1.05 0.012 43.14 76.94 0.9998
A2- 84.20 142 0.012 40.70 60.35 0.9999
Cr550

Table 3.14. The data of A and XVp calculations of A2-Cr sample and A-Cr550
sample

Results using a cylindrical | Results using a parallel plates
pore model pore model
SgeT, |Seer | [Seer |Seer | |SeeT
Sample | 2y | zA, |- - SVe, | ZA, |- - TV,
m3g | ZA|, | ZA|, |cmdg | m¥g | ZA|, | ZA|, | cmi/g
mlg | % m3g | %
A2-Cr | 43.14 | 67.36 | 24.22 | 56.13 | - 44531139 [3.22 |0.171
’(A:‘r25-50 40.70 | 54.70 | 14.00 | 34.39 | 0.129 | 27.79 | 12.91 | 31.73 | 0.109

The differential distributions of volume pore sizes have shown that the
mesoporous size particles predominated in the samples, because the pores with 4-10
nm in A2-Cr and 3-7 nm in A2-Cr550 diameters are dominant in both samples (Fig.

3.46).
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Fig. 3.46. Differential distributions of volume pores sizes of A2-Cr sample (a) and
A-Cr550 sample (b)
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By summarizing the results, it can be stated that the application of the N
adsorption-desorption analysis on the characterization of calcium silicate hydrate with
intercalated transitions metal ions is a challenging process. These samples can have
different meso- and macro-pores as well as consist of different crystallites with
different shape; thus, the obtained isotherms and hysteresis loops usually are the
intermediate cases between two types. Despite the mentioned issues, the description
of calcium silicate hydrates, using the N, adsorption-desorption isotherms, can be
considered accurate if the samples are additionally characterized by the SEM and
TEM microscopy as well as the calculations of dominant pore shape are performed.
It was obtained that the adsorption isotherm of all samples (except calcined adsorbent)
can be classified as Type Il (do not have plateau at high P/Po values) and Type IV
(have hysteresis loop). Such intermediate case is characteristic of the materials that
have both meso- and macro-pores. The adsorption-desorption isotherms of calcined
adsorbent coincide in all P/P, range, i.e., do not have a hysteresis loop; thus, the
adsorption isotherm can be classified as Type Il. This type of isotherm is characteristic
of nonporous materials. The analysis of hysteresis loops showed that all samples,
except the samples with chromium ions, are characterized by Type H1 or are
intermediate between Type H1 and Type H3. The classification of hysteresis loops
was confirmed by the calculations of dominant pore shapes according to the
cylindrical-like pores and slit-like pore models. The calculations revealed that the
cylindrical-like pore model fit the description of samples, because the obtained
differences between Sger and LA values were significantly lower than using slit-like
pore models. During the adsorption of chromium ions, the shape of dominant pores
of the adsorbent changed from the cylindrical-like pores to the slit-like pores, because
the hysteresis loop can be classified as Type H3, and the slit-like pore model showed
a good agreement between Sger and LA values. It was determined that the synthetic
adsorbent (C/S = 1.5), which mainly consist of semicrystalline type compounds C-S-
H(1) and C-S-H(ll), is a mesoporous material with high values of the specific surface
area (46.13 m?/g) and the total pore volume (0.207 cm®/g). The specific surface area
of synthetic adsorbent is 2-3 times higher in comparison to the other dibasic calcium
silicate hydrates. The specific surface area of the adsorbent increases during the
adsorption of Cu? and Co?* ions and decreases during the adsorption of Cr** ions.
Due to the intercalated metal ions into the structure of the adsorbent, the total pore
volume decreased in all investigated cases, despite the increment of surface area. The
highest decrement was observed during the adsorption of cobalt ions. During the
calcination at 750 °C temperature; the synthetic adsorbent became non-porous
material with a specific surface area equal to 18.70 m?/g. Due to the low calcination
temperature, the mentioned value is significantly higher in comparison to the other
calcium silicates [170, 171]. The intercalated cobalt ions negatively affect the porosity
of adsorbent during the calcination, because the specific surface area and the total pore
volume decreased to 8.53 m?/g and 0.028 cm?®/g, respectively. The adsorbent with
intercalated Cr®* and Cu?* ions showed a different tendency because after the
calcination, a specific surface area and the total pore volume of both samples was
equal to ~43 m?/g and 0.120 cm®/g, respectively. For this reason, in the next part of
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this work, heavy metals incorporation into the calcium silicate hydrate structure
during the hydrothermal synthesis was determined.

3.3. Intercalation of Cu?*, Co?*, Cr®" ions into the synthetic compounds under
hydrothermal synthesis conditions

Calcium silicate hydrates form in nature by curing cement, and they can be
synthesized in CaO-SiO,-H,O mixtures under hydrothermal conditions within the
100-350 °C temperature range [27]. Meanwhile, calcium silicates can be synthesized
by calcining calcium silicate hydrates or solid sintering of calcium- and silicon-
containing materials [153, 172]. Usually, the preparation of the catalysts supported
with the calcium silicates or calcium silicate hydrates involves three steps [162]: (1)
synthesis of calcium silicates or calcium silicate hydrates, (2) adsorption of metal ions,
(3) calcination at a selected temperature (in order to achieve active metal oxides). In
addition, it is possible to incorporate metal ions into the structure of calcium silicates
or calcium silicate hydrates during their synthesis. Such compounds with incorporated
metal ions can be used as catalysts for ethanol conversion to butadiene, the synthesis
of bisphenol F, and the oxidation of ketones and aldehydes [173-175]. Unfortunately,
there is a lack of information about the influence of metals on the formation, thermal
stability, microstructure, and other properties of such materials. According to the
literature, some metal ions, such as sodium or potassium ions, have a positive effect
on the reactivity of silicon-containing compounds and promote the formation of
calcium silicate hydrates [176].

Meanwhile, aluminum ions affect the stability and morphology of tobermorite
because by increasing the aluminum content, the form of crystals changes from plate-
like to lath-like and then to needle-like [177]. Different results were obtained by using
aluminum oxide for the synthesis of dibasic calcium silicate hydrate a-C,SH at
200 °C, because this additive retarded the formation of calcium silicate hydrates but
stimulated the crystallization of calcium silicate [153]. According to the literature,
some cations, such as AlI**, B, and Be?*, can change the silicon in the silicon-oxygen
tetrahedron, while others (Na*, K*, Fe*, Mn?, Ti?*, Zr?*, etc.) intercalate outside it.
These cations connect silicon-oxygen tetrahedrons to each other. Thus, different
cations change the composition, structure, and other properties of calcium silicate
hydrates and calcium silicates [178].

For these reasons, the thermal stability, microstructure, and catalytic activity of
compounds formed in the CaO-SiO>-Me(NOs)x-H2O system under hydrothermal
conditions was examined in detail.

3.3.1. The synthesis of calcium silicate hydrates with incorporated Cr3* ions

The synthesis of dibasic calcium silicate hydrate samples with incorporated Cr3*
ions (H-Cr sample) was based on the hydrothermal method. The dry primary mixture
of fine-grained SiO,-nH.0O, and calcium oxide was mixed with Cr(NOs)s;-9H,0
solution (Cr®* ions concentration 10 g/L) to reach a water-to-solid ratio 10 with the
C/S molar ratio of 1.5. Based on the previous adsorption studies, the hydrothermal
synthesis has been carried out in unstirred suspensions, under saturated steam pressure
at 175 °C temperature for 16 hours. After hydrothermal treatment, the obtained
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products were filtered off, rinsed with ethanol, dried at 50 °C + 5 for 24 h, and sieved
(< 80 um).

The data of X-ray diffraction analysis have shown that during hydrothermal
treatment in CaO-SiO,-Cr(NO3);-H2O mixture, the semicrystalline calcium silicate
hydrates C-S-H(l) and/or C-S-H(Il) was formed in the products (Fig. 3.47 a).
Moreover, due to the carbonization, when the products were dried in the air-
conditioned chamber, the traces of calcite were detected in the XRD pattern [179]. It
is worth mentioning that chromium ions do not affect the mineral composition of the
synthesis products, because at the same synthesis conditions in the pure system (CaO-
Si0,-H,0), only C-S-H(l), C-S-H(l1), and calcite were formed [180].

The results of atomic absorption spectroscopy showed that after the synthesis,
the concentration of Cr®* ions in the liquid medium did not exceed even 0.001% of
the primary metal ions concentration. Meanwhile, the results of FIA analysis showed
that more than 80% (from the primary concentration) of the NO3™ anions are present
in the liquid medium. It should be noted that the XRD results did not show the
formation of compounds containing Cr* or NOs™ ions. Thus, it can be stated that all
Cr® ions intercalated into the structure of calcium silicate hydrates or formed
amorphous compounds, while NOs™ anions only partially (~20%) participate in the
process.
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Fig. 3.47. XRD pattern (a), SEM image (magnification 100 000 times) (b), STA
curves (curve 1 — TG, curve 2 — DSC) (c), and FT-IR spectrum (d) of H-Cr sample;
indexes: k — CaCOs, ¢ — C-S-H(l), and/or C-S-H(Il)

The XRD results were confirmed by the SEM micrographs (Fig. 3.47 b),
because only thin close-packed particles (called foils or honeycomb) of
semicrystalline type compounds were observed [167, 181]. The existence of the
mentioned compounds was confirmed by the DSC data: the endothermic effect at 114
°C temperature can be assigned to the removal of adsorption/crystallization water in
semicrystalline calcium silicate hydrates, while the exothermic effect at 822 °C
temperature is characteristic of the recrystallization process of C-S-H(l) and C-S-H(lI)
(Fig. 3.47 c, curve 2). Furthermore, the endothermic effects at 587 °C temperature can
be assigned to the dehydration or decomposition of a compound, containing Cr*
and/or NOs™ ions, as well as to the formation of double metal oxides (Fig. 3.47 c, curve
2) [182]. The small thermal effect at 684 °C temperature corresponds to the
decomposition of calcium carbonate. The data of TGA showed that less than 0.8% of
the mentioned compounds are present in the products (Fig. 3.47 c, curve 1).

The identification of absorption bands in the FT-IR spectrum of the synthesis
products is complicated (Fig. 3.47 d). The adsorption bands presented in a 400—700
cm* frequency range are typical to the semicrystalline C-S-H and compounds that are
containing Cr* ions vibrations [183]. In higher frequency intervals (800-1000 cm™?),
the absorption bands can be assigned to the symmetrical vs(O-SiO-) vibrations in the
C-S-H structure [158]. Furthermore, the adsorption maximums at ~1428 cm™ and
~875 cm* correspond to v(COs?") and §(COs*") or NOs~ group vibrations [184].
Meanwhile, the adsorption band at 1644 cm™ can be assigned to the vibration of the
OH™ bonds in both C-S-H and compounds containing Cr* ions structure. Finally, the
broad band in a 25004000 cm™* range reflected the H-O—H bending vibration of the
water. It is worth mentioning that the adsorption bands associated with NOs~ group
occur in the same frequency interval as v(CO3*") and OH" vibrations.

In order to determine the formation of potential catalytic active compounds, the
synthesis products were calcined in a high-temperature camera (Fig. 3.48). The results
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of In Situ XRD patterns have shown that the synthesis products are stable in a 25-550
°C temperature range (Fig. 3.48). It is worth mentioning that the DSC curve showed
an endothermic effect at 114 °C temperatures (Fig. 3.47 ¢). The difference between
the mentioned results can occur due to the dehydration and/or decomposition of the
amorphous phase, which cannot be identified in the XRD patterns. By increasing the
calcination temperature (> 550 °C), the formation of calcium chromate CaCrO. (PDF
00-008-0458) and chromium oxide Cr.Os; (PDF 00-002-1362) proceeded. It was
obtained that the mentioned compounds remained stable up to 1000 °C. These data
are in good agreement with the DSC results (Fig. 3.47 c¢). Moreover, when the
calcination temperature was increased to 800-850 °C, the formation of calcium
silicates wollastonite was observed.
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Fig. 3.48. In Situ XRD patterns of the H-Cr sample when the temperature of
calcination is 25-1000 °C; indexes: ¢ — C-S-H(1)/C-S-H(ll), w — wollastonite,
k — CaCOs, Cr — CaCrOs, R — Cr203

In order to obtain a calcined sample with calcium chromate and a high surface
area, a synthetic sample was calcined in the furnace Nabertherm LH 15/13 at 550 °C
temperature for 24 h. The calcination temperature was reached within 48 h. It was
obtained that after the calcination, only one crystalline compound, i.e., calcium
chromate, was formed (Fig. 3.49 a). Moreover, a broad basal reflection in a 25-37°
20 range can be assigned to the amorphous calcium silicate hydrate. It is worth
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mentioning that under these calcination conditions, the traces of calcite remained
stable.
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Fig. 3.49. XRD pattern (a), SEM image (magnification 100 000 times) (b), and FT-
IR spectrum (c) of H-Cr550 sample; indexes: k — CaCQOgs, Cr — CaCrO,

The results of SEM analysis confirm the formation of calcium chromate,
because small crystals, characteristic of CaCrOa, were observed (Fig. 3.49 b). In
addition, in the FT-IR spectrum, the intensive adsorption band at 875 cm™ can be
attributed to Cr*®-O bonds vibrations in CaCrO, [185] (Fig. 3.49 c). It is worth
mentioning that at these calcination conditions, the dehydration of semi-crystalline
type compounds proceeded partially because the intensive bands, characteristic to
OH~ group vibrations in FT-IR spectrum, are visible (Fig. 3.49 c). These results are in
good agreement with TGA results, because the mass changes of synthetic product in
the 550-900 °C temperature range are equal to 8.66% (Fig. 3.47 c).
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3.3.2. H-Cr sample texture and microstructure parameters in the
temperature range 25-550 °C

It was determined that during calcination, the shape of dominant pores changed
from a mixture of cylindrical-like and slit-like pores to well-defined cylindrical-like
pores (Fig. 3.50 a). The changes may have occurred due to the solid sintering reactions
and new compounds (with different crystal lattice) formation during the calcination
(Fig. 3.48).
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Fig. 3.50. Nitrogen adsorption (1) — desorption (2) isotherms of H-Cr sample (a)
and H-Cr550 sample (b)

The presently discussed results were confirmed by the TEM data (Fig. 3.51).
The TEM micrograph of the H-Cr sample showed an amorphous mass and needle-
like crystallites (Fig. 3.51 a). Presumably, the cylindrical-like pores form in
amorphous mass, while slit-like pores form between needle-like crystallites.
Meanwhile, in the H-Cr550 sample, amorphous structure compounds (partially
dehydrated C-S-H(I) and/or C-S-H(I1)) and plate-like crystals of CaCr,O, [186] were
identified (Fig. 3.51 b).
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Fig. 3.51. TEM micrographs of H-Cr sample (a) and H-Cr550 sample (b)

The BET method was used to calculate sample surface area (Fig. 3.52, Table
3.15). The calculations revealed that the values of Cger constant of H-Cr sample and
H-Cr550 sample are equal to 65.56 and 421.30, respectively. The higher value of the
Caer constant of the H-Cr550 sample can be explained by nitrogen adsorption on high-
energy surface sites (probably CaCr,0s crystals) or the filling of micropores [187]. It
was calculated that the H-Cr sample has a relatively large surface area of 104.76 m?/g
(Table 3.15). It was determined that during the calcination at 550 °C temperature, the
value of surface area decreased to 68.92 m?g (Table 3.15).
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Fig. 3.52. The isotherm of N adsorption at 77 K in the BET plot of H-Cr sample (a)
and H-Cr550 sample (b)
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Table 3.15. Calculated parameters of H-Cr sample and H-Cr550 sample by a BET
method

BET equation | - nacity Reliability
Sample |-Sonstants of mono | BET Ceer coefficient
P Slope/ | Intercept/I m/g constant | 2, ’
S = toa layer Xm R
H-Cr 32.70 0.51 0.030 104.76 65.56 0.9950
H-
Cr550 50.44 0.12 0.020 68.92 421.30 0.9950
sample

In order to determine the cylindrical-like and slit-like pore models, the corrected
Kelvin equation and the scheme developed by Orr et al. were applied. These
calculation results confirm the hysteresis loop classification as an intermediate case
of H1 and H3 (Fig. 3.50 a). Moreover, it can be stated that both cylindrical-like and
slit-like pores were formed in the structure of the H-Cr sample. The further
calculations showed that during calcination, the shape of pores changed to well-
defined cylindrical, because the difference between Sger and Y A values was equal
only to 7.73% (Table 3.16).

Table 3.16. The data of XA and XV, calculations of H-Cr sample and H-Cr550
sample

Results using a cylindrical pore | Results using a parallel plates
Seer model pore model
Sample mzlg’ A |Seer | |Seer SVe. | SA, |Seet | |SeeT Ve,
malg | JZAb | CEAL | carg | mg | DEAb [ EAL | oy
g mig | % cm-g g m2g | % cmg
H-Cr 104.76 | 134.46 | 29.70 | 28.35 | - 84.46 | 20.68 | 19.37 | 0.278
sample
H-
Cr550 | 68.92 | 7425 |533 |7.73 |0.232 |37.27 | 31.65 | 45.92 | -
sample

It was calculated that the value of cumulative pore volume of the H-Cr sample
depends on the used model and is equal to 0.278 cm?®/g (Table 3.16). The differential
distributions of volume pore sizes showed that the H-Cr sample is a mesoporous
material, because the pores with 6-10 nm diameter are dominant (Fig. 3.53 a).

