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INTRODUCTION

Bones are constantly renewed during the lifetime of mammals [1]. It is a
natural 3D organic-inorganic nanocomposite composed of collagen fibrils and
low crystalline nanoparticles of inorganic materials [2—4]. The primary
inorganic component in mineralized vertebrate osseous tissue consists mainly
of calcium deficient hydroxyapatite (Cajo-x<(HPO4)x(PO4)s—<(OH)2-x), partially
enriched by substitutional COs>-, Mg?*, Sr**, F-, HPO4* ions [5,6]. Although
natural bone has a significant capacity for self-healing, there are diseases and
conditions, such as osteoporosis, tumours, injuries, and other factors, that can
cause bone defects that exceed the natural remodelling capacity of the body
[7]. For such patients, external intervention treatment is required to help bone
healing and/or restoration. As an example, artificial implants with a structural
and chemical composition similar to native osseous tissue could be promising
in the restoration, replacement, support, or enrichment of the functions of hard
tissues in mammals [8,9]. Nowadays, these artificial substitutes are prepared
in a wide range of forms: powders, granules, dense or porous scaffolds, and
bioactive coatings on metallic or polymeric implants. They have been used
clinically as artificial bone substitutes due to their ability to promote the
formation of new bone by gradually replacing implanted material within the
bone defect [10]. Calcium phosphates (CPs) are known to be excellent grafts,
considering their excellent biocompatibility to the human body, controllable
biodegradability, osteoconductivity, bioactivity, and osseointegrativity [11].
Consequently, there is a significant demand for synthetic CPs in the field of
biomedical care [12,13].

The biological behaviour (biodegradation rate, osteoconductivity,
bioactivity) and mechanical properties of the CP ceramic depend greatly on
the synthesis method, as it affects the phase composition, purity, crystallinity,
size, and morphology of the particles obtained and therefore influences the
biomedical performance of artificial implants [14,15]. Therefore, the selection
of the synthesis method is very important in the preparation of materials used
for biomedical applications [10]. Numerous preparative techniques have been
discovered to synthetize substitute CP materials at high temperatures [16,17].
However, the resulting ceramics have an extremely high crystallinity, which
deviates significantly from natural bone [18]. Moreover, some thermally
unstable CP phases cannot be synthesized by conventional high temperature
methods [19]. Biomaterials obtained under the low temperature regime could
exhibit greater tissue compatibility than conventional bioceramics [20,21].
Wet-chemical synthesis methods, such as sol-gel, hydrothermal, microwave-
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assisted, microemulsion, and co-precipitation, in which the precursor salts are
in solution, allow for a homogeneous distribution of the starting components
and therefore allow the synthesis of the end products at relatively low
temperature [16]. A low-temperature synthesis method used to fabricate
poorly crystalline CP materials through a phase transformation based on a
dissolution-precipitation reaction is one of the techniques used to prepare
bioceramics with physicochemical properties similar to those of bone apatite
[22,23]. Itis a technique used to create new materials by dissolving a precursor
compounds and subsequently precipitating it in the desired composition and
form. The dissolution-precipitation reaction is a highly reproducible, low-cost,
and environmentally friendly synthesis method. It is possible to rigorously
control the entire synthesis process and, if necessary, tune the desired physical
and chemical properties of the materials obtained [22-24].

Magnesium whitlockite (Mg-WH: Ca;sMgx(HPO4)2(PO4)12) is a calcium
orthophosphate in which magnesium ions partially substitute calcium ions.
The ability of Mg-WH to precipitate in solutions containing magnesium,
calcium, and phosphorus at a temperature that aligns with physiological
conditions suggests its potential involvement in various biological and
pathological processes [25]. Mg-WH has been described as one of the main
inorganic components of mammalian hard tissue (along with the
aforementioned CP apatite structure); however, this has been recently
questioned [25,26]. In general, magnesium ions are essential elements with
various functions in the human body. It is involved in muscle function,
nervous system health, bone health, and numerous enzymatic processes [27].
Magnesium ions were found to promote bone formation while preventing
activity of osteoclasts [28]. Magnesium-substituted CPs have been shown to
increase the degradation rate of bioceramics, making them more suitable for
applications requiring temporary support or gradual replacement by newly
formed bone tissue [29]. Synthetic Mg-WH used as bone substitute material
has been shown to promote bone formation, stimulate osteogenic
differentiation, and prohibit osteoclast activity under physiological conditions
[28]. Although the exact abundance and distribution of Mg-WH in bone are
still subject to research and debate, interest in this magnesium-containing CP
is still being observed.