It was determined that during the calcination cumulative pore volume of the H-
Cr550 sample decreased to 0.232 cm?®g (Table 3.16). The results of differential
distributions of volume pore sizes showed that the H-Cr550 sample is a mesoporous
material with the dominant 1-15 nm pores (Fig. 3.53 b).
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Fig. 3.53. Differential distributions of volume pore sizes of H-Cr sample (a) and H-
Cr550 sample (b), where curve 1 values are obtained using a slit-like pore model and
curve 2 values are obtained using a cylindrical-like pore model

By summarizing the results, it can be stated that during hydrothermal synthesis
in CaO-Si02-Cr(NO3)s-H,0 system, all Cr3* ions are incorporated into the structure
of synthesis products. Meanwhile, during the calcination of synthesis products, the
composite of calcium silicates and calcium chromate, which have potential
application in the catalysis process, is obtained.

3.3.3. The synthesis of calcium silicate hydrates with incorporated Cu?* ions

In order to investigate copper ions influence on the calcium silicate hydrate
structural properties, in the next stage of this work, the hydrothermal synthesis was
carried out in Cu(NOs)2-3H20 solution (H-Cu sample). The hydrothermal synthesis
parameters were analogous to the H-Cr sample synthesis.

The results of XRD analysis have shown that after the hydrothermal treatment
in Ca0-SiO2-Cu(NOs)2-3H20 mixture, the CuO was formed in the synthesis product
(Fig. 3.54 a). These results are in good agreement with the atomic absorption
spectroscopy analysis. After synthesis, in the remaining liquid, the concentration of
Cu?* ions did not exceed even 0.001% from the primary metal ions concentration. It
should be mentioned that the results of FIA analysis showed that about 56% (from the
primary concentration) of the NO* anions are present in the liquid medium.
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Fig. 3.54. XRD pattern (a), SEM image (magnification 5000 times) (b), STA curves
(curve 1 - TG, curve 2 — DSC) (c) of H-Cu sample; indexes: k — CaCOs, U — CuO, ¢
— C-S-H(1), and/or C-S-H(II)

In order to confirm the XRD results, the SEM micrographs were fulfilled (Fig.
3.54 b). It has been determined that clews-like shape or nano rod-like structure
particles, which could be identified as CuO nanoparticles, were observed [188, 189].
These data are in good agreement with the DSC data: the endothermic effects at 288
°C and 595 °C temperatures can be assigned to the decomposition or dehydration of
NO?* anions and H,O containing compounds (Fig. 3.54 ¢, curve 2) [82]. This process
could be related to the mass change, because afterwards, about 7.3% mass loss was
identified in the TGA curves of the H-Cu sample (Fig. 3.54 ¢, curve 1). Similarly to
the H-Cr sample, the exothermic effect at 836 °C and shoulder at 866 °C temperature
are characteristic of the recrystallization process of C-S-H(I) and C-S-H(ll); the effect
at 114 °C temperature corresponds to the removal of adsorption/crystallization water,
and the effect at 675 °C temperature can be assigned to the decomposition of calcium
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carbonate. According to the TGA analysis calculation, less than 0.5% of calcium
carbonate is intercalated in the products (Fig. 3.54 c, curve 1).

The In Situ XRD patterns of the H-Cu sample after calcination in a high-
temperature camera showed that the CuO compound remained stable up to 1000 °C
(Fig. 3.55). It should be noted that the C-S-H(I) and/or C-S-H(ll) and calcite
compounds start recrystallizing around 800-850 °C temperature range, and calcium
silicates (wollastonite and B-C2S) start forming (Fig. 3.55). These data are in good
agreement with the DSC results (Fig. 3.54 c). Moreover, the intensity of CuO
diffraction peaks as well increases at 850—1000 °C temperature, which confirms that
a part of the Cu is intercalated into the CSH structure (Fig. 3.55).
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Fig. 3.55. In Situ XRD patterns of H-Cu sample, when the temperature of
calcination is 25-1000 °C; indexes: ¢ — C-S-H(I) and/or C-S-H(Il), w — wollastonite,
k — CaCOs, U — CuO, B — B-C2S

It was determined that during the calcination at 600 °C for 24 h, when the
temperature was reached within 48 h, the CuO intensity of the diffraction peaks
remained stable (Fig. 3.56 a). The results of SEM analysis confirm that after the

calculations at 600 °C, CuO tends to agglomerate with increasing rod size (Fig. 3.56
b) [189].
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Fig. 3.56. XRD pattern (a), SEM image (magnification 5000 times) (b), and FT-IR
spectrum (c) of H-Cu600 sample; indexes: ¢ — C-S-H(l) and/or C-S-H(ll), k —
CaCOs;, U —CuO

3.3.4. H-Cu sample texture and microstructure parameters in the temperature
range 25-600 °C

The BET equation calculation was performed in order to determine the
structural differences of formed compounds after the hydrothermal synthesis products
and calcinated products. The nitrogen adsorption—desorption isotherms of samples
show that in H-Cu sample Type 1V, the H3 hysteresis loop, which is characteristic of
plate-like particles and slit-like pores, is identified (Fig. 3.57 a). Further analysis of
the H-Cu600 sample determined that a product can be classified as a Type Il isotherm,
which means that this compound is nonporous or macroporous material (Fig. 3.57 b).
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Fig. 3.57. Nitrogen adsorption (1) — desorption (2) isotherms of H-Cu sample (a)
and H-Cu600 sample (b)

In order to confirm the adsorption—desorption isotherm results, the TEM
micrographs were observed (Fig. 3.58). The rod-like shape particles of CuO and
disordered uncertainly shaped crystallites of semi-crystalline phase C-S-H were
identified at the H-Cu sample (Fig. 3.58 a). Meanwhile, the amorphous structure
compounds (partially dehydrated C-S-H(I) and/or C-S-H(I1)) in the H-Cu600 sample
were identified (Fig. 3.58 b).

a
Fig. 3.58. TEM micrographs of H-Cu sample (a) and H-Cu600 sample (b)
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As the isotherm of N adsorption in the BET plot shows, the H-Cu and H-Cu600
samples were covered with a stable single-molecular layer of gas, because both
sample coefficients R? are more than 0.99 (Fig. 3.59). The calculations show that the
Ceer constant of the H-Cu600 sample (40.77) decreased 4 times, compared to the H-
Cu sample (163.00) (Table 3.17). It should be noted that despite Cger constant
differences, the surface area Sger of H-Cu and H-Cu600 sample decreased from
80.24 m?/g to 55.51 m?/g (Table 3.17).
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Fig. 3.59. The isotherm of N adsorption at 77 K in the BET plot of H-Cu sample (a)
and H-Cu600 sample (b)

Table 3.17. Calculated parameters of H-Cu sample and H-Cu600 sample by a BET

method

BET equation | - avacity Reliability
constants SgeT, Ceer -
Sample of mono > coefficient,
Slope/ Intercept/I m*/g constant 5
- layer Xm R
S=tga
H-Cu 43.17 0.27 0.023 80.24 163.00 0.9998
H- 61.23 1.54 0.016 55.51 40.77 0.9994
Cu600

The calculation shows that the difference between Sger and Y A values was
equal only to 5.47%, and the value of the cumulative pore volume of the H-Cu sample
is equal to 0.341 cm®/g (Table 3.18). The differential distributions of volume pore
sizes showed that H-Cu sample is a mesoporous material, because the pores with 7—
15 nm diameter are dominant (Fig. 3.60 a).

96



Table 3.18. The data of XA and XVp calculations of the H-Cu sample

Results using a cylindrical pore | Results using a parallel plates
model pore model
Sampl SBZET’ |Sger - | |Seer YA, | |Seer - | [Seer
S s v BV 7 VR B U STV R
g mig | % cm-g g mig | % cm-g
80.2 | 1151 43.5 75.
H-Cu 4 7 34.93 3 - 85 4.39 5.47 |0.341
0.060
€
e
90.045
5
<, 0.030
<
2 0.015
0.000 T T T T
5 10 15 20

Pore diameter, nm

Fig. 3.60. Differential distributions of volume pore sizes of H-Cu where the curve
value was obtained using a slit-like pore model

3.3.5. The synthesis of calcium silicate hydrates with incorporated Co?* ions

In order to determine the influence of cobalt ions on the calcium silicate hydrate
structural properties, the hydrothermal synthesis (analogous to H-Cr sample
synthesis) was carried out in Co(NOs3).-6H-0 solution (H-Co sample).

According to the XRD analysis, after the hydrothermal treatment in CaO-SiO--
Co(NOs)2-6H20 mixture, the CaCO3; and C-S-H(l) and/or C-S-H(Il) were formed in
the synthesis product (Fig. 3.61 a). The AAS results showed that after synthesis, the
concentration of Co?* ions in the liquid medium did not exceed even 0.001% of the
primary cobalt ions concentration. It was determined that FIA analysis results showed
that more than 57% (from the primary concentration) of the NO3™ anions are detected
in the liquid medium. It should be noted that the XRD results did not show the
formation of compounds, containing Co?* or NOj™ ions.
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Fig. 3.61. XRD pattern (a), SEM image (magnification 25 000 times) (b), STA
curves (curve 1 — TG, curve 2 — DSC) (c) of H-Co sample; indexes: k — CaCQs, ¢ —
C-S-H(l), and/or C-S-H(Il)

Meanwhile, the H-Co sample SEM micrographs show that thin close-packed
particles (called foils or honeycomb) were formed in the synthesis products (Fig. 3.61
b). According to the DSC data, the endothermic effect at 118 °C temperature can be
assigned to the removal of adsorption/crystallization water from C-S-H(l) and/or C-
S-H(I) structure (Fig. 3.61 ¢, curve 2). It should be noted that the thermal effects at
249 °C, 425 °C, and 621 °C temperatures can be assigned to the decomposition or
dehydration of Co?" and/or NO®* ions containing compounds (Fig. 3.61 c, curve 2).
The data of TGA showed that 9.72% mass change in the mentioned temperature range
is presented in the products (Fig. 3.61 c, curve 1). The endothermic effect at 693 °C
temperature can be assigned to the decomposition of calcium carbonate. It was
determined that the thermal effects at 846 °C temperature are characteristic of the
recrystallization process of C-S-H(Il) (Fig. 3.61 c, curve 2).
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In order to investigate the thermal stability of the H-Co sample, the In Situ XRD
experiment was examined (Fig. 3.62). It should be noticed that the H-Co sample was
stable when the temperature varied in 25-550 °C interval. It was determined that at
higher temperatures, the CoO compounds start to form (Fig. 3.62). According to In
Situ XRD data, when the temperature was increased to 700—750 °C and 800-850 °C,
the decomposition of calcium carbonate and recrystallization of semicrystalline type
compounds to wollastonite and B-C,S, respectively, was observed to form (Fig. 3.62).

It should be indicated that the mentioned compounds remained stable up to 1000 °C.
20

15

Intensity, CPS
=

Fig. 3.62. In Situ XRD patterns of H-Co sample when the temperature of calcination
is 25-1000 °C; indexes: k — CaCOs, O — Co0, ¢ — C-S-H(I) and/or C-S-H(II), w —
wollastonite, p — p-CS

In order to improve In Situ XRD results, the calcination experiment was
performed at 550 °C temperature (Fig. 3.63 a). It was determined that only CaCOs3
was observed in the XRD pattern. Furthermore, the SEM micrograph of the H-Co

sample showed the sintered structure of products where the crystals of wollastonite,
CoO, or B-C.S cannot be distinguished (Fig. 3.63 b).
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Fig. 3.63. XRD pattern (a), SEM image (magnification 100 000 times) (b) of H-
Co0550 sample; indexes: k — CaCOs3

3.3.6. H-Co sample texture and microstructure parameters in 25-550 °C
temperature range

There were compared N adsorption/desorption isotherms of samples after the
hydrothermal synthesis and calcination at 550 °C temperature (Fig. 3.64). It was
determined that the adsorption/desorption isotherm of the H-Co sample showed that
it matches with the Type 1V, H3 hysteresis loop (Fig. 3.64 a). Meanwhile, the H-
Co550 sample matches the Type IV, H3 hysteresis loop (Fig. 3.64 b).

These results were confirmed by the TEM data (Fig. 3.65). The uncertainly
shaped crystallite of C-S-H was identified at the H-Co sample (Fig. 3.65 a). According
to the TEM micrograph results, the nanoparticles of amorphous states compounds can
be identified in H-Co550 as well (Fig. 3.65 b).
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Fig. 3.64. Nitrogen adsorption (1) — desorption (2) isotherms of H-Co sample ()
and H-Co0550 sample (b)
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Fig. 3.65. TEM micrographs of H-Co sample (a) and H-C0550 sample (b)

It was determined that a stable single-molecular layer of adsorbed N2 is formed
on the H-Co and H-Co550 sample surface (Fig. 3.66). It could be mentioned that the
Cger constant of H-Co and H-Co550 samples is equal to 25.99 and 73.51, respectively
(Table 3.19). According to the calculation, the surface area Sger was equal to
132.23 m?/g of the H-Co sample and 47.34 m?/g of the H-C0550 samples (Table 3.19).
It was determined that only slit-like pores were formed in the structure of the H-Co
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sample (Table 3.10), because the difference between Sger and Y A values was equal
to 13.23%.
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Fig. 3.66. The isotherm of N adsorption at 77 K in the BET plot of H-Co sample (a)
and H-Co550 sample (b)

Table 3.19. Calculated parameters of H-Co sample and H-Co550 sample by a BET

method
BET equation | - anacity Reliability
constants SgeT, Ceger -
Sample of mono ) coefficient,
Slope/ Intercept/I me/g constant 5
- layer Xm R
S=tga
H-Co 25.99 0.36 0.038 132.23 73.12 0.9999
H- 73.51 0.10 0.014 47.34 773.13 0.9996
Co0550

It was calculated that the value of the cumulative pore volume of the H-Cr
sample depends on the used model and is equal to 0.419 cm®/g (Table 3.20).
Differential distributions of volume pore sizes showed that the H-Co sample is
mesoporous material because the pores with 2-5 nm in diameter are dominant (Fig.

3.67 a).
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Table 3.20. The data of A and £Vp calculations of H-Co sample and H-C0550
sample

Results using a cylindrical pore | Results using a parallel plates
model pore model
Sampl | Sger, [Seer | [Seer [Seer | [Seer
e mllg | ZA, |- — IVp, | ZA, | - — V5,
m?g | XA, | ZA, |cmig | mig | XA, | ZA, |cmig
m2lg | % m3g | %
HCo |13223 | 3°0° | 48.40 | 36560 | - 47 1750 | 1323 | 0.419
H-
Co550 | 47.34 31.32 | 16.02 | 33.84 | 0.096 | 20.14 | 27.20 | 57.46 | 0.086
0.050
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Fig. 3.67. Differential distributions of volume pore sizes of H-Co sample; curve 1
values are obtained using a cylindrical-like pore model and curve 2 values are
obtained using a slit-like pore model

3.4. Application of poorly-ordered and well-ordered structure synthesized
calcium silicate hydrates compounds in propanol oxidation reactions

The catalytic activity of synthesized and calcined samples was measured during
the complete oxidation of propanol in the air stream. The main product of complete
oxidation is carbon dioxide; thus, the main parameter of catalyst performance is the
decrease in the concentration of the volatile organic compound in relation to CO»
accumulation. As the initial concentration of propanol slightly varied, all the measured
concentration values were normalized and are presented per one gram of catalyst and
per one gram of propanol in the ingoing stream. The decrease of propanol
concentration is presented as conversion expressed in percentage units, whereas the
selectivity of the catalysts was evaluated by the amounts of intermediates found in the
outgoing flow. The experiments were performed within the temperature range of 150—
300 °C with the step of temperature increasing by around 25 °C per hour.
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It has been determined that at the beginning of the experiments (150 °C), by
using synthetic and calcined H-Cr samples, the concentration of propanol in the
outgoing stream decreased by 56.5% and 51.8% of the initial amount, respectively
(Fig. 3.68). However, the further analysis has shown the absence of CO; in the
outgoing stream, which indicates that propanol was adsorbed by samples, but it was
not oxidized. The higher adsorption of propanol by the synthetic sample can be
explained by its higher surface area (104.76 m?/g) than that of the calcined sample
(68.92 m?/g) (Table 3.15).

Propanol oxidation starts at 175 °C temperature, because the CO, concentration
increases in the outgoing stream. At this temperature, the differences between
synthetic and calcined samples appear. The synthetic sample showed higher catalytic
activity than the calcined one because a sharper increase in CO, concentration was
observed (Fig. 3.68). The conversion and CO, accumulation curves coincide well,
which indicates that with the increase in temperature, the process switches from
adsorption to catalytic oxidation.

By comparing the aforementioned curves, it can be stated that the synthetic
sample reached 95% conversion at around 240 °C temperature, which is a good result
compared to the bulk, supported, and mixed catalysts [190-192]. This indicates that
semicrystalline calcium silicate hydrates with intercalated chromium ions are able to
exchange oxygen during the heterogeneous oxidation process. It should be noted that
chlorinated organics, as well as esters, are less destructible than alcohols. It was
determined that the calcined sample struggled with catalytic oxidation as the
formation of carbon dioxide was much slower; the conversion of 95% was reached
only at temperatures higher than 290 °C temperature (Fig. 3.68). It can be concluded
that the formation of calcium chromate has a negative effect on the propanol oxidation
reactions; thus, the synthetic sample should be used at lower temperatures than 500 °C
temperature (in order to avoid the formation of calcium chromate). Similar results are
presented in literature, specifically, that copper dichromate did not show high catalytic
activity [192]. Evidently, both samples had a high adsorptive affinity for propanol, as
the influence of adsorption on the overall process was observed at temperatures as
high as 275 °C. As the temperature was increased in the catalyst bed, sharp increases
in CO; concentration and sudden spikes in temperature due to the exothermal effect
of the oxidation reaction were observed.
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Fig. 3.68. Conversion temperature degree (#) and accumulated CO; concentration
(w) during the catalytic oxidation of propanol in synthetic H-Cr (1) and calcined H-
Cr550 (2) samples

The different results were observed in the catalytic activity experiments of H-
Cuand H-Co samples. The analysis of conversion and accumulated CO- concentration
on H-Cu dates (Fig. 3.69 a, curve 1 ¢) showed that in 150-175 °C temperature range,
the concentration of propanol in the outgoing stream started increasing and was from
50.51% to 10.38% of the initial amount. The same tendency was observed during the
experiments with the calcinated H-Cu sample (Fig. 3.69 a, curve 2 ). In the 150-
200 °C temperature range, the concentration of propanol in the outgoing stream
increased as well from 74.08% to 92.21% of the initial amount. The conversion of
94.61% and 92.21% in H-Cu and H-Cu600 samples were reached only at temperatures
higher than 290 °C (Fig. 3.69 a). Meanwhile, on the H-Co catalyst, at the 150 °C, the
concentration of propanol in the outgoing stream was negligible (Fig. 3.69 b, curve 1
). It reached the conversion of 96% at 275 °C. The catalytic oxidation of propanol
on the H-Co0550 started when 200 °C of temperature was reached (Fig. 3.69 b, curve
2). Up to the point, when the adsorption influence was observed in the range of 150-
200 °C, with the increase of temperature, the propanol concentration increased as well
from 56.59% to 84.54%, indicating that the desorption took over. As in the previous
samples, it reached conversion of 94.50% at 275 °C temperature.
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Fig. 3.69. Conversion temperature degree (#) and accumulated CO, concentration
(m) during the catalytic oxidation of propanol in synthetic (1) and calcined (2) H-Cu
() and H-Co (b) samples

The CO probe and GC/MS monitoring of the outgoing gas stream during the
experiments with calcinated and non-calcinated H-Cr, H-Cu, H-Co samples have
shown the appearance of incomplete catalytic oxidation product intermediates.
Usually, carbon monoxide forms at the beginning of the catalytic oxidation reactions,
and it is oxidized to CO, faster by increasing the temperature. In this case, the
formation of CO could be used for the determination of catalytic activity. The initial
formation of CO could be observed at lower temperatures only for the synthetic
sample, where it reached the maximum value of 161 mg/m?® at 200 °C temperature
and started decreasing afterward (Fig. 3.70). Meanwhile, the calcined sample reached
the maximum concentration of CO (48 mg/m?®) at a temperature higher than 25 °C,
i.e., at 225 °C temperature, and it was more than three times lower in comparison to
the synthetic sample. CO formation curves (Fig. 3.70) showed that the slower
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formation of carbon monoxide during the oxidation on the calcined sample is caused
by the lower overall activity of catalyst but not due to its higher selectivity.

Both samples have shown similar results for the formation of the second
intermediate compound propanal, where they yielded similar amounts of this
aldehyde, i.e., 175 mg/m? for the synthesized sample and 180 mg/m? for the calcined
sample (Fig. 3.70). The formation of propanal takes place up until catalytic oxidation
takes over the adsorption, and the maximum values are reached at 175 °C temperature
for the synthesized sample and 200 °C temperature for the calcined sample. Although
aldehydes are harder to oxidize than alcohols, because of the relatively smaller
concentration of propanal in the stream, its concentration still decreases fast as the
temperature in the catalyst bed increases, and it can no longer be detected at 250 °C
temperature. Propanal forms as a result of the interaction between propanol and the
surface of the catalyst, which means that the dehydrogenation of propanol takes place.
Therefore, it is evident that the largest amount of propanal forms when the adsorption
process is the strongest and it is as well attributed to the apparent decrease in the
propanol concentration, before the start of the catalytic oxidation reactions.

200

200 225 250 275 300

Temperature, °C

Fig. 3.70. Changes in the concentrations of pentanal (¢) and CO (m) formed during
the propanol catalytic oxidation in synthetic (1) and calcined (2) samples
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Fig. 3.71. Changes in the concentrations of pentanal (¢) and CO (m) formed during
the propanol catalytic oxidation on the synthetic (1) and calcined (2) H-Cu (a) and
H-Co (b) samples

3.5. Technological recommendations for the poorly-ordered and well-ordered
structure calcium silicate hydrates compounds synthesis, adsorption, or
thermal activation

150 175

Fig. 3.72 is a recommended schematic diagram for the preparation of samples
of synthesis of poorly-ordered and well-ordered structure calcium silicate hydrates,
combining hydrothermal synthesis, adsorption, or thermal activation methods.
Amorphous SiO;-nH,0 and CaCOs are stored in raw material hoppers (1), (2). The
calcium carbonate is fed from the hopper (2) to a kiln (3), which is incinerated at 550
°C for 1 h, and the CO; that was formed during the decomposition is removed. After
combustion, it enters the mill (4). The prepared calcium oxide is fed to a sieve (5),
from which the crushed material is further fed to a weight dispenser (6), and the
required amount is obtained to acquire a C/S molar ratio of 1.5 (7). The ground raw
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material is stored in a hopper (8). Then, the ground material is fed to a weighted
dispenser (6), which weighs the required amount, according to the C/S ratio. Both the
amorphous silica and the calcium oxide are weighted and added into the mixer (12),
where they are mixed. The method of the synthesis method is chosen: | is
hydrothermal synthesis of well-ordered structure calcium silicate hydrates
compounds, Il is hydrothermal synthesis of poorly-ordered structure calcium silicate
hydrates compounds with embedded heavy metal ions. In case I, the required amount
of distilled water (10% of dry matter) is added to the mixer (12) via the volumetric
dispenser (9). In case of Il, from the raw material hopper (10), depending on which
metal ion insertion will be performed (Cu(NOs3).-3H,0O, Co(NOs3).-6H-0,
Cr(NOs)3-9H,0 granules), the weighing device (6) weighs the required amount of
nitrate salt of heavy metals (concentration 10 g Me**/L). The required amount of
granules was weighted and added into a batch propeller mixer (11), then was added
the required amount of water to achieve the desired concentration of metal ions and
dissolve the raw material by stirring until completely dissolved. Using the volumetric
dispenser (9), the required amount of 10 g Me**/L solution (10% of dry matter) was
added to the mixer (12). The mixed feedstocks are pumped (13) into a saturated water
vapor autoclave (14) where they are hydrothermally treated at 175 °C for 16 hours.
After the hydrothermal synthesis, the product is pumped (13) into the intermediate
tank (15). From the intermediate tank via a pump (13), the synthesis product is fed to
a drum vacuum filter (16), in which the excess solution remaining after the synthesis
is removed. The product is fed from the drum vacuum filter (16) to the spray dryer
(17). The calcium hydrosilicate granules of the well-ordered structure that were
obtained in the process | are further fed to a batch adsorber (21), to which a metal ion
Cu(NOs),-3H,0, Co(NO3)2-6H20, Cr(NO3)s-9H,0 granules, the required amount of
nitrate salt are fed. Moreover, the required amount of distilled water (concentration 1
g Me**/l) is added to the adsorber (21) via the volume dispenser (9). The adsorption
time at 25 °C is 15 minutes. After the adsorption process, the excess water is removed
from the drum vacuum filter (16), which is returned to the production by a pump (13).
The calcium hydrosilicates of poorly-ordered structure that were obtained in this
process and in process Il are fed to the furnace (22) with interfering heavy metal ions
and kept there at the appropriate temperature, according to the intended method of the
catalyst production.

109



M N0 )y 2 (HAO)

_‘Pde ct

Fig. 3.72. The principal scheme of synthesis of poorly-ordered and well-ordered
structure calcium silicate hydrates (CaO/SiO, = 1.5) samples with specific properties
under periodic operation in production, which includes hydrothermal synthesis,
adsorption, or thermal activation; indexes: 1, 2, 8 — hoppers, 3, 22 — furnaces, 4, 7 —
mills, 5 — sieve, 6 — weight dispensers, 9 — volume dispensers, 10, 21 —tanks, 11 —
propeller mixer, 12 — mixer, 13 — pumps, 14 — autoclave, 15 — tank, 16 — drum
vacuum filter, 17 — spray dryer, 18 — fan, 19 — cyclone, 21 — adsorber
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CONCLUSIONS

1. It was observed that the adsorption capacity of synthesized poorly-ordered
and well-ordered structure calcium silicate hydrates (CaO/SiO; = 1.5) samples
as well as the intercalation of heavy metal ions in their structure depends on the
chemical nature of the used adsorbates. Extremely high uptake (up to 100%) of
Cu?*, Co?*, and Cr* ions was observed in 0.25 g/L and 1 g/L concentration
solutions. It has been found that that majority of metal ions (> 80%) participated
in the ion-exchange reaction, while the remaining part was bound by the weaker
physical interaction forces.

2. It was estimated that the pseudo-second-order model fits well with the heavy
metals ions adsorption mechanism description, because the calculated Qeca
values were close to the experimental eexp) ONes. The Cu?*, Co?*, and Cr®* ions
adsorption rate (k2) depends on the initial metal ions concentration. It has been
determined that the adsorption reactions are not reversible in a neutral liquid
medium, because after the desorption experiment, Cu?* and Cr® ions
concentration in the solution did not exceed ~0.01%; meanwhile, Co?* ion did
not exceed ~0.008%. According to the Kinetic calculations, it was proved that
the synthesized poorly-ordered and well-ordered structure calcium silicate
hydrates samples acts as a chemisorbents.

3. It has been determined that the synthesized poorly-ordered and well-ordered
structure calcium silicate hydrates (CaO/SiO; = 1.5) samples are stable in the
lowest concentration solutions (< 0.25 g Me**/L); however, when the
concentration of Cu?*, Co?*, and Cr®" ions was increased to 1 g/L, the structure
of the compounds was partially disrupted. After the adsorption in 10 g/L
solutions, the crystal structure of adsorbents samples was fully destroyed, and
amorphous phases and/or gerhardtite Cu2(NO3)(OH)3; were formed.

4. It was observed that the poorly-ordered calcium silicate hydrates (CaO/SiO,
= 1.5) samples substituted with Cu*, Co?*, and Cr3* ions were stable up to 550
600 °C temperature, while at the higher temperature, the formation of CuO,
Co0304, and Cr,0; proceeded. The calcined samples are mesoporous materials,
whose specific surface area (Sger) is in the range from 61.23 m?/g to 73.51 m%g.
It was obtained that the cylindrical and parallel plates pores are presented in the
structure of synthetic and calcinated samples.

5. It was observed that Cu?*, Co?*, and Cr®* ions (1 g Me**/L) from the liquid
solution can be incorporated into the poorly-ordered structure of calcium silicate
hydrates (CaO/SiO, = 1.5) under hydrothermal treatment conditions (175 °C, 16
h) and do not affect the mineral composition of products, despite copper ions.
Meanwhile, the value of specific surface area (Sger) of products significantly
decreased, and seeks 43.17, 25.99, and 32.70 m?%g in chromium, copper, and
cobalt nitrate solutions, respectively. For this reason, the thermal behavior of
synthetic compounds substituted with heavy metals ions is similar, compared
with adsorbents substituted with metal ions.

6. It has been determined that during complete oxidation of propanol in the air
stream at temperatures lower than 175 °C, synthesized and calcined poorly-
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ordered calcium silicate hydrates samples act as adsorbents, while at the higher
temperatures (more than 500 °C), catalytic oxidation proceeds. It was
determined that the synthetic sample with incorporated Cr3* ions reached 95%
conversion at around 240 °C, while the calcined sample reached this value only
at temperatures higher than 290 °C. Moreover, the formation of calcium
chromate has a negative effect on the propanol oxidation reactions. Therefore,
the synthetic sample should be used at temperatures lower than 500 °C.

7. The principal scheme of synthesis of poorly-ordered and well-ordered
structure calcium silicate hydrates (CaO/SiO, = 1.5) samples with specific
properties under periodic operation in production, which includes hydrothermal
synthesis, adsorption, or thermal activation techniques that were offered.



5. SANTRAUKA

5.1 [IVADAS

Pasak jvairiy literatiriniy Saltiniy, Zmonija S$iomis dienomis susiduria su
daugiau nei 15 aplinkosaugos problemy, tokiy kaip oro, vandens ir dirvoZemio tarsa,
visuotinis atSilimas, sveikatos problemos ir kt. Vienas i§ pagrindiniy pasaulio oro
tarSos veiksniy yra lakieji organiniai junginiai (LOJ) — alkenai, alkanai, esteriai,
alkoholiai ir kt. Pagrindiniai $iy junginiy Saltiniai yra chemijos ir naftos pramoné,
farmacijos gamyklos, taip pat buitinés nuotekos, i§ kuriy susidaro jvairiy LOJ. Yra
daug LOJ neutralizavimo technologijy: biologinis skaidymas, adsorbcija,
ozonavimas, terminis apdorojimas ar oksidacija. Kataliziné oksidacija yra vienas i§
labiausiai paplitusiy biidy pasalinti §iems junginiams, paverciant juos j CO- ir H,O
zemoje temperatiiroje (200-500 °C). Iprasti katalizatoriai gaminami i$ platinos,
paladzio ar aukso junginiy, kurie yra brangis, todél katalizatoriy gamybai
mokslininkai iesko naujy alternatyviy metaly i§ pereinamosios metaly grupés.

Kalcio hidrosilikatai (KHS) pasizymi buidinga pluostine kristaline forma ir
dideliu stabilumu aukstoje temperatiroje, dél to Sie junginiai yra gaminami
pramoniniu biidu kaip pagrindinés $ilumg izoliuojanCios medziagos, statybiniy
medziagy ar dirbtinés medienos sudedamosios dalys. Be to, dél didelio adsorbcijos
pajégumo KHS yra reik§mingi daugelyje sriciy, tokiy kaip vaisty tiekimo, kaulinio
audinio inZinerijos, sunkiyjy metaly jony adsorbcijos ir kiti procesai. Zinoma, kad
dvibaziai kalcio hidrosilikatai pasizymi geromis daugelio metaly jony adsorbcijos
savybémis. Dél Sios priezasties moksliniuose tyrimuose mezoporiai kalcio silikatai
(xCa0-ySiO;) arba kalcio hidrosilikatai (xCaO-ySiO,-zH,0) sulaukia didelio
susidoméjimo kaip didele adsorbcing geba turintys adsorbentai ir perspektyvi
katalizatoriy atraminé konstrukcija. Sie junginiai ne tik pasizymi minétomis
savybémis, bet ir yra chemiskai stabilts, taip pat gali i$sklaidyti metaly jony daleles
ant savo pavirSiaus. Be to, KS ir KHS leidzia i§laikyti unikalias metalo jony savybes
ir skatina katalizinj aktyvuma.

Kalcio hidrosilikatai yra aptinkami gamtoje arba formuojasi kaip
portlandcemencio hidratacijos produktas, taip pat gali buti susintetinti CaO-SiO.-H,O
misiniuose hidroterminémis sglygomis, esant 100-350 °C temperatirai. O §tai kalcio
silikatai gali buti susintetinami degant kalcio hidrosilikatus arba skystai ir kietai
sukepinant kalcio ir silicio turin¢ias medZziagas. Paprastai katalizatoriy, kuriy
atraminiai karkasai yra KS arba KHS, paruosimas apima tris etapus: (1) KHS ar KS
sintezé; (2) metalo jony adsorbcija; (3) iSdegimas pasirinktoje temperatiiroje (siekiant
gauti aktyviyjy metaly oksidy). Be to, ] KHS ar KS struktiira metalo jonus galima
jterpti ir jy sintezés metu. Tokie junginiai su jterptais metalo jonais gali biiti naudojami
kaip katalizatoriai etanoliui paversti butadienu, bisfenolio F sintezei ir ketony ar
aldehidy oksidavimui. Deja, truksta informacijos apie metaly jtaka tokiy medziagy
susidarymui, terminiam stabilumui, mikrostruktiirai ir kitoms savybéms.

Remiantis literatiira, kai kurie metalo jonai, tokie kaip natrio ar kalio, teigiamai
veikia kristalinio silicio turinéiy junginiy reaktyvuma, ardydami jy pavirsiy ir skatina
KHS susidaryma. Skirtingi rezultatai buvo gauti naudojant aliuminio oksidg dvibazio
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KHS — a-C:SH sintezei 200 °C temperattiroje, nes Sis priedas sulétino KHS
susidaryma, bet paskatino KS kristalizacijg. Katijonai, tokie kaip Al**, B** ir Be?*, gali
pakeisti silicj silicio ir deguonies tetraedre, o kiti, tokie kaip Na*, K*, Fe?*, Mn?*, Ti**,
Zr?* ir kt. jsiterpia uz jo riby. Sie katijonai jungia silicio ir deguonies tetraedrus. Taigi
skirtingi katijonai keic¢ia KHS ir KS susidarymga, termin;j stabilumg, mikrostruktiirg ir
kitas savybes.

Dél iy priezaséiy buvo nuodugniai istirtas vario, kobalto ir chromo metaly jony
jterpimas j kalcio hidrosilikaty strukttirg adsorbcijos arba hidroterminés sintezés budu
ir jy mineralinés sudéties stabilumas (arba pokyciai). Taciau iStyrus KHS adsorbcijos
geba sunkiyjy metaly jonams, nustatyta sintetiniy ir iSdegty produkty mikrostrukttra
ir katalizinis aktyvumas.