WH structure compounds contain hydrogen in the form of HPO4*" group
in their crystal structure. Dry synthesis methods require relatively high
temperatures, which would cause decomposition of the phase; therefore, low-
temperature wet synthesis methods are employed to prepare this material. WH
structure compounds have been synthesized using hydrothermal [30-32],
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precipitation [24,33—35], solvathermal [36] and dissolution-precipitation [37]
methods. It was demonstrated that pH, temperature, heating time, aging time,
and the rate at which starting materials are added to the reaction
simultaneously affect the precipitation of the pure Mg-WH phase. A subtle
change in any of these parameters could lead to the formation of undesired
stable secondary CP phase [37].

The aim of the research is to investigate the formation of Mg-WH from
brushite (dicalcium phosphate dihydrate, CaHPO4:2H,O, DCPD) and gypsum
(calcium sulphate dihydrate, CaSO4-2H>0) as starting materials via a low
temperature dissolution-precipitation process, to explore Mg-WH phase
formation and to control the synthesis conditions to influence the chemical
composition, crystallinity and morphology of the resulting powder for
potential applications in bone tissue regeneration.

The tasks of the research are the following:

« to determine Mg-WH phase purity, Ca/Mg molar ratio, crystallographic
parameters, functional groups, and morphology under altered nominal Ca to
Mg molar ratios;

« to investigate the formation of Mg-WH in an aqueous medium from
gypsum in the presence of magnesium and phosphate ions under static and
rotating conditions.

KEY DEFENESE STATEMENTS

1. The chemical composition, morphology and particle size of Mg-WH can
be adjusted by varying the Ca/Mg molar ratio in the initial synthesis solution.
Single-phase samples can be synthesised with a nominal Ca/Mg ratio from 4
to 12 via the dissolution-precipitation method from brushite. As the nominal
Ca/Mg molar ratio increases, the magnesium content in the WH structure
decreases, while the lattice parameters a and ¢ of the synthesised compounds
increase.

2. The formation of Mg-WH powder during dissolution-precipitation
synthesis at 80 °C under static and rotating conditions from an initial powder
of gypsum as a result of the formation of several intermediate products occurs
within 12 h. The synthesis under rotating conditions favours the formation of
smaller Mg-WH crystals with respect to the sample synthesized under static
conditions. Following a synthesis period of up to 24 hours, the samples exhibit
some alterations in their lattice parameters, magnesium occupancy, and lattice
volume. The synthesis conditions (static vs. rotating) influences the structural
parameters, as well as the crystallite size and crystallinity of the Mg-WH
samples.



LIST OF ABBREVIATIONS

ACP Amorphous calcium phosphate

B-TCP B-tricalcium phosphate

BCPs Biphasic calcium phosphates

CDHA Calcium-deficient hydroxyapatite

COsAp Carbonate apatite

COsAp-DP Carbonate apatite fabricated by dissolution-
precipitation method

CP Calcium phosphate

CPC Calcium phosphate cement

CSH Calcium sulphate hemihydrate

CS Chitosan

DCPD Dicalcium phosphate dihydrate

DCPA Dicalcium phosphate anhydrous

DSC Differential scanning calorimetry

FBP Fructose 1,6-bisphosphate

FT-IR Fourier transform infrared spectroscopy

HAp Hydroxyapatite

Hb Haemoglobin

ICDD International Centre for Diffraction Data

ICP-OES Inductively coupled plasma optical emission
spectrometry

MP Dimagnesium phosphate

Mg-WH Magnesium whitlockite

OCP Octacalcium phosphate

PEG Polyethylene glycol

PGA Polyglycolic acid

PLA Polylactic acid

PLGA Poly(lactic-co-glycolic) acid

SEM Scanning electron microscopy

TCP Tricalcium phosphate

TEM Transmission electron microscopy

WH Whitlockite

WHHMs Magnesium whitlockite hollow microspheres

XRD X-ray diffraction
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1. LITERATURE OVERVIEW
1.1.Bones