Darbo tikslas: nustatyti netvarkingos ir tvarkingos struktiiros susintetinty
kalcio hidrosilikaty (CaO/SiO2 = 1,5) bandiniy adsorbcijos kinetinius parametrus
Cu?*, Co?" ir Cr* jonams, jy terminj stabiluma bei katalizinj aktyvuma.

Darbo uzdaviniai

1. Nustatyti netvarkingos ir tvarkingos struktiros susintetinty kalcio
hidrosilikaty (CaO/SiO; = 1,5) bandiniy adsorbcijos geba Cu?*, Co?* ir Cr¥*
jonams ir §iuos procesus apibudinti taikant adsorbcijos kinetinius modelius.

2. Istirti sintetiniy adsorbenty bandiniy su jsiterpusiais Cu?*, Co?" ir Cr®* jonais
terminj stabilumg 25-1000 °C temperatiiros intervale oro aplinkoje.

3. [vertinti hidroterminés sintezés metu jterpty Cu?*, Co%" ir Cr** jony jtaka
kalcio hidrosilikaty (CaO/SiO; = 1,5) bandiniy mineralinei sudéciai ir
strukttiros stabilumui.

4. |stirti geriausiy sintetiniy ir degty kalcio hidrosilikaty panaudojimo galimybes
adsorbenty / katalizatoriy ~ gamyboje ir  parengti  technologines
rekomendacijas pramonei.

Disertacijos ginamieji teiginiai
1. Susintetinti netvarkingos ir tvarkingos strukttiros kalcio hidrosilikaty
(Ca0/SiO; = 1,5) bandiniai pasizymi didele sunkiyjy metaly jony adsorbcijos
geba (25-100 mg/q).
2. Gryni ir su jsiterpusiais Cu?*, Co®" ir Cr®* jonais kalcio hidrosilikaty
(CaO/SiO; = 1,5) bandiniai yra mezoporés medziagos, kurios turi didelj
pavir§iaus plotg (>68 m?/g).

Mokslinio darbo naujumas

1. Jrodyta, kad hidroterminio apdorojimo salygomis j netvarkingos struktiiros
kalcio hidrosilikaty (CaO/SiO. = 1,5) bandinius gali buti jterptas skirtingas
kiekis (25-100 mg/g) Cu?*, Co?" ir Cr** jony.

2. Susintetinti, kontroliuojamo specifinio pavirSiaus chemosorbenty bandiniai
su jsiterpusiais Cu?*, Co®" ir Cr®* jonais yra stabilis iki 550-750 °C
temperatiiros, o aukS$tesnéje temperattiroje vyksta CuO, Co3z0s ir Cr.0s
susidarymas.
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Praktiné verté

Susintetinti netvarkingos ir tvarkingos struktiiros kalcio hidrosilikaty
(Ca0/SiO; = 1,5) bandiniai gali biti naudojami kaip chemosorbentai Cu?*, Co?* ir
Cr** jony Salinimui adsorbcijos procesuose. Hidroterminio apdorojimo sglygomis
sunkiyjy metaly jonai i§ skystosios terpés terpiasi j netvarkingos struktiiros kalcio
hidrosilikaty bandiniy struktiirg. Susintetinti ir degti bandiniai su jsiterpusiais Cu?",
Co?* ir Cr¥ metaly jonais gali biiti naudojami kaip katalizatoriai propanolio
oksidacijos reakcijoms, nes zemesnéje nei 175 °C temperatiiroje junginiai veikia kaip
adsorbentai, o aukStesnéje temperatiiroje vyksta kataliziné oksidacija.

Darbo aprobavimas ir publikavimas

Disertacinio darbo tema paskelbtos 4 mokslinés publikacijos: 3 straipsniai
recenzuojamuose mokslo leidiniuose Web of Science duomeny bazéje, indeksuotuose
leidiniuose su cituojamumo rodikliu (JCR SCIE) ir 1 leidinyje, jtrauktame j Web of
Science duomeny baze, leidiniuose, indeksuotuose be cituojamumo rodiklio
(JCR SCIE). Darbo rezultatai pristatyti 5 tarptautinése mokslinése konferencijose.

Darbo apimtis

Disertacija sudaro jvadas, literatiriniy duomeny analiz¢, eksperimentiné dalis,
tyrimy rezultatai bei jy aptarimas, iSvados, 191 literatiiros $altinio sarasas, moksliniy
publikacijy sgrasas. Pagrindiné medziaga iSdéstyta 164 puslapiuose, jskaitant
20 lenteliy ir 72 paveikslus.

Autorés ir bendraautoriy mokslinis indélis

Autoré susintetino ir aprasé visus disertacijoje aprasytus dvibazius kalcio
hidrosilikatus. Taip pat ji iStyré susintetinty junginiy adsorbcines, terminio
aktyvinimo bei katalizines savybes, atliko kinetinius ir BET skai¢iavimus. Kestutis
Baltakys konsultavo apie kalcio silikaty susidarymo galimybes hidroterminés sintezés
metu, eksperimento eigg ir rankras¢iy rengima. Tadas Dambrauskas pataré junginiy
terminio aktyvinimo savybiy ir adsorbcijos kinetikos skaiciavimo klausimais. Dél
technologiniy rekomendacijy padéjo apsispresti Anatolijus Eisinas kartu su Kestuciu
Baltakiu. Andrius Jaskiinas negail¢jo patarimy adsorbcijos ir katalitiniy procesy
klausimais.
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5.2 EKSPERIMENTINE DALIS

Naudotos medZiagos

1) Kalcio oksidas, gautas degant Ca(OH). (1h; 550 °C), maltas 30s
600 aps/min greiéiu vibraciniame diskiniame Pulverisette 9 maltine ir persijotas per
sietg. Savitasis pavirsius Spav. = 2071 m?/kg; CaOyaisvas = 98,7 %.

2) Amorfinis silicio dioksidas — SiO2-nH>O, maltas 2,5 min 850 aps/min greiéiu
vibraciniame diskiniame Pulverisette 9 maliine. Spa. = 1291 m#/kg; kaitmenys —
5,19 %.

3) Vario nitrato tirpalai (c =0,25; 1; 10 g Cu?/l), pagaminti distiliuotame
vandenyje istirpinus Cu(NO3)2-3H20 granules, grynumas 99 %.

4) Kobalto nitrato tirpalai (c =0,25; 1; 10 g Co?/l), pagaminti distiliuotame
vandenyje istirpinus Co(NO3)2-6H20 granules, grynumas 99 %.

5) Chromo nitrato tirpalai (c = 0,25; 1; 10 g Cr®/l), pagaminti distiliuotame
vandenyje istirpinus Cr(NOs)3-9H,0 granules, grynumas 99 %.

6) Kalcio nitrato tirpalas (c = 1 g Ca?*/l), pagamintas distiliuotame vandenyje
istirpinus Ca(NQOs)2-4H,0 granules, grynumas 99 %.

4) Kiti gryni cheminiai reagentai: druskos rtigstis (1:1), acetonas, distiliuotas
vanduo.

Hidroterminé adsorbenty Al ir A2 sintezé

Kaip pradinés medziagos buvo naudojamas smulkiai sumaltas SiO2-nH.O ir
CaO. Pradiniy miSiniy sudétis atitiko molinj santykj C/S =1,5. Homogenizuoti
pradiniai miSiniai (45 min, 49 aps/min grei¢iu) uzpilti distiliuotu vandeniu, kad
suspensijoje vandens ir kietyjy medziagy santykis V/K biity lygus 10. Sintezé vykdyta
suspensijoje nemaisant, 25 ml talpos PTFE induose, sudétuose j autoklava, kai sociyjy
vandens gary temperatira 175 °C, o izoterminio iSlaikymo trukmé— 24 h (Al
adsorbentas) ir 16 h (A2 adsorbentas). So¢iyjy vandens gary temperatiira buvo
pasiekta per 2 h. Sintezés produktai praplauti acetonu, kad maziau karbonizuotysi,
dziovinti 50 °C £ 5 temperatiiroje 24 h ir persijoti per sietg, kurio akuciy skersmuo
80 um.

Nustatyta, kad Aidroterminés adsorbento Al sintezés metu, po 24 h izoterminio
iSlaikymo, susidaro dvibazis kalcio silikatas — a-C2SH (PDF Nr. 04-009-6343) ir
pusiau kristaliniai KSH tipo junginiai CSH (I)/CSH (Il) (PDF Nr. 00-033-0306 ir
PDF00-034-0002) (1 pav., a). Istirta, kad junginyje taip pat susidaro ir mazo
intensyvumo kalcio karbonato difrakcinés smailés (PDF Nr. 04-012-0489). Rentgeno
spinduliy difrakcijos analizés (RSDA) duomenys buvo patvirtinti vienalaikés
terminés analizés (STA) rezultatais (1 pav., b). DSK kreivéje pirmasis endoterminis
efektas (50-200 °C) gali buti priskirtas kristalizacinio vandens praradimui. O $tai
400-500 °C temperatiiros intervale stebimas a-C,SH skilimas. Nustatyta, kad
netenkama ~5,26 % sintezés produkto masés (1 pav., b, 1kr.). Remiantis Siais
duomenimis, buvo apskaifiuota, kad a-C,SH susidaré ~55,5%. O $tai kalcio
karbonato skilimui galima priskirti endoterminj efekta, esantj ~679 °C temperatiiroje.
Be to, buvo nustatyti du egzoterminiai efektai, esantys ~852 ir ~872 °C temperatiroje,
kurie budingi C-S-H (I)/C-S-H (IT) persikristalizavimui j volastonita (1 pav., 2 kr.).
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1 pav. Adsorbento A1 RSDA (a) ir VTA (b, TGA (1 kr.) bei DSK (2 kr.)) kreivés.
Cia: a — a-C,SH; k — CaCOs; ¢ — C-S-H(1)/C-S-H(l1)

Hidroterminés adsorbento A2 sintezés metu nustatyta, kad po 16 h izoterminio
iSlaikymo sintezés produkte dominavo pusiau kristaliniai C-S-H (1)/C-S-H (I1)
(2 pav., a). Taip pat RSDA kreivéje buvo nustatyti dvibazio kalcio silikato — a-C.SH
pédsakai (2 pav., a). Sie rezultatai buvo patvirtinti ir VTA. Nustatyta, kad po
hidroterminio apdorojimo DSK kreivéje endoterminis efektas, esantis 116 °C
temperatiroje, gali biiti priskirtas kristalizacinio vandens praradimui pusiau
kristaliniuose C-S-H tipo junginiuose (2 pav., b, 2kr.). O $tai esant aukS$tesnei
temperattrai (400-500 °C) pastebéta a-C,SH dehidratacija (2 pav., b, 2 kr.). Be to,
buvo pastebéti du egzoterminiai efektai ~804 ir ~868 °C temperatiiroje, atspindintys
C-S-H (I)/C-S-H (Il) persikristalinima j kalcio silikatus (2 pav., b, 2 kr.). Verta
paminéti, kad endoterminis efektas, kuris gali buti priskirtas kalcio karbonato
skilimui, buvo pastebétas 666 °C temperatiiroje. Remiantis TGA duomenimis, minéto
junginio susidaré maziau nei 3 % (2 pav., b, 1 kr.).
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Cia: a — a-C,SH; k — CaCOs; ¢ — C-S-H(I)/C-S-H(1I)

Sunkiyjy metaly (Cu®*, Co*, Cr®) jony adsorbcijos procesai vykdyti
termostatuojamame adsorberyje (Grant SUB 14), i 500 ml Me(NOs3)x-yH-O tirpalg
(Me* koncentracija 0,25; 1; 10 g/1) jberta 5,0 g susintetinto adsorbento (Al arba A2);
adsorbcijos trukmé 25 °C temperatiiroje — 30 min. Adsorbuoty jony kiekis nustatytas
dviem btdais: apskaiciuojant pagal tirpalo koncentracijos maz¢jima laike (po: 0,5; 1;
3; 5; 10; 15 ir 30 min) ir analizuojant prisotintus adsorbentus Al ir A2. Darbe visi
cheminés analizés matavimai atlikti 3 kartus, o cheminé sudétis ir metaly jony
koncentracijos pateiktos masés procentais.

Sunkiyjy metaly (Cu?*, Co*, Cr®") jony desorbcijos procesai vykdyti j
500 ml distiliuoto vandens jbérus 5,0 g adsorbento (Al arba A2) su jterptais
sunkiaisiais metalais; desorbcijos trukmé 25 °C temperattroje — 30 min. Desorbuoty
jony kiekis nustatytas iStyrus skystaja terpe, nustatant desorbuoty jony koncentracija.

Tirpaly pH vertés buvo iSmatuotos pH-metru — Hanna instruments (Hi 9321,
microprocessor pH meter) su stiklo elektrodu, kurio pH matavimo ribos nuo 1 iki
14,00. Tikslumas +0,01.

Me** jony koncentracija tiriamuose tirpaluose nustatyta atominés absorbcinés
spektrinés analizés (AAS) biidu, Perkin EImen Analyst 4000 firmos spektrometru.

Nitraty anijonu koncentracija buvo nustatyta naudojant srauto jpurSkimo
analizatoriy FIAlyzer-100. FIAlyzer-100 sistema: FIAlyzer-100, integruotas FIA LOB
kolektorius, USB4000 UV/VIS spektrometras, HL2000-LL matoma volframo lempa.

Sunkiyju metaly jony adsorbcijos kinetiniai parametrai apskaiciuoti taikant
klasikinius adsorbcijos modelius. Skai¢iavimai atlikti pagal pseudopirmojo laipsnio ir
pseudoantrojo laipsnio lygtis.

Rentgenodifrakciné analizé (RSDA) atlikta Bruker AXS D8 Advance
difraktometru. Naudota: spinduliuoté — CuK,, filtras— Ni, detektoriaus judéjimo
zingsnis 0,02°, intensyvumo matavimo trukmé zingsnyje — 0,5s, anodo jtampa
U.=40kV, srovés stipris | =40 mA. Rentgenodifrakcinés analizés matavimy
tikslumas 26/ = 0,001°.
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Terminis stabilumas nustatytas taip:

1) aukstatemperatiiréje krosnyje Nabertherm Model L5/11, islaikant bandinius
550, 600 ir 750 °C temperattiroje 24 h. Degimo temperatiira buvo pasiekta per 48 h.

2) Vienalaikés terminés analizés (VTA) tyrimai atlikti LINSEIS PT1000
terminiu analizatoriumi. DSK-TGA parametrai: temperatiiros didinimo greitis —
15 °C/min, temperatiros intervalas — 30-1000 °C, etalonas — tus¢ias Pt tiglis,
atmosfera krosnyje — oras. Matavimy tikslumas +3 °C.

3) Aukstatemperatiiréje krosnyje MTC-hightemp (Bruker AXS). Parametrai:
temperatiiros didinimo greitis — 50 °C/min, pusiausvyros temperatiiros nusistovéjimo
trukmé — 2 min, temperatiros intervalas — 25-1200 °C, atmosfera krosnyje — oras.
Pasirinkty temperatiry aplinkoje atlikta RSDA analizé (detektoriaus judéjimo
zingsnis 0,02°, intensyvumo matavimo trukmé zingsnyje — 1 S).

FT-IR spektriné analizé atlikta spektrometru Perkin Elmer FT-IR System.
Analizei naudota vakuuminéje presavimo formoje supresuota tableté
(1 mg medziagos sumaiSyta su 200 mg KBr). Tirta infraraudonojo spektro
pagrindiniame diapazone nuo 4000 cmiki 400 cm™.

Skenuojamoji elektroniné mikroskopija (SEM) atlikta naudojant prietaisa
JEOL JSM-7600F. Greitinimo jtampa (ETH) — 10 kV, darbinis atstumas tarp bandinio
ir paskutinio elektrooptinio l¢sio briaunos (WD) — 8,6 mm, detektorius — SE.

Persvie¢iamoji elektroniné mikroskopija (TEM) atlikta naudojant prietaisa
Tecnai G2F20 X-TWIN su Schottky-type elektrony S$altiniu. Greitinimo jtampa
(ETH) — 200 kV, detektorius — HAADFD.

Savitojo pavirSiaus ploto nustatymas taikant BET metodg. Bandiniy
savitojo pavirSiaus plotas nustatytas Brunauerio, Emmeto ir Tellerio (BET) metodu.
Matavimai atlikti spektrometru Kelvin 1042 Sorptometer (Costech Instruments)
naudojant azoto adsorbcijos izoterme 77 K temperatiiroje.

Katalizinis aktyvumas nustatytas naudojant Nabertherm LH 15/13 krosnies
viduje sumontuotg kvarcinj reaktoriy, kuriame yra rités paSildytuvas. Kataliziné
oksidacija buvo atlikta pastoviu 370 ml/min oro srautu, kuris buvo prisotintas 475—
640 ppm lakiyjy organiniy junginiy. Propanolio koncentracija dujy sraute buvo
nustatyta naudojant Perkin Elmer Clarus 500 GC/MS sistema, apriipinta COL-ELITE
5MS universalia kapiliarine kolonéle.

Laisvojo CaO kiekis buvo nustatytas remiantis Europos standartu Building
lime — Part 2: Test Methods. LST EN 459-2:2010.

5.3 REZULTATAI IR JU APTARIMAS
5.3.1 Sintetinio adsorbento Al sunkiyju metaly adsorbcijos

Norint nustatyti adsorbento Al adsorbcijos gebg sunkiesiems metalams,
adsorbcijos eksperimentas buvo atliktas Co(NOz3)2-6H-0 tirpale, kuriame pradiné
Co* jony koncentracija buvo 0,25 g Co?*/l. Nustatyta, kad adsorbcijos procesas
intensyviausiai vyksta pradzioje, nes po 30 s reakcijos | adsorbento Al struktiirg
jsiterpia apie 50 % kobalto jony. Ilginant sgveikos trukme iki 5 min, j adsorbento A1l
struktiirg jsiterpusiy Co?* jony kiekis buvo lygus 24,68 mg Co?*/g. Istirta, kad ilgesnis
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sgveikos laikas neturéjo jtakos C0?* jony jsisavinimui, nes po 30 min reakcijos
absorbuoty jony kiekis isliko beveik toks pat ir buvo lygus 24,73 mg Co?*/g.

Nustacius adsorbento Al geba adsorbuoti sunkiuosius metaly jonus 0,25 g/l
koncentracijoje, nuspresta Co?" jony koncentracija padidinti iki 1 g/l. Istirta, kad
didesné Co?* jony koncentracija teigiamai paveiké adsorbcijos procesa (3 pav., a), nes
po 30 s adsorbcijos adsorbentas Al adsorbavo 90 % pradiniy Co?* jony. Eksperimento
trukme prailginus iki 10 min, buvo pasiekta adsorbcijos pusiausvyra, o adsorbuoty
jony kiekis buvo lygus 99,61 mg Co?"/1g Al adsorbento (3 pav., a). Verta paminéti,
kad dél Ca? jony desorbcijos i§ adsorbento, skystos terpés pH verté padidéjo nuo 4,91
iki 10,97.

Siekiant nustatyti didziausig adsorbento A1 adsorbcinj pajéguma Co?* jonams,
Co(NOs),-6H,0 tirpalo koncentracija buvo padidinta iki 10 g/l. Nustatyta, kad
sorbcijos geba po 30 min adsorbcijos buvo lygi 288 mg Co?*/g (3 pav., b). Tac¢iau
Zema pradinio Co(NOs3)2-6H-0 tirpalo pH verté turéjo neigiamg jtaka adsorbento Al
struktiiros stabilumui, ir ~50 % Ca?* jony per tg patj laika pateko i§ adsorbento Al j

skystaja terpe.
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3 pav. Co?* jony adsorbcijos adsorbentu Al integralinés kinetinés kreivés, kai
pradiniame tirpale Co?* jony koncentracija yra 1 g/l (a) ir 10 g/l (b)

Panasi tendencija buvo stebima ir Cu?" bei Cr** jony adsorbcijos metu.
Nustatyta, kad vykdant adsorbcijg 0,25 g/l koncentracijos tirpaluose, jau po 30 s visi
Cu?* ir Cr® jonai jsiterpé j adsorbento A1l struktiirg. Padidinus sunkiyjy metaly jony
koncentracijg iki 1 g Me**/1, adsorbcija adsorbentu A1 vyksta lé¢iau, nes per 30 s Cu?*
jony adsorbcijos jsisavinimas siekia ~73 % (72,91 mg/g). O S$tai minéto junginio
adsorbuoty Cr** jony kiekis buvo didesnis ir lygus 86 % (86,14 mg/g). Pailginus
eksperimento trukme iki 3 min, Cr** jony jsisavinimas pasieké 100 %. O §tai Cu?*
jony jsisavinimas pasieké 100 % tik po 30 min.

Nustatyta, kad 10 g/l Cu?" jony adsorbcijos pradzioje (30 s) minéty jony
adsorbuotas kiekis greitai padidéjo iki 228,2 mg/g, o po 30 min jis buvo lygus
615,54 mg/g. Cr®* jony adsorbcijos atveju adsorbcijos geba buvo ~2,5 karto mazesné,
o adsorbuoty jony kiekis lygus 241,42 mg Cr*/g. Adsorbcijos metu abiem atvejais i$
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adsorbento j skystg terpe iSsiskyré daugiau nei 50 % Ca?* jony, o tai parodo, kad
didelés sunkiyjy metaly jony koncentracijos tirpaluose adsorbentas Al tampa
nestabilus. D¢l Sios priezasties tolesniame tyrimy etape tyrimai buvo atliekami su
1 Me** mg/l koncentracijos Co(NOs)2-6H20, Cu(NOs3)2-:3H.0 ir Cr(NOs)s-9H.0
tirpalais.

5.3.2 Sintetinio adsorbento A2 sunkiyjy metaly adsorbcijos ypatumai ir
struktiiros savybés

Panaudojus sintetinj adsorbentg Cu?*, Co?" ir Cr** jony adsorbcijai i$ nitraty
drusky tirpaly, kuriuose pradiné Me** jony koncentracija yra lygi 1 g/, nustatyta, kad
procesas intensyviausiai vyksta per pirmaja reakcijos minute, nes jau po 30s |
adsorbento A2 kristaling gardele jsiterpia visi pradiniame tirpale esantys Cr®*
(100 mg Cr®/g) jonai. PanaSus procesas nustatytas ir Cu?* jony adsorbcijos metu, nes
per pirmasias 30 s adsorbuoty metalo jony kiekis buvo 92,0 mg Cu?*/g, o po 1 min
adsorbcijos procesas buvo pasibaiges (1 lentelé). Palyginimui, Co?* jony adsorbcija
adsorbentu A2 buvo létesné, po 30 s buvo adsorbuota tik 62 % (62,50 mg Co?*/g)
minéty jony. Ilginant sgveikos trukme, kobalto jony koncentracija tirpale mazéja ir po
15min | adsorbento A2 struktiirg jsiterpia 100 % tirpale esanciy Co?* jony
(100 mg Co?*/g) (1 lentelé).

1 lentelé. Adsorbentu A2 adsorbuoty Me** jony kiekis, kai pradiniame tirpale
Me** jony koncentracija yra 1 g/l

Adsorbuoti  Me** | 7, min / adsorbuoty Me** jony kiekis, mg/g

jonai 0,5 1 3 5 10 15 30
Cré* 100 100 100 100 100 100 100
Cu?* 99,20 100 100 100 100 100 100
Co* 62,50 74,55 79,90 85,46 99,69 100 100

Naudojant pseudopirmojo ir pseudoantrojo laipsnio lygtis buvo aprasyti
sunkiyjy metaly jony adsorbcijos j adsorbenta A2 kinetiniai parametrai. D¢l greito
Cu?* ir Cr* jony jsiskverbimo j adsorbentg A2 adsorbcijos duomenys negaléjo biiti
naudojami minétiems parametrams apskaiciuoti. Apskaiciuota, kad pseudopirmojo
laipsnio lygties tiesiné priklausomybé rodo, jog vykstantys Co?* jony ir adsorbento
A2 adsorbcijos procesai neaprasomi pseudopirmojo laipsnio modeliu. Taip teigti
leidZia tiesinis regresiniy kreiviy tinkamumas eksperimentiniams duomenims, nes
determinacijos koeficiento R? vert¢ néra artima vienetui, o apskai¢iuota Geaps
koncentracija skiriasi nuo nustatytos pusiausvirosios koncentracijos reikSmiy Qenust
(2 lentelé). Todél galima teigti, kad pseudopirmojo laipsnio modelis néra tinkamas
adsorbento A2 adsorbcijos procesams apraSyti. Nustatyta, kad pseudoantrojo laipsnio
modelis tinkamai apraso Co?* ir adsorbento A2 adsorbcijos mechanizmg, nes
eksperimentinémis salygomis apskai¢iuoto R? koeficiento verté yra lygi R? = 0,99.
Apskaiciuota, kad kobalto jony adsorbcijos reakcijos greicio konstanta k» yra lygi
0,015 g/mg-min, 0 Qeaps Co?* jony kiekis pusiausvyros sglygomis yra artimas Cenust
Co?* jony kiekiui (2 lentel¢).
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2 lentelé. Pseudopirmojo laipsnio ir pseudoantrojo laipsnio Co?" jony
adsorbcijos Kinetiniai parametrai

Pseudopirmojo laipsnio lygties adsorbcijos Kinetiniai parametrai

R? Qenust, MQ/g Qeapsk, MQ/g ki, (9/(mg-min))
0,80 99,30 50,11 0,331
Pseudoantrojo laipsnio lygties adsorbcijos Kinetiniai parametrai

R? Cenust, MQ/g Ceapsk, MQ/g kz, (g/(mg-min))
0,99 99,30 98,23 0,015

Norint nustatyti, ar sunkiyjy metaly jsiterpimas j adsorbento A2 struktiirg daro
jtaka jo struktiros pokyc¢iams, po adsorbcijos proceso adsorbentas A2 buvo
apibiidintas RSDA (4 pav.). Rentgeno spinduliy difrakcijos analizés duomenys
parodé, kad adsorbcijos eksperimenty metu adsorbento A2 struktiiroje vyko
karbonizacija, nes buvo nustatytos intensyvios difrakcijos smailés, budingos kalcio
karbonatui (4 pav.). Pazymétina, kad minéty smailiy intensyvumas buvo ~2 kartus
didesnis adsorbento A2 su jsiterpusiais Cu?* jonais (toliau Zymima: A2-Cu) (4 pav.,
1 kreivé) bandinyje ir adsorbento A2 su jsiterpusiais Co?* jonais (toliau Zymima: A2-
Co) (4 pav., 2 kreivé) bandinyje, lyginant juos su adsorbentu A2 su jsiterpusiais Cr*
jonais (toliau zymima: A2-Cr) (4 pav., 3 kreivé) bandiniu. Taip pat visuose tirtuose
bandiniuose buvo nustatytas platus pusiau kristalinés struktiiros junginiy bazinis
atspindys (25-37°). Verta paminéti, kad a-C,SH budingos difrakcijos smailés RSDA
kreivéje nebuvo pastebétos. Nustatyta, kad adsorbeijos metu A2-Cr bandinyje
susidaré chromo hidroksido hidratas (Cr(OH)s-3H:0, (PDF Nr. 00-016-0817) (4 pav.,
3 kreive).
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4 pav. A2-Cu (1 kreive), A2-Co (2 kreive) ir A2-Cr (3 kreivé) bandiniy RSDA
kreives. Cia: k — CaCOgz; h — Cr(OH) 3:3H,0

Norint nustatyti adsorbento A2 termin;j stabiluma buvo atlikta RSD analizé 25—
1000 °C temperatiiros intervale (5 pav.). Apskaiciuota, kad dvibazis adsorbentas A2
yra stabilus iki 400 °C temperatiiros, nes Siam junginiui budingi difrakcijos
maksimumai (d - 0,304; 0,279; 0,182 nm) nepasikeité. O S$tai, esant aukStesnei
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temperatiirai (450 °C), a-C>SH persikristalizavo | bevandenes C»S fazes, taciau dél
mazo difrakcijos smailiy intensyvumo susidariusiy junginiy nustatyti nejmanoma
(5 pav.). Nustatyta, kad degimo temperatirai didéjant iki 650 °C kalcio karbonatas
skyla ir RSDA kreivése identifikuojamos kalcio oksido smailés (PDF Nr. 00-002-
1088). Nustatyta, kad esant 800—850 °C temperatiirai pusiau kristalinio tipo ir C,S
fazés junginiai persikristalizuoja j volastonitg (PDF Nr. 00-066-0271) ir 5-C.S (PDF
Nr. 00-033-0302). Keliant temperatiira iki 1000 °C intensyvéja minétiems junginiams
budingos difrakcijos smailés (5 pav.).
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5 pav. Adsorbento A2 RSDA kreivés 25-1000 °C temperatiiros intervale. Cia: o —
a-C,SH;
k — CaCOg; ¢ — C-S-H(I)/C-S-H(I1); w — volastonitas; g — f-C.S

Medziagos sandara yra viena pagrindiniy charakteristiky, lemianciy jos
taikymo sritis ir eksploatacines savybes. Kitame tyrimy etape buvo nustatyta
adsorbento A2 bandiniy pavirSiaus mikrostruktiira, savitasis pavirSiaus plotas,
vyraujantis pory dydis ir jy pasiskirstymas pagal spindulius, kristaly dydis ir forma.
Adsorbentas A2 buvo iSdegtas 750 °C temperatiiroje (Si temperatiira buvo pasirinkta,
norint iStirti bandinio poringuma prie$ pradedant formuotis volastonitui ir S-C,S;
(toliau zymima A2-750) 24 h. Atlikus adsorbento A2 ir A2-750 bandiniy savitojo
pavirSiaus ploto tyrimg BET metodu nustatyta, kad adsorbento A2 adsorbcijos
izotermés (6 pav., a) gali buti priskiriamos IV histerezés kilpy tipui. ISanalizuota, kad
esant dideliam santykiniam slégiui P/Po (>0,7), rodan¢iam visiskg pory uzpildyma,
adsorbento A2 bandiniy izotermé atitinka plySinio tipo poras. O §tai izotermiy analizé
parodé, kad SA histerezés kilpa atitinka H1 ir (arba) H3 tipg (6 pav., a). HI histerezes
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kilpa biidinga mezoporinéms medziagoms, kurios susideda i$ sferiniy daleliy arba turi
aiskiai apibréztus cilindriniy pory kanalus. Paprastai medziagos su H1 histerezés kilpa
turi sujungtas panasaus dydzio poras. O Stai H3 histerezés kilpa sudaro medziagos,
susidedan¢ios i3 plysius primenanéiy pory. Sio tipo histerezés kilpa neturi ribojangios
adsorbcijos esant dideliam P/Py ir uzsidaro P/Po 0,4-0,45 diapazone. Taigi gali biti,
kad adsorbente A2 susidaro ir j cilindrus, ir j plySius panaSios poros (6 pav., a).
Kitokia tendencija buvo pastebéta adsorbento A2, iSdegto 750 °C temperatiiroje
(6 pav., b), bandinyje. A2-750 bandinio adsorbcijos izotermé atitinka Il tipg, nes
izoterméje néra histerezés kilpos. [domu tai, kad II tipo izotermé biina neporingose ar
makroporinése medziagose (6 pav., b).
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6 pav. Azoto adsorbento A2 (a) ir A2-750 (b) bandiniy adsorbcijos (1) ir desorbcijos
(2) izotermés

Norint patikrinti, kuris pory modelis geriau apraso adsorbento A2 savitojo
pavirsiaus plota bei vyraujanéiy pory formas, atlikti skai¢iavimai taikant du modelius:
cilindriniy pory ir pory tarp lygiagreCiyjy plokStumy. Taikant Siuos modelius
apskaiCiuojamas suminis pory tiris ir pory pasiskirstymas pagal spindulius
panaudojant koreliuotg Kelvino lygtj ir C. Orr bei J. M. Dalla Valle skai¢iavimy
metodika. Taikytas modelis galioja tol, kol skirtumas tarp Sger ir Y A néra reikSmingas
(iki 20 %).

Pradiniai skai¢iavimai yra analogiski ir tinka abiem modeliams, t. y. naudojant
iSmatuotg adsorbuoto azoto tiirio kiekj, esant skirtingiems santykiniams slégiams, i§
Kelvino ir Halsey lyg¢iy apskai¢iuojamas pory Kelvino spindulys ir adsorbuoto N>
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sluoksnio storis. Sios vertés naudojamos tolimesniems skai¢iavimams, taikant
skirtingus pory modelius. Savitojo pavirSiaus BET skaiciavimai parodé, kad
adsorbento A2 ir A2-750 bandiniy Cger konstantos reikSmés yra atitinkamai lygios
233,78 ir 251,33 (3 lentel¢). Apskaiciuota, kad adsorbento A2 pavirSiaus plotas yra
gana didelis— 46,13 m?(g (3lentel¢). Verta paminéti, kad sintetiniy kalcio
hidrosilikaty Sget verté paprastai svyruoja nuo 30 iki 500 m?/g. Nustatyta, kad i3degus
adsorbentg A2 750 °C temperatiiroje, pavirSiaus ploto verté sumazéjo iki 18,70 m?/g
(3 lentelé). Nors pavirsiaus ploto verté sumazéjo, ji yra 1,5-9 kartus didesné nei kity
kalcio silikaty: volastonito — 2 m?/g, kilchoanito — 6 m?g, rankinito — 11,7 m?/g ir kt.
[167, 168].

3 lentelé. Adsorbento A2 ir A2-750 bandiniy savitojo pavirSiaus ploto Sger
arametrai

Bandinys | BET tiesés lygties konstantos | Ikrovos Savitasis
Tiesés Ordinaciy asyje | mono- I Kons- Reik$mingumo
polinkio atkertamos sluoksnio p?VHSlaUS tanta, koeficientas,
kampas, atkarpos ilgis, | | talpa, Xm, E otas, 2 Ceer R?
S = tga g BET, M?/g

Adsorben-

tas A2 75,21 0,32 0,013 46,13 233,78 0,9993

A2-750 185,58 0,74 0,005 18,70 251,33 0,9999

Adsorbento A2 struktiiroje dominuojanc¢iy pory formy skai¢iavimai parodé gana
didelj Sger ir YA veréiy skirtuma (4 lentelé). Sie rezultatai patvirtina histerezés kilpos
klasifikacijg kaip tarpinj H1 ir H3 atvejj (9 pav., a). Be to, galima teigti, kad
adsorbento A2 struktiroje susidaré tiek cilindrinés formos, tiek lygiagreéiyjy
plokstumy formos poros.