Bone, an extraordinary tissue, plays a vital role in the human body. It serves
as the structural framework, providing support, protection, and mobility while
participating in various physiological processes. At a macroscopic level, bone
appears as a dense and rigid structure. Bone is classified into two main types:
compact (cortical) bone and cancellous (trabecular or spongy) bone (see
Figure 1) [38]. Compact bone forms the dense outer layer of bones and
provides strength and protection. Cancellous bone, found in the inner regions,
consists of a network of interconnected trabeculae that create a porous
structure. The bone matrix consists of an inorganic (60 %) and an organic (40
%) component that provides mechanical support and plays an essential role in
bone homeostasis. The hardness and strength of bone can be attributed to the
presence of inorganic minerals, primarily calcium phosphates, which form a
crystalline mineralized matrix (see Figure 1) [39,40]. This mineralized matrix
is interspersed with collagen fibers, offering resilience and flexibility to
withstand mechanical stress and impacts [40].

]fa!lﬁ
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moalecule triple helix 15 nm gi:;nx Compact &
i Osteons and bone 8 — G
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2/ |m ~ N
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Figure 1. Scheme showing the hierarchical organization of bone from the macro-
to the nanoscale [38].

The organic matrix gives bone its tensile strength. Collagen, particularly
type I, comprises the majority (about 90 %) of the organic matrix and provides
bone with its tensile strength. The remaining 10 % of the organic matrix
consists of bone-specific proteoglycans, non-collagenous matrix proteins,
growth factors, and cytokines, all of which contribute to bone's intricate
composition [40]. The basic unit of bone collagen fiber combined with
noncollagenous proteins and water, create a highly organized and hierarchical
structure within the bone matrix [40].
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Bone serves as a reservoir for 99 % of body calcium, 85 % of body
phosphate, and 40-60 % of total sodium and potassium [40]. The inorganic
part of the hard tissue consists of a significant amount of sodium, potassium,
pyrophosphate, magnesium, carbonate, fluoride, chloride and others (see
Table 1) [41].

Table 1. Typical compositional values of the inorganic phase of adult human
calcified tissues [41].

Composition Enamel Dentin Bone
Calcium [wt. %] 36.5 35.1 34.8
Phosphorus [wt. %] 17.7 16.9 15.2
Sodium [wt. %] 0.50 0.60 0.90
Magnesium [wt. %] 0.44 1.3 0.72
Potassium [wt. %] 0.080 0.050 0.030
Carbonate [wt. %] 3.5 5.6 7.4
Fluoride [wt. %] 0.010 0.060 0.030
Chloride [wt. %] 0.30 0.010 0.13
Pyrophosphate [wt. %] 0.022 0.10 0.070
Total inorganic [wt. %] 97 70 65
Total organic [wt. %] 1.5 20 25
Water [wt. %] 1.5 10 10