4 lentelé. Adsorbento A2 suminio pavirSiaus ploto skaiiavimo rezultatai
taikant skirtingy formy pory modelius

e . . Skai¢iavimo  rezultatai  taikant

Skai¢iavimo  rezultatai  taikant Iyeiaeretiniu plokétumu formu bor
S cilindriniy formy pory modelj rzg degli wup Y U pory

Bandinys BeT

y megt | o, |Seer— | [Seer— | ZVp, | o, [SeeT — | [SeeT — | =V,

meat | AL | ZAL x10° | o0a | ZAL YA, x103
9 m2g? | % cmigt 9 m2g? | % cmigt

ﬁgsorbe”tas 4613 |5229 |616 | 1334 | 0207 |3530 | 1074 | 2320 | 0188

Apskai¢iuota, kad adsorbento A2 bandinio kaupiamojo pory tirio verté
priklauso nuo taikomo modelio ir yra lygi (V) 0,207 (4 lentelé). Skirtingo tiirio pory
dydziy pasiskirstymai parodé, kad adsorbentas A2 yra mezoporé medZziaga, nes
bandinyje dominuoja 3—-12 nm skersmens poros.

Siekiant nustatyti Cu?*, Co?" ir Cr®* jony jtakg adsorbento A2 terminiam
stabilumui, buvo iSanalizuoti RSDA duomenys, gauti bandinius apdorojus 25—
1000 °C temperatiiros intervale. Nustatyta, kad A2-Cu bandinys i$lieka stabilus 25—
600 °C temperatiiroje (7 pav.). O §tai esant aukStesnei temperatiirai buvo pastebétas
CuO (PDF Nr. 00-048-1548) susidarymas. Biitina pazyméti, kad minéti junginiai
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isliko stabilts iki 1000 °C. Tac¢iau adsorbentas A2 su jterptais Co?* jonais islieka
stabilus esant 25-700 °C temperatiirai. IStirta, kad 700 °C temperatiiroje susidaro
Co0304 (PDF Nr. 00-043-1003), kuris islieka stabilus iki 1000 °C. Nagrinéjant A2-Cr
RSDA kreives pastebéta, kad bandinys islieka stabilus esant 25-550 °C temperatiirai.
Istirta, kad nauji junginiai, CaCrO4 (PDF Nr. 00-008-0458) ir Cr.Os (PDF Nr. 00-038-
1479), atitinkamai susidaro esant 550 °C ir 850 °C temperatiirai. Nustatyta, kad
didéjant temperatarai, visuose tirtuose bandiniuose esant ~650 °C temperatiirai skyla
kalcio karbonatas, o pusiau kristalinio tipo junginiai persikristalizuoja i volastonita
(700-750 °C temperatiiroje) ir 5-C»S (800-850 °C temperatiiroje) bei susidaro CaO
(PDF Nr. 00-002-1088).
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7 pav. A2-Cu RSDA kreivés 25-1000 °C temperatiiros intervale. Cia: k — CaCOs; U —
CuO; A — CaO; w — volastonitas; g — -C.S

Remiantis RSD analizés 25-1000 °C temperatiiros intervale duomenimis, buvo
pasirinkta adsorbento A2 bandiniy su jsiterpusiais metaly jonais pavirSiaus
mikrostruktiiros ir savitojo pavirSiaus ploto tyrimus tgsti su bandiniais, apdorotais:

e adsorbento A2 su jsiterpusiais Cu?* jonais, iSdegtais 600 °C
temperattiroje (toliau Zymima: A2-Cu600);

e adsorbento A2 su jsiterpusiais Co?* jonais, iSdegtais 750 °C
temperattiroje (toliau Zymima: A2-Co750);

e adsorbento A2 su jsiterpusiais Cr®" jonais, isdegtais 550 °C
temperatiroje (toliau Zymima: A2-Cu550).
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Nustatyta, kad A2-Cu, A2-Cu600 ir A2-Co750 bandiniy N adsorbcijos/
desorbcijos izotermés atitinka 1V tipo H1 histerezés kilpas, kurios priskiriamos gerai
apibréztoms, j cilindrus panaSioms mezoporinéms medziagoms. O stai A2-Co, A2-Cr
ir A2-Cr550 bandiniy adsorbcijos/desorbcijos izotermes galima priskirti IV tipo H1 ir
H3 histerezés kilpoms; tai rodo, kad junginiai gali biiti sudaryti i§ plokstele ir plySius
primenanciy mezoporiy medziagy.

Atlikus skai¢iavimus pagal BET metoda ir Kelvino lygtj bei Orr schema, buvo
nustatyta, kad ant visy tirty bandiniy pavirsiaus susidaro stabilus N, vienmolekulinis
dujy sluoksnis (5 lentelé). Nustatyta, kad A2-Co bandinio Cger konstanta yra beveik
lygi pradiniam adsorbento A2 junginiui, 0 A2-Co750 pasizymi didZiausia Cger
konstanta i$ visy tirty junginiy (5 lentelé). Bitina pazymeéti, kad A2-Co750 bandinio
pavirsiaus ploto skai¢iavimo rezultatas rodo, kad po degimo bandinio Sget sumazéjo
beveik 6 kartus iki 8,53 m?/g lyginant su nedegtu bandiniu A2-Co (50,05 8,53 m?/g)
(5 lentel¢). O s$tai bandiniai su jsiterpusiais Cu ir Cr jonais pasizymi 2-2,5 karto
mazesnémis Cger konstantomis, lyginant su pradiniu adsorbento A2 bandiniu, ta¢iau
pavirSiaus plotas Sget i§liko artimas adsorbento A2 bandiniui.

5 lentelé. Adsorbento A2 su jsiterpusiais Me™ jonais bandiniy savitojo
avirSiaus ploto Sger parametrai

Bandinys | BET tiesés lygties konstantos | Ikrovos Savitasis
Tle§és_ Ordinaciy aSyje | mono- pavirSiau Konstanta | Reikimingumo
polinkio atkertamos sluoks- s plotas, C koeficientas. R
kampas, atkarpos ilgis, | | nio talpa, | Sger, BET '
S =tga Xm, g m?/g
A2-Cu 54,47 0,57 0,018 63,31 95,93 1,00
A2-Cu600 81,63 0,59 0,012 42,38 137,16 0,9991
A2-Co 69,34 0,28 0,01 50,06 252,95 0,9995
A2-Co750 407,38 3,24 0,002 8,53 319,82 0,9969
A2-Cr 79,72 1,05 0,012 43,14 76,94 0,9998
A2-Cr550 84,20 1,42 0,012 40,70 60,35 0,9999

Adsorbcijos / desorbcijos izotermiy tyrimus papildo ir Sger, ir YA veréiy
skirtumy skai¢iavimai (6 lentel¢). Nustatyta, kad A2-Cu ir A2-Cu600 bandinio
struktiiroje susidaré cilindrinés formos poros, nes skirtumas tarp Sger ir Y A verciy
atitinkamai lygus 21,97 % ir 22,44 % (6 lentel¢). Taciau A2-Co bandinio
adsorbcijos / desorbcijos izotermé negali bati siejama su H3 histerezés kilpa
(11 pav.), nes lygiagreciyjy plokStumy formos pory modelio Sger ir YA veréiy
skirtumas yra Zymiai didesnis nei leistinos ribos (30,84 %). Apskai¢iuoti duomenys
rodo, kad A2-Co ir A2-Co750 bandiniy struktiiroje susidaré tik cilindring forma
primenancios poros, 0 A2-Cr bandinyje — lygiagreciyjy plokstumy formos poros
(6 lentelé). Nustatyta, kad A2-Cr550 bandinio negalima priskirti jokiam pory
modeliui (6 lentelé).
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6 lentelé. Adsorbento A2 su jsiterpusiais Me* jonais bandiniy suminio
avirSiaus ploto skaiCiavimo rezultatai taikant skirtingy formy pory modelius

e . . Skai¢iavimo  rezultatai  taikant
S.k.alClZ.lV.lmO rezultatai .talkant lygiagretiyjy plokstummy formy pory
' Seer, cilindriniy formy pory modelj modelj
Bandinys m?gt SA [SeeT— | |SeeT — | ZVp, SA |Seer — | |SBeT — | ZVb,
mzé-l ZA], ZA|, x103 mzé'l TA| TA| x103
migl | % cmg? megl | % cm3g?
A2-Cu 63,31 | 77,22 1391 | 2197 | 0,191 | 3929 |2402 |3794 |-
A2-Cu600 42,38 | 51,89 | 9,51 2244 10,114 2149 | 20,89 | 4929 | -
A2-Co 50,06 | 54,33 | 4,27 8,53 0,125 | 3462 | 1544 |3084 | —
A2-Co750 8,53 7,66 0,87 10,20 | 0,028 | 4,33 4,20 4924 | -
A2-Cr 43,14 | 6736 | 2422 | 56,13 | - 4453 | 1,39 3,22 0,171
A2-Cr550 40,70 | 54,70 | 1400 | 3439 | 0,129 | 27,79 | 1291 | 31,73 | 0,109

Nustatyta, kad visi nagrinéti bandiniai, iSskyrus A2-Co, yra mezoporés
medziagos, nes jose dominuoja 2-15nm skersmens poros. O $tai A2-Co yra
mikroporé medziaga, nes joje dominuoja 2—3 nm skersmens poros.

5.3.3 Skirtingos struktiiros kalcio hidrosilikaty sintezé su jterptais Cu?* Co?" ir
Cr3* jonais

Remiantis ankstesniais adsorbcijos tyrimais, tolimesniuose tyrimuose buvo
nuspresta tirtus sunkiuosius metalus jterpti hidroterminés sintezés metu. Hidroterminé
sintezé atlikta sumai$ius SiO2-nH20 ir CaO (C/S = 1,5) miSinj su Cu(NO3),-3H,0,
Co(NOs3)2:6H20 ar Cr(NOs)3-9H,0 tirpalu (Me** jony koncentracija 10 g/l), kai
tirpalo ir kietosios medziagos santykis lygus 10. RSDA duomenys parodé, kad po
hidroterminés sintezés CaO-SiO,-Cr(NOs)-3H.O (8 pav.,, a) ar CaO-SiO,-
Co(NOs),-6H.0 (8 pav., b) produktuose susidaré pusiau kristaliniai kalcio
hidrosilikatai CSH (I) ir/arba CSH (II). Be to, dél karbonizacijos, kai produktai buvo
dziovinami oro kondicionavimo kameroje, RSDA rentgenogramose buvo
identifikuota kalcito pédsaky. Verta paminéti, kad chromo ir kobalto jonai neturi
itakos sintezés produkty mineralinei sudéciai, nes tomis paciomis grynos sistemos
(Ca0-Si02-H20) sintezés sglygomis susiformavo tik CSH (I), CSH (II) ir kalcitas
(8 pav., a, b), 0 RSDA rezultatai neparodé junginiy, kuriuose yra Cr** Co?" arba NO*
jony, susidarymo. Taciau po hidroterminio apdorojimo CaO-SiO,-Cu(NOs3)2-3H.0
miSinyje RSDA rezultatai parodé, kad sintezés produkte be CSH (1) ir/arba CSH (1I)
ir kalcito, susidaré CuO (8 pav., ¢). AAS rezultatai parodé, kad po sintezés Me** jony
koncentracija skystose terpése nevirsija net 0,001 % nuo pirminés chromo, kobalto ar
vario jony koncentracijos.
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8 pav. H-Cr (a), H-Co (b) ir H-Cu (¢) bandiniy RSDA kreivés. Cia: k — CaCOs;
¢ — C-S-H(I)/C-S-H(ll); U - CuO

Siekiant nustatyti susidariusiy junginiy terminj stabilumg ir jy Kkatalitinj
aktyvuma, sintezés produktai buvo iSdegti aukstos temperatiros kameroje. RSDA
rezultatai, gauti bandinius apdorojus 25-1000 °C temperatiiros intervale, parodé, kad
H-Cr (9 pav.) ir H-Co (10 pav., b) bandiniai i§lieka stabiliis 25-550 °C temperatiiros
diapazone, o H-Cu bandinys — iki 600 °C temperatiros (10 pav., a). Padidinus degimo
temperattirg (>550 °C), H-Cr bandinyje pradeda formuotis kalcio chromatas CaCrO4
(PDF Nr. 00-008-0458) ir chromo oksidas Cr,Oz (PDF Nr. 00-002-1362) (9 pav.), 0
H-Co bandinyje — CoO. Be to, minéti junginiai iSlieka stabiliis iki 1000 °C
temperatiros. Taciau H-Cu bandinio RSDA junginys iSliko stabilus 25-800 °C
temperatiiros intervale, o temperattrai didéjant iki 1000 °C Siam junginiui biidingas
difrakciniy smailiy intensyvumas did¢jo. Bitina paminéti, kad visuose bandiniuose
800-850 °C temperatiiros intervale C-S-H (I), C-S-H (1) ir kalcito junginiai ima
persikristalizuoti ir pradeda formuotis kalcio silikatai volastonitas bei S-C.S.
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10 pav. H-Cu600 (a) ir H-C0550 (b) bandiniy RSDA kreivés.
Cia: k — CaCOs; U — CuO

Siekiant nustatyti susidariusiy junginiy = struktiirinius  skirtumus po
hidrotermingés sintezés ir degimo, buvo atlikti produkty pagal BET metodg ir Kelvino
lygti bei Orr schemg skaiciavimai. Remiantis RSDA rezultatais, gautais bandinius
apdorojus 25-1000 °C temperatiros intervale, H-Cr, H-Co bandiniai buvo isdegti
550 °C, 0 H-Cu 600 °C temperaturoje 24 h, kai temperattira buvo pasiekta per 48 h
(atitinkamai bandiniai toliau Zymimi: H-Cr550, H-Cu600 ir H-C0550). Nustatyta, kad
H-Cr bandinio struktiiroje degimo metu dominuojanéiy pory forma pasikeité i§
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lygiagreciyjy plokstumy formos pory j aiskiai apibréztas cilindrinés formos poras, nes
H-Cr550 bandinyje skirtumas tarp Sger ir > A ver¢iy buvo tik 7,73 % (7 lentelé). Tokia
pati situacija stebima ir su H-Cu bandiniu (7 lentelé). Nustatyta, kad H-Co bandinio
kaupiamojo pory tiirio verté priklauso nuo taikomo modelio ir yra lygi 0,419 cm®/g
(7 lentelé). Apskaiciuota, kad H-Co550 bandiniui negalima priskirti pory struktiiros
modelio, nes skirtumas tarp Sger ir YA ver¢iy abiem atvejais virSija numatytas ribas
(7 lentelé).

7 lentelé. Hidroterminés sintezés metu jterpty Me** jony bandiniy suminio pavirSiaus
loto skai¢iavimo rezultatai taikant skirtingy formy pory modelius

Skai¢iavimo  rezultatai  taikant

lygiagreciyjy plokstumy formy pory

Skai¢iavimo rezultatai taikant
cilindriniy formy pory modelj

. SgeT, modelj
Bandinys migL |SeeT— Vp, |SeeT — Ve,
YA, TA| [Seer — x10° ZA, TA| [Seet — x103
m2gt ng’-l TAl % e m2g- ngy'l 2A|, % cmégt
H-Cr 104,76 | 134,46 | 29,70 28,35 | - 84,46 | 20,68 | 19,37 | 0,278
H-Cr550 | 68,92 | 7425 | 533 7,73 0,232 | 3727 |3165 |4592 |-

H-Cu 80,24 | 115,17 | 34,93 4353 | — 75,85 | 4,39 547 0,341
H-Cu600 | 55,51 | 66,53 | 11,02 1985 | 0124 | 3448 | 2103 |3789 | 0,105
H-Co 132,23 | 180,63 | 48,40 36,60 | — 114,73 | 17,50 | 13,23 | 0,419
H-Co550 | 47,34 | 31,32 | 16,02 33,84 | 0,09 | 2014 | 27,20 | 57,46 | 0,086

Nustatyta, kad H-Cu bandinio azoto adsorbcijos—desorbcijos izoterméje
identifikuojama IV tipo H3 histerezés kilpa, budinga j ploksteles panasioms daleléms
ir j plysius panasioms poroms. Siuos rezultatus papildé pory tiirio skai¢iavimas, kuris
rodo, kad skirtumas tarp H-Cu bandinio Sger ir Y A verciy buvo lygus tik 5,47 %, o
kaupiamojo pory tuirio verté lygi 0,341 cm®/g (7 lentel¢). Nustatyta, kad H-Cu600 gali
bati priskiriamas II tipo izotermei, o tai reiSkia, kad $is junginys yra neporiné arba
makroporé medziaga.

Bandiniy pavirSiaus ploto skai¢iavimai parodé¢, kad H-Cr ir H-Cr550 bandiniy
Ceet konstanty vertés atitinkamai lygios 65,56 ir 421,30 (8 lentelé). Didele H-Cr550
bandinio Cger konstantos verte galima paaiSkinti azoto adsorbcija energetiskai
aktyviose bandinio vietose (tikétina, ant CaCr,0O4 kristaly) arba mikropory uzpildymu.
Apskaiciuota, kad H-Cr bandinys pasizymi dideliu pavirSiaus plotu — 104,76 m?/g
(8 lentelé). Taciau isdegto bandinio pavirSiaus ploto verté sumazéjo iki 68,92 m?/g
(8 lentelé).

ISnagrinéti H-Cu600 bandinio skai¢iavimai rodo, kad S$io junginio Cger
konstanta (40,77) sumaz¢ja 4 kartus, lyginant su H-Cu bandiniu (163,00) (8 lentelé¢).
Reikéty pazymeéti, kad, nepaisant didelio Cger konstanty skirtumo, H-Cu ir H-Cu600
bandiniy pavirsiaus plotas Sget sumazéjo tik nuo 80,24 m?/g iki 55,51 m?/g (8 lentel¢).

O stai H-Co ir i8degto H-Co550 bandiniy Cger konstantos skaiciavimuose
gaunami priesingi rezultatai. ISdegto bandinio Cger konstantos padidéja daugiau nei
10 karty lyginant su neiSdegtu bandiniu, ta¢iau skai¢iavimai atlickami jvertinus tik tris
izotermés taskus (8 lentelé). Nustatyta, kad H-Co bandinio struktiiroje susidaré tik j
plys$ius panasios poros (8 lentelé), nes skirtumas tarp Sger ir > A verciy buvo lygus
13,23 %.
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8 lentelé. Hidroterminés sintezés metu jterpty Me™ jony bandiniy savitojo
avirSiaus ploto Sger parametrai

Bandinys | BET tiesés lygties | Ikrovos

konstantos monosluoksnio Savitasis

Tle.ses' Ovrd_macu; talpa, Xm, g pavirsiaus Konstanta Relk_smmgumo

polinkio | asyje koeficientas,

plotas, Ceer 2
kampas, | atkertamos Seer, m2lg R
S=tga | atkarpos '
ilgis, |

H-Cr 32,70 0,51 0,030 104,76 65,56 0,9950
H-Cr550 | 50,44 0,12 0,020 68,92 421,3 0,9950
H-Cu 43,17 0,27 0,023 80,24 163,00 0,9998
H-Cu600 | 61,23 1,54 0,016 55,51 40,77 0,9994
H-Co 25,99 0,36 0,038 132,23 73,12 0,9999
H-Co550 | 73,51 0,10 0,014 47,34 773,13 0,9996

5.3.4 Katalizatoriaus aktyvumas oksidacijos reakcijose

Katalizinis sintetiniy ir degty bandiniy aktyvumas buvo iSmatuotas visiSkai
oksiduojant propanolj oro sraute. Pagrindinis visiSkos oksidacijos produktas yra
anglies dioksidas; taigi pagrindinis katalizatoriaus veikimo parametras yra lakiyjy
organiniy junginiy koncentracijos sumazéjimas, lyginant su CO. koncentracijos
padidéjimu. Nustatyta, kad eksperimento pradzioje (150 °C), naudojant H-Cr ir H-
Cr550 bandinius, propanolio koncentracija iSeinan¢iame sraute sumazgjo atitinkamai
iki 56,5 % ir 51,8 % (11 pav.). Taciau tolesné analizé parodé¢, kad iSeinanéiame sraute
néra CO,, 0 tai rodo, kad propanolis buvo adsorbuotas bandiniuose, bet nebuvo
oksiduotas. Didesn¢ propanolio adsorbcija sintetiniame bandinyje galima paaiskinti
didesniu jo pavirsiaus plotu (104,76 m?/g) nei degto bandinio (68,92 m?/g) (8 lentel¢).

Didinant temperattira, propanolio oksidacija intensyvéja, nes iSeinanciame
sraute didéja CO, koncentracija. Nustatyta, kad H-Cr bandinys pasieké 95 %
konversijg esant mazdaug 240 °C temperatirai, Tai rodo, kad pusiau kristaliniai kalcio
hidrosilikatai su jsiterpusiais chromo jonais gali keisti deguonj heterogenisko
oksidacijos proceso metu. O $tai H-Cr550 bandinys pasizymi prastesnémis katalizinés
oksidacijos savybémis, nes anglies dioksidas susidaré daug 1é¢iau — 95 % konversija
buvo pasiekta tik esant aukstesnei nei 290 °C temperatiirai (11 pav.). Galima daryti
i8vada, kad kalcio chromato susidarymas neigiamai veikia propanolio oksidacijos
reakcijas, todél sintetinis bandinys turéty buti naudojamas zemesngje nei 500 °C
temperattiroje (siekiant iSvengti kalcio chromato susidarymo).
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5.4 Tikslinés paskirties junginiy sintezés periodinio veikimo gamyboje
technologinés rekomendacijos

12 paveiksle pateikta rekomendaciné netvarkingos ir tvarkingos struktiiros
kalcio hidrosilikaty bandiniy paruo$imo principiné schema, jungianti hidroterminés
sintezés, adsorbcijos ar terminio aktyvavimo metodus. Amorfinis SiO2-nH,O bei
CaCOs laikomi zaliavy bunkeriuose (1), (2). IS bunkerio (2) kalcio karbonatas
tiekiamas i krosnj (3), kurioje yra degamas 550 °C temperatiroje 1 h ir pasalinamas
skilimo metu susidargs CO.. Po degimo jis patenka j maliing (4). Paruostas kalcio
oksidas tiekiamas j sijotuva (5), i§ kurio susmulkinta medZiaga toliau tiekiama ant
svorinio dozatoriaus (6) ir pasveriamas reikiamas Kiekis, norint gauti C/S molinj
santykj 1,5. Amorfinis silicio dioksidas i§ zaliavy bunkerio (1) tiekiamas j malting (7).
Sumalta Zaliava sandéliuojama bunkeryje (8). Véliau sumalta medziaga tiekiama j
svorinj dozatoriy (6), pasveriantj reikiamg kiekj pagal C/S santykj. Pasverti tiek
amorfinis silicio dioksidas, tiek ir kalcio oksidas patenka j maiSytuva (12), kuriame
yra sumaiSomi tarpusavyje. Pasirenkamas sintezés metodo biidas: | — hidroterminé
tvarkingos struktiiros kalcio hidrosilikaty junginiy sintezé; Il — hidroterminé
netvarkingos struktiiros kalcio hidrosilikaty junginiy sintezé su jterptais sunkiaisiais
metaly jonais. I atveju tariniu dozatoriumi (9) | maiSytuva (12) jpilamas reikiamas
kiekis distiliuoto vandens (10 % nuo sausy medziagy). IT atveju i§ Zaliavy bunkerio
(10), pagal tai, koks metaly jono jterpimas bus vykdomas (Cu(NOs).-3H.0,
Co(NO3)2:6H.0, Cr(NOs)3-9H,0O granulés), svoriniu dozatoriumi (6) pasveriamas
reikiamas kiekis sunkiyjy metaly nitraty druskos (koncentracija 10g Me*/l).
Pasvertas reikiamas granuliy kiekis tiekiamas j periodinio veikimo propelerinj
maiSytuvg (11), pripilamas reikimas kiekis vandens norimai metaly jony
koncentracijai pasiekti ir zaliava tirpinama maiSant, kol visiskai istirpsta. Tariniu
dozatoriumi (9) j maiSytuva (12) jpilamas reikiamas kiekis 10 g Me**/l koncentracijos
tirpalo (10 % nuo sausy medziagy). Sumaisytos pradinés zaliavos siurbliu (13)
tiekiamos ] soCiyjy vandens gary autoklavg (14), ten 175°C temperatiroje
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hidrotermiskai apdorojamos 16 h. Po hidroterminés sintezés produktas siurbliu (13)
tiekiamas ] tarpinj rezervuarg (15). I$ tarpinio rezervuaro siurbliu (13) sintezés
produktas tiekiamas j biigninj vakuuminj filtra (16), kuriame yra pasalinamas po
sintezés likes perteklinis tirpalo kiekis. I§ biigninio vakuuminio filtro (16) produktas
tiekiamas j purkstuvine dziovykla (17). | proceso metu gautos tvarkingos struktiiros
kalcio hidrosilikaty granulés toliau tiekiamos i periodinio veikimo adsorberj (21), i
kurj svoriniu dozatoriumi (6) i§ zaliavy bunkerio (20), pagal tai, koks metaly jono
jterpimas bus vykdomas (Cu(NOs3)2:3H20, Co(NOs3)2:6H.0, Cr(NOs3)3-9H.0
granulés), paduodamas reikiamas kiekis nitraty druskos. Taip pat tiriniu dozatoriumi
(9) i adsorberj (21) ipilamas reikiamas kiekis distiliuoto vandens (koncentracija 1 g
Me**/1). Adsorbcijos trukmé 25 °C temperattroje yra 15 min. Po adsorbcijos proceso
bligniniame vakuuminiame filtre (16) pasalinamas perteklinis vanduo, kuris siurbliu
(13) yra grazinamas atgal j gamyba. Sio ir II proceso metu gauti netvarkingos
strukttiros kalcio hidrosilikatai su jsiterpusiais sunkiyjy metaly jonais tiekiami j krosnj
(22) ir ten i8laikomi atitinkamoje temperatiiroje pagal numatyta katalizatoriy gamybos
buda.
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12 pav. Netvarkingos ir tvarkingos struktiiros kalcio hidrosilikaty bandiniy paruos$imo
principiné schema, sujungianti hidroterminés sintezés, adsorbcijos ir terminio aktyvinimo
metodus. Cia: 1, 2, 8 — bunkeriai; 3, 22 — krosnys; 4, 7 — maliinai; 5 — sijotuvas; 6 — svoriniai
dozatoriai; 9 — thriniai dozatoriai; 10, 20 — talpyklos; 11 — propelerinis maiSytuvas;12 —
maiSytuvas; 13 — siurbliai; 14 — autoklavas; 15 — tarpinis rezervuaras; 16 — biigninis
vakuuminis filtras; 17 — purkstuviné dZiovykla; 18 — ventiliatorius; 19 — ciklonas; 21 —
adsorberis

134



5.6 ISVADOS

1. Nustatyta, kad netvarkingos ir tvarkingos struktiiros susintetinty kalcio
hidrosilikaty (CaO/SiO; = 1,5) bandiniy adsorbcijos geba bei sunkiyjy metaly jony
jsiterpimas ] jy struktiirg priklauso nuo naudojamy adsorbaty cheminés prigimties.
Istirta, kad 0,25 g/l ir 1 g/l koncentracijos tirpaluose Cu?*, Co?" ir Cr¥* adsorbcijos
geba yra labai didelé ir gali siekti 100 %. Nustatyta, kad daugelis metalo jony (>80 %)
dalyvavo jony mainy reakcijoje, o likusi jy dalis prisijungiama silpnesnémis fizikinés
saveikos jégomis.

2. Istirta, kad pseudoantrojo laipsnio modelis tinkamai apraso sunkiyjy metaly
jony adsorbcijos mechanizma, nes apskaiiuotos Qempsk reikSmés buvo artimos
eksperimentinéms Qenust reikSméms. Nustatyta, kad Cu?*, Co?* ir Cr** jony adsorbcijos
greitis (kz) priklauso nuo pradinés sunkiyjy metaly jony koncentracijos, o neutralioje
skystoje terpéje adsorbcija néra griztama, nes po desorbcijos eksperimento Cu?* ir
Cr® jony koncentracija tirpale nevirsija ~0,01 %, palyginimui Co?* jony — ~0,008 %.
Kinetiniais skai¢iavimais jrodyta, kad netvarkingos ir tvarkingos struktiiros kalcio
hidrosilikaty (CaO/SiO, = 1,5) bandiniai veikia kaip chemosorbentai.

3. Nustatyta, kad netvarkingos ir tvarkingos struktiiros kalcio hidrosilikaty
(Ca0/SiO; = 1,5) bandiniai yra stabiliis mazos koncentracijos tirpaluose (<0,25g
Me**/l), ta¢iau padidinus Cu?*, Co%" ir Cr® jony koncentracijg iki 1 g/l, buvo
identifikuoti minéty junginiy struktiiros patvarumo poky¢iai. O §tai po adsorbcijos
10 g/l tirpaluose adsorbenty kristaly struktiira buvo visiSkai suardyta ir susidaré
amorfinés blisenos junginiai ir/arba gerhardtitas — Cu(NO3)(OH)s.

4. Nustatyta, kad netvarkingos struktaros kalcio hidrosilikaty (CaO/SiO; = 1,5)
bandiniai su jsiterpusiais Cu®*, Co*" ir Cr** jonais buvo stabillis iki 550-600 °C
temperatiiros, o aukstesnéje temperatiiroje atitinkamai susidaré CuO, Co304 ir Cr0s.
Degti bandiniai yra mezoporés medziagos, kuriy savitasis pavirSiaus plotas (Sger)
kinta atitinkamai nuo 61,23 m?/g iki 73,51 m?/g. Istirta, kad sintetiniy ir degty
bandiniy struktiiroje vyrauja cilindrinés formos ir lygiagreciyjy plokstumy formos
pOros.

5. Istirta, kad hidroterminio apdorojimo sglygomis (175 °C, 16 h) sunkiyjy
metaly (1 g/l) jonai i§ skystosios terpés jsiterpia j netvarkingos struktiiros kalcio
hidrosilikaty (CaO/SiO. = 1,5) bandiniy struktiirg ir neturi jtakos sintezés produkty
mineralinei sudéciai, iSskyrus vario jonus. Be to, bandiniy savitojo pavirSiaus ploto
(Seer) verté zymiai sumazéjo ir buvo lygi 43,17; 25,99 ir 32,70 m?/g atitinkamai
chromo, vario ir kobalto nitrato tirpaluose. Pazymétina, kad hidroterminés sintezés
metu susintetinty junginiy su jsiterpusiais sunkiyjy metaly jonais terminis stabilumas
yra panasus, lyginant su adsorbentais, j kuriuos jsiterpe metaly jonai.

6. Nustatyta, kad visiskai oksiduojant propanolj oro sraute Zemesnéje nei 175 °C
temperatiiroje, susintetinti ir degti netvarkingos strukttiros kalcio hidrosilikaty
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bandiniai veikia kaip adsorbentai, o aukstesnéje temperatiiroje (daugiau nei 500 °C)
vyksta kataliziné oksidacija. Susintetintas bandinys su jterptais chromo jonais pasieké
95 % konversija 240 °C temperatiiroje, o degtas bandinys minétg verte pasieké tik
aukstesnéje nei 290 °C temperatiiroje. Kalcio chromato susidarymas neigiamai veikia
propanolio oksidacijos reakcijas. Todél susintetintas bandinys turéty biiti naudojamas
zemesngje nei 500 °C temperatiiroje.

7. Pasitlyta principiné netvarkingos ir tvarkingos struktiiros kalcio hidrosilikaty

(Cao/SiO; = 1,5) bandiniy sintezés periodinio veikimo gamyboje schema, sujungianti
hidroterminés sintezés, adsorbcijos ir terminio aktyvinimo metodus.
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Appendix 1. Adsorbent A2 texture and specific surface area

No. | Relative | Nz volume Kelvin Thickness | True Average | Average | Change, | Change, | Changeof | AtZA True Surface | Total
pressure, | adsorbed radius of N, pore Kelvin true At (R) AV ad evaporated | (x10° volume | of pore | surface,
P/Po on the V4 of the layer, t radius radius of | pore (ncm®g) | liquid cm3/g) | of the walls, TA
(ncm®g) pores, A) A) the radius, adsorbate pores, A (m%g)
r« (A) pores, rc | 1y (A) volume, Vp (m2/g)
A AV (x10° (x10°
cm®/g) cm3/g)
Calculations using between parallel plates pore model
1 0.9457 123.193 171.0 15.84 202.7 134.09 | 163.05 2.73 30.18 46.48 0.00 56.52 6.93 0.17
2 0.9064 93.0107 97.10 13.11 123.3 79.98 104.44 177 29.69 45.72 0.03 59.62 11.42 11.59
3 0.8591 63.3229 62.87 11.35 85.56 53.38 74.79 1.28 19.20 29.56 1.48 37.26 9.96 21.55
4 0.8045 441277 43.89 10.06 64.02 39.70 59.15 0.69 8.24 12.69 1.48 14.50 4.90 26.45
5 0.7643 35.8896 35.52 9.38 54.27 31.89 49.97 0.69 6.83 10.52 1.82 10.79 4.32 30.77
6 0.7135 29.0591 28.27 8.69 45.66 25.75 42.58 0.55 451 6.95 1.70 5.87 2.76 33.53
7 0.6629 245476 23.22 8.14 39.50 21.70 37.60 0.37 2.32 3.58 1.25 1.87 0.99 34.52
8 0.6230 22.2252 20.17 7.77 35.71 18.43 33.49 0.48 2.53 3.89 1.65 1.08 0.65 35.17
9 0.5642 19.7001 16.68 7.29 31.26 15.74 30.04 0.28 1.33 2.05 1.00 0.09 0.06 35.23
10 | 0.5246 18.3668 14.80 7.01 28.81 13.77 27.44 0.34 1.63 2.51 1.20 0.21 0.16 35.39
11 | 0.4726 16.7339 12.74 6.66 26.07
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Calculations using a cylindrical pore model

1 0.9457 | 123.1934 | 171.09 15.84 186.93 | 134.09 | 148.57 2.73 30.18 46.48 0.00 57.06 7.68 0.17
2 0.9064 93.0107 97.10 13.11 110.21 | 79.98 92.21 1.77 29.69 45.72 0.03 60.73 | 13.17 | 13.34
3 0.8591 63.3229 62.87 11.35 74.21 53.38 64.08 1.28 19.20 29.56 1.71 40.14 | 1253 | 25.87
4 0.8045 441277 43.89 10.06 53.95 39.70 49.42 0.69 8.24 12.69 1.77 16.91 6.84 32.72
5 0.7643 35.8896 35.52 9.38 44.89 31.89 40.93 0.69 6.83 10.52 2.25 13.63 6.66 39.37
6 0.7135 29.0591 28.27 8.69 36.97 25.75 34.16 0.55 451 6.95 2.17 8.40 4.92 44.29
7 0.6629 24.5476 23.22 8.14 31.36 21.70 29.65 0.37 2.32 3.58 1.65 3.60 2.43 46.72
8 0.6230 22.2252 20.17 7.77 27.94 18.43 25.96 0.48 2.53 3.89 2.23 3.29 2.54 49.26
9 0.5642 19.7001 16.68 7.29 23.97 15.74 22.89 0.28 1.33 2.05 1.40 1.37 1.20 50.46
10 | 0.5246 18.3668 14.80 7.01 21.81 13.77 20.60 0.34 1.63 2.51 1.72 1.77 1.72 52.18
11 | 0.4726 16.7339 12.74 6.66 19.40 11.95 18.47 0.29 1.01 1.55 1.50 0.10 0.11 52.29
12 | 0.4250 15.7287 11.16 6.38 17.53
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Appendix 2. A2-750 texture and specific surface area