Moving to the microscopic level, bones reveal a hierarchical structure
that is composed of specialized cells and distinct components. At the
microscopic scale, bones are composed of units known as osteons or
Haversian systems (see Figure 1). Each osteon consists of concentric layers of
mineralized bone matrix called lamellae, which surround a central canal
containing blood vessels and nerves. The Haversian systems, or osteons, are
arranged parallel to the long axis of the bone, allowing for effective load-
bearing capabilities and resistance to mechanical stress, therefore are
responsible for the strength and integrity of bone tissue (see Figure 1) [40].
According to its structure bone is classified into woven and lamellar. Whereas
lamellar bones are divided into cortical and cancellous. The classification of
bones helps us understand the structural and functional diversity of bone
tissue. This knowledge is crucial for various fields, including orthopedics,
biomechanics, and bone research, as it allows for a better understanding of
bone development, healing processes, and the mechanical properties of
different bone types.
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Skeletal animals are classified as invertebrates or vertebrates. The
skeleton of invertebrates consists of calcium carbonate (CaCOs3) and may
come from elements found in marine waters. On the contrary, vertebrates,
including humans, have mainly a carbonate apatite consisting of a skeleton
[COs-Ap: Caj0-a(PO4)65(CO3).], which is responsible for the strength of bone
compression [42-45]. Recent advancements in technology and scientific
research have deepened our understanding of the complex structure and
composition of vertebrates’ bone tissue [43,45]. Advanced microscopic
analysis has uncovered additional components within the inorganic part of
bone, namely, magnesium-containing CP with whitlockite crystalline
structure [35,46]. However, the composition of inorganic components in bone
tissue has been a subject of debate among researchers, leading to varying
opinions on their constituents. While CO;-Ap is widely accepted as the
primary inorganic phase in human bone, the role and significance of Mg-WH
in bone composition are still under discussion [47]. Some studies propose that
Mg-WH is a major inorganic component of bone tissue, comprising
approximately 25 % to 35 % by weight of the hard tissue in human bones [25].
However, contrasting opinions propose that Mg-WH is primarily associated
with calcifications rather than being an essential component of bone
tissue [25]. According to these perspectives, Mg-WH may form as a result of
pathological processes or mineralization.

1.1.1. Bone remodeling

Bone cells are specialized cells that are responsible for the formation,
maintenance, and remodeling of bone tissue. They play crucial roles in bone
development, repair, and overall bone health. There are several types of bone
cells, each with distinct functions [48,49]. Osteoblasts are bone-forming cells.
They are responsible for synthesizing and depositing the organic matrix of
bone tissue, creating the framework for mineral deposition. Osteocytes are
mature osteoblasts that have become embedded within the mineralized bone
matrix. They are the most abundant cells in mature bone tissue, make up 90 %
of mature skeleton calls. Osteocytes also play a critical role in maintaining
bone homeostasis by sensing mechanical strain and orchestrating bone
remodelling in response to mechanical and biochemical signals. Osteoclasts
are responsible for bone resorption, which is the process of breaking down and
removing old or damaged bone tissue. Osteoclasts secrete enzymes and acids
that dissolve the mineralized matrix to release calcium and phosphate ions into
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the bloodstream. This process is important for bone remodelling, calcium
homeostasis, and the repair of microdamage in bone tissue [40].

Together with bone cells, magnesium plays an equally important role in
the integration and regeneration of bone tissues among all inorganic species
[50]. It plays an important role in maintaining bone nucleation kinetics [51],
metabolism, formation and crystallization [52]. Compared to calcium, the
affinity of magnesium allows him to improve the integration of bone-implant
[53,54]. In the natural mineralization process, magnesium assists the
transportation of calcium ions to the active areas and plays a role in
calcification. In synthetic systems, magnesium-containing CP produces a
layer of hydroxyapatite (HAp) on the surface similar to the natural bone
healing process [55]. These properties encouraged scientists to focus on
incorporating magnesium into different CP systems [56].

Bone is a dynamic and metabolically active tissue, that undergoes
remodelling throughout life. Continuous cycle of resorption and formation
helps maintain bone integrity, repair micro-damage, and adapt to changing
mechanical demands or physiological needs. Different events, such as
development, ageing, and function, play a critical role in bone remodelling
and metabolism. In 1990 Frost defined this phenomenon as bone
remodelling [57]. Bone remodelling involves bone cells. The remodelling
cycle consists of three phases: resorption, reversal, and formation (see
Figure 2).

Active
Osteoclasts

Mononuclear

Cells
N\ Pre-Osteoblasts

Resorption

Pre-Osteoclasts

Resting Bone Surface Reversal

Osteocytes Osteoblasts

Mineralization Bone Formation

Figure 2. Stages of the bone remodeling cycle [58].
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During resorption, partially differentiated pre-osteoclasts migrate to the
bone surface and form multinucleated osteoclasts. After resorption, the
reversal phase occurs, where mononuclear cells appear on the bone surface
and prepare it for new bone formation. These cells also provide signals for
osteoblast differentiation and migration. The formation phase follows, with
osteoblasts laying down new bone until the resorbed bone is completely
replaced. After this phase, a resting period begins until a new remodelling
cycle is initiated. The stages of the remodelling cycle have different durations.
Resorption lasts approximately 2 weeks, the reversal phase can extend up to 4
or 5 weeks, and formation may continue for 4 months until the new bone
structural unit is fully formed [49].