No. | Relative N, volume | Kelvin Thickness | True Average | Average | Change, | Change, | Changeof | AtZA True Surface | Total
pressure, adsorbed radius of N, pore Kelvin true At (A) AV ad evaporated | (x10° volume | of pore | surface,
P/Po on the V4 of the layer, t radius radius pore (ncm®lg) | liquid cm3/g) | of the walls, TA
(ncm®g) pores, A A) of the radius, adsorbate pores, A (m%g)
r« (A) pores, 1 | 1o (A) volume, Vp (m2/g)
A AV (x10° (x10°
cm3/g) cm3/g)
Calculations using between parallel plates pore model
1 0.94853 20.3239 180.65 16.13 21291 | 137.30 | 166.40 3.16 4.08 6.29 0.00 7.62 0.92 0.17
2 0.90339 16.2415 93.96 12.97 119.90 77.13 101.29 1.78 2.98 4.58 0.03 5.94 1.17 1.34
3 0.85357 13.2652 60.30 11.19 82.67 53.10 74.51 0.97 1.33 2.05 0.13 251 0.67 2.02
4 0.81227 11.934 4591 10.22 66.35 40.78 60.39 0.83 114 1.75 0.17 2.10 0.70 2.71
5 0.76509 10.7966 35.65 9.39 54.44 32.09 50.20 0.67 0.89 1.38 0.18 1.58 0.63 3.34
6 0.71553 9.9029 28.52 8.72 45.95 26.05 42.95 0.53 0.79 1.22 0.18 142 0.66 4.00
7 0.66717 9.1124 23.59 8.18 39.95 21.76 37.68 0.45 0.45 0.69 0.18 0.58 0.31 431
8 0.61952 8.6621 19.94 7.74 35.41 18.53 33.62 0.38 0.53 0.81 0.17 0.87 0.52 4.83
9 0.57262 8.1351 17.12 7.35 31.83 15.96 30.32 0.35 0.49 0.75 0.17 0.79 0.52 5.35
10 | 0.52469 7.6457 14.80 7.01 28.81 13.84 27.53 0.32 0.50 0.77 0.17 0.85 0.62 5.97
11 | 0.47649 7.1471 12.88 6.69 26.25 11.91 24.94 0.35 0.52 0.80 0.21 0.80 0.64 6.61
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12 | 0.41825 6.626 10.95 6.34 23.62 10.39 22.84 0.22 0.35 0.54 0.15 0.54 0.48 7.09
13 | 0.37858 6.2726 9.83 6.11 22.05 9.26 21.24 0.24 0.38 0.59 0.17 0.56 0.53 7.62
14 | 0.33353 5.8891 8.69 5.87 20.43 8.16 19.65 0.25 0.37 0.57 0.19 0.47 0.48 8.10
15 | 0.28639 5.516 7.63 5.62 18.87 7.15 18.14 0.25 0.33 0.51 0.20 0.26 0.29 8.39
16 | 0.23884 5.1875 6.67 5.37 17.41 6.22 16.71 0.25 0.37 0.57 0.21 0.41 0.49 8.88
17 | 0.19162 4.8159 5.78 5.12 16.02 5.36 15.33 0.26 0.39 0.59 0.23 0.36 0.47 9.35
18 | 0.14438 4.4309 4.93 4.86 14.65 4,51 13.94 0.29 0.39 0.60 0.27 0.17 0.25 9.59
19 | 0.09719 4.0401 4.10 4.57 13.23 3.64 1241 0.36 0.47 0.72 0.35 0.08 0.13 9.73
20 | 0.05029 3.5714 3.19 4.20 11.60
Calculations using a cylindrical pore model

1 0.94853 20.3239 180.65 16.13 196.78 | 137.30 | 151.85 3.16 4.08 6.29 0.00 7.69 1.01 0.17
2 | 0.90339 | 16.2415 93.96 12.97 106.93 | 77.13 89.21 1.78 2.98 4.58 0.03 6.09 1.37 1.54
3 0.85357 13.2652 60.30 11.19 71.48 53.10 63.81 0.97 1.33 2.05 0.15 2.74 0.86 2.40
4 0.81227 11.934 4591 10.22 56.13 40.78 50.59 0.83 114 1.75 0.20 2.39 0.95 3.34
5 | 0.76509 | 10.7966 35.65 9.39 45.04 32.09 41.14 0.67 0.89 1.38 0.23 1.89 0.92 4.26
6 0.71553 9.9029 28.52 8.72 37.24 26.05 34.50 0.53 0.79 1.22 0.23 1.74 1.01 5.27
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7 | 0.66717 9.1124 23.59 8.18 31.77 21.76 29.72 0.45 0.45 0.69 0.23 0.86 0.58 5.84
8 | 0.61952 8.6621 19.94 7.74 27.68 18.53 26.08 0.38 0.53 0.81 0.22 1.16 0.89 6.74
9 | 0.57262 8.1351 17.12 7.35 24.48 15.96 23.14 0.35 0.49 0.75 0.23 1.09 0.94 7.68
10 | 0.52469 7.6457 14.80 7.01 21.81 13.84 20.69 0.32 0.50 0.77 0.24 1.17 1.13 8.81
11 | 0.47649 7.1471 12.88 6.69 19.57 1191 18.43 0.35 0.52 0.80 0.31 1.18 1.28 10.09
12 | 0.41825 6.626 10.95 6.34 17.29 10.39 16.61 0.22 0.35 0.54 0.23 0.81 0.98 11.07
13 | 0.37858 6.2726 9.83 6.11 15.94 9.26 15.25 0.24 0.38 0.59 0.27 0.87 1.14 12.20
14 | 0.33353 5.8891 8.69 5.87 14.56 8.16 13.91 0.25 0.37 0.57 0.30 0.79 1.13 13.34
15 | 0.28639 5.516 7.63 5.62 13.25 7.15 12.64 0.25 0.33 0.51 0.33 0.55 0.86 14.20
16 | 0.23884 5.1875 6.67 5.37 12.04 6.22 11.47 0.25 0.37 0.57 0.36 0.74 1.29 15.49
17 | 0.19162 4.8159 5.78 5.12 10.90 5.36 10.34 0.26 0.39 0.59 0.41 0.69 1.34 16.83
18 | 0.14438 4.4309 4.93 4.86 9.79 451 9.23 0.29 0.39 0.60 0.49 0.46 1.00 17.82
19 | 0.09719 4.0401 4.10 4.57 8.66 3.64 8.03 0.36 0.47 0.72 0.65 0.36 0.89 18.72
20 | 0.05029 3.5714 3.19 4.20 7.39
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Appendix 3. H-Cr texture and specific surface area

No. | Relative N, volume | Kelvin Thickness | True Average | Average | Change, | Change, | Changeof | AtZA True Surface | Total
pressure, adsorbed radius of N, pore Kelvin true At (A) AV ad evaporated | (x10° volume | of pore | surface,
P/Po on the V4 of the layer, t radius radius pore (ncm®lg) | liquid cm3/g) | of the walls, TA
(ncm®g) pores, A A) of the radius, adsorbate pores, A (m%g)
r« (A) pores, 1 | 1o (A) volume, Vp (m2/g)
A AV (x10° (x10°
cm®/g) cm3/g)
Calculations using between parallel plates pore model
1 0.95 190.5081 | 173.93 15.93 205.78 | 13555 | 164.59 2.81 23.33 35.92 0.00 43.62 5.30 0.17
2 0.91 167.1814 97.17 13.12 123.40 80.02 104.49 177 31.06 47.84 0.03 62.38 11.94 1211
3 0.86 136.1194 62.88 11.35 85.58 54.27 75.82 1.15 24.04 37.02 1.39 47.83 12.62 24.73
4 0.81 112.0824 45.66 10.20 66.06 40.41 59.95 0.85 19.84 30.56 211 39.09 13.04 37.77
5 0.76 92.2393 35.15 9.35 53.85 31.71 49.75 0.65 13.67 21.06 2.47 25.28 10.16 47.93
6 0.71 78.5648 28.27 8.69 45.66 25.82 42.67 0.53 9.58 14.75 2.56 15.91 7.46 55.39
7 0.66 68.9852 23.37 8.16 39.69 21.78 37.71 0.39 6.40 9.86 2.15 9.61 5.10 60.48
8 0.62 62.5832 20.19 7.77 35.72 18.73 33.87 0.39 6.15 9.48 2.38 8.52 5.03 65.51
9 0.58 56.4302 17.27 7.38 32.02 16.06 30.44 0.36 5.47 8.42 2.38 6.96 4.57 70.08
10 0.53 50.9606 14.84 7.01 28.87 13.94 27.67 0.30 6.53 10.05 2.07 11.73 8.48 78.56
11 0.48 44.4335 13.04 6.72 26.48 12.07 25.16 0.35 5.90 9.08 2.76 7.43 5.90 84.46
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12 0.42 38.5345 11.10 6.37 23.83
Calculations using a cylindrical pore model

1 0.9466 190.5081 | 173.93 15.93 189.85 | 135.55 | 150.07 2.81 23.33 35.92 0.00 44.03 5.87 0.17
2 0.9064 | 167.1814 | 97.17 13.12 110.28 | 80.02 92.26 1.77 31.06 47.84 0.03 | 6354 | 13.77 | 13.94
3 0.8591 | 136.1194 | 62.88 11.35 74.23 54.27 65.04 1.15 24.04 37.02 1.60 | 50.87 | 15.64 | 29.59
4 0.8113 | 112.0824 | 45.66 10.20 55.86 4041 50.18 0.85 19.84 30.56 252 | 4324 | 17.23 | 46.82
5 0.7622 92.2393 35.15 9.35 44.50 3171 40.73 0.65 13.67 21.06 3.07 | 29.68 | 14.57 | 61.40
6 0.7134 78.5648 28.27 8.69 36.97 25.82 34.25 0.53 9.58 14.75 3.28 | 20.18 | 11.78 | 73.18
7 0.6647 68.9852 23.37 8.16 31.53 21.78 29.74 0.39 6.40 9.86 2.85 | 13.08 | 8.79 | 81.97
8 0.6232 62.5832 20.19 7.77 27.96 18.73 26.30 0.39 6.15 9.48 3.23 12.32 9.37 91.34
9 0.5753 56.4302 17.27 7.38 24.64 16.06 23.25 0.36 5.47 8.42 331 10.71 9.21 100.56
10 | 0.5256 50.9606 14.84 7.01 21.86 13.94 20.81 0.30 6.53 10.05 297 | 1577 | 1515 | 11571
11 0.4810 44.4335 13.04 6.72 19.76 12.07 18.61 0.35 5.90 9.08 4.07 11.93 12.82 | 128.53
12 0.4232 38.5345 11.10 6.37 17.47 10.56 16.81 0.22 2.18 3.36 2.77 1.48 1.76 130.29
13 0.3854 36.3551 10.01 6.15 16.16 9.28 15.27 0.32 3.07 4.72 4.13 1.60 2.09 132.38
14 0.3270 33.2882 8.54 5.83 14.37 8.12 13.85 0.20 187 2.87 2.62 0.73 1.05 133.44
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15 | 0.2894 31.4217 7.70 5.63 13.33 7.14 12.62 0.29 2.63 4.05 3.87 0.57 0.90 | 134.33
16 | 0.2339 28.7934 6.57 5.34 11.92 6.20 11.44 0.21 1.82 2.80 2.78 0.07 0.13 | 134.46
17 | 0.1948 26.9724 5.84 5.14 10.97
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Appendix 4. H-Cr550 texture and specific surface area

No. | Relative N, volume | Kelvin Thickness | True Average | Average | Change, | Change, | Change of | AtZA True Surface | Total
pressure, | adsorbed radius of N, pore Kelvin true At (A) AV ad evaporated | (x10° volume | of pore | surface,
P/P, on the V4 of the layer, t radius radius pore (ncm®g) | liquid cm3/g) | of the walls, SA
(ncm®/g) pores, A) A of the radius, adsorbate pores, A (m?/g)
r« (A) pores, 1 | 1o (A) volume, Vp (m2/g)
A) AV (x10° (x10°
cm?/g) cm3/g)
Calculations using between parallel plates pore model
1 0.95 141.2279 | 171.77 15.86 203.50 | 133.24 | 162.11 2.86 31.53 48.56 0.00 59.08 7.29 0.17
2 0.90 109.6953 94.71 13.01 120.72 78.50 102.82 1.70 34.68 53.40 0.03 69.87 13.59 13.76
3 0.86 75.0192 62.29 11.31 84.91 53.11 74.49 124 21.74 33.48 171 42.17 11.32 25.08
4 0.80 53.2764 43.94 10.07 64.07 39.60 59.02 0.71 8.48 13.06 1.78 14.14 4.79 29.87
5 0.76 44.7967 35.26 9.36 53.98 31.58 49.60 0.70 6.11 9.41 2.10 8.19 3.30 33.18
6 0.71 38.6837 27.90 8.65 45.21 25.70 42.52 0.48 3.49 5.37 1.60 3.59 1.69 34.86
7 0.67 35.1953 23.49 8.17 39.83 21.51 37.36 0.49 3.10 4.77 1.70 2.37 1.27 36.13
8 0.61 321 19.53 7.68 34.90 18.37 33.43 0.32 1.86 2.86 1.14 1.05 0.63 36.76
9 0.57 30.2449 17.22 7.37 31.95 16.10 30.50 0.34 1.67 2.57 1.23 0.20 0.13 36.89
10 0.53 28.5768 14.97 7.03 29.04 13.99 27.74 0.32 1.60 247 1.18 0.20 0.14 37.03
11 0.48 26.9748 13.02 6.71 26.44 12.03 25.10 0.36 1.81 2.79 1.32 0.30 0.24 37.27

161



12 0.42 25.1648 11.05 6.35 23.76
Calculations using a cylindrical pore model

1 0.9459 141.2279 | 171.77 15.86 187.63 | 133.24 | 147.68 2.86 31.53 48.56 0.00 59.65 8.08 0.17
2 0.9041 | 109.6953 | 94.71 13.01 107.72 | 78.50 90.66 1.70 34.68 53.40 0.03 | 7119 | 1570 | 15.87
3 0.8579 75.0192 62.29 11.31 73.60 53.11 63.80 1.24 21.74 33.48 197 | 4547 | 1425 | 30.13
4 0.8047 53.2764 43.94 10.07 54.00 39.60 49.31 0.71 8.48 13.06 214 | 1693 | 6.86 36.99
5 0.7628 44.7967 35.26 9.36 44.62 31.58 40.59 0.70 6.11 9.41 2.60 | 11.26 | 555 42.54
6 0.7103 38.6837 27.90 8.65 36.56 25.70 34.11 0.48 3.49 5.37 2.05 5.85 3.43 4597
7 0.6660 35.1953 23.49 8.17 31.66 2151 29.44 0.49 3.10 4.77 2.24 4.73 3.21 49.18
8 0.6133 32.1000 19.53 7.68 27.21 18.37 25.90 0.32 1.86 2.86 1.55 2.59 2.00 51.18
9 0.5744 30.2449 17.22 7.37 24.59 16.10 23.30 0.34 1.67 2.57 1.72 1.79 1.53 52.71
10 | 0.5286 28.5768 14.97 7.03 22,01 13.99 20.87 0.32 1.60 2.47 1.69 1.73 1.65 54.37
11 0.4803 26.9748 13.02 6.71 19.73 12.03 18.56 0.36 181 2.79 1.94 2.01 217 56.54
12 0.4214 25.1648 11.05 6.35 17.40 10.48 16.72 0.23 1.06 1.64 1.28 0.92 1.10 57.63
13 0.3815 24.0999 9.91 6.13 16.04 9.34 15.35 0.24 111 1.72 1.40 0.85 111 58.74
14 0.3369 22.9852 8.77 5.89 14.66 8.24 14.00 0.25 1.15 1.77 1.46 0.91 1.30 60.04
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15 | 0.2899 21.8335 7.71 5.64 13.35 7.22 12.74 0.25 111 1.71 1.49 0.70 1.10 61.14
16 | 0.2425 20.7218 6.74 5.39 12.13 6.29 11.55 0.25 1.12 1.72 1.53 0.65 1.12 62.26
17 | 0.1951 19.6031 5.84 5.14 10.98 5.42 10.43 0.26 1.23 1.89 1.62 0.99 191 64.17
18 | 0.1480 18.3741 5.00 4.88 9.87 4.58 9.31 0.29 1.40 2.16 1.84 1.29 2.78 66.94
19 | 0.1010 16.9738 4.16 4.59 8.75 3.72 8.14 0.35 1.92 2.96 2.34 297 7.30 74.25
20 | 0.0547 15.0534 3.29 4.24 7.53
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