1.2. Biomaterials

Biomaterials are specially designed and developed materials that interact with
biological systems for medical or health care applications. These materials are
used in a wide range of fields, including regenerative medicine, drug delivery,
implantology, tissue engineering and medical equipment. Biomaterials are
used to mimic or improve the functions of natural tissues or organs, provide
support, promote healing, or deliver therapeutic substances. They are carefully
selected and designed, not causing harmful reactions in the body, and can
easily integrate with living tissues.

As an alternative to biological tissues, many other materials can be used.
The most important properties of bone substitute is that: it should be
biocompatible with the host and not cause an inflammatory process; it should
be easily incorporated into the place of the bone defect place; the durability of
the implant is important to keep its form and capacity over time, and it should
also be bioactive, with the possibility of sterilisation and easily available at an
acceptable cost [59].

Polymers have emerged as versatile biomaterials with a wide range of
applications in various fields of medicine. Biocompatible polymers are
extensively used in fields such as medicine, tissue engineering, drug delivery,
and medical devices. They offer several advantages, including their tuneable
properties, versatility, and ability to degrade or be resorbed in the body over
time. Polyethylene glycol (PEG) is a widely used biocompatible polymer that
is water-soluble and has a low toxicity profile. Poly(lactic-co-glycolic) acid
(PLGA) is a biodegradable and biocompatible copolymer. It is commonly
used in drug delivery systems and tissue engineering scaffolds. Chitosan is a
naturally derived biocompatible polymer, that has antimicrobial properties
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and promotes tissue regeneration. It is used in drug delivery systems, and
tissue engineering scaffolds [60]. These are just a few examples of
biocompatible polymers, and there are many more being developed and
studied for specific applications. The main advantage of polymeric materials
in the bone replacement process is that the physical characteristics of polymers
can be configured according to their application because of the easy change
of their properties. However, they have poor mechanical properties and a lack
of grip on the natural bone [59].

Hydrogels, a fascinating application of polymers as biomaterials,
represent a specialized network of interconnected hydrophilic polymers
characterized by micropores that efficiently trap significant amounts of water.
Among the widely acknowledged hydrogels, those based on polyethylene
glycol and alginate have gained considerable attention. Their popularity stems
from their unique ability to be delivered through minimally invasive methods
and to undergo in-situ gelation, forming a three-dimensional cell
microenvironment enriched with a high water content. These hydrogels
possess distinctive viscoelastic properties, making them particularly well-
suited for applications in cartilage regeneration. The versatility of hydrogels,
however, extends beyond cartilage, as ongoing research explores their
potential in various bone-related uses [61-63]. Their advantageous
characteristics include simplicity in chemical biofunctionalization, as well as
ease of cell encapsulation and delivery [64-66].

Composites formed by combining polymers and calcium phosphate
represent a cutting-edge class of materials that synergistically leverage the
unique properties of both constituents [67-70]. This innovative approach
results in a material with enhanced characteristics, making it exceptionally
well-suited for diverse biomedical applications. Primarily utilized in bone
tissue engineering, drug delivery systems, and dental applications, these
composites offer a versatile solution for addressing various challenges in the
field [71].

Typically, these composites exhibit a well-defined structure, comprising
a polymer matrix and calcium phosphate particles. The polymer matrix, often
derived from biodegradable polymers, plays a pivotal role by providing
essential attributes such as flexibility, processability, and biocompatibility.
This renders the composite adaptable to a broad spectrum of medical
applications [71]. Widely employed polymers in this context include
polylactic acid (PLA), polyglycolic acid (PGA), and their copolymers (poly
lactic-co-glycolic acid (PLGA)), alongside naturally occurring polymers like
chitosan and gelatine.

16



The integration of calcium phosphate, notably hydroxyapatite (HAp) or
tricalcium phosphate (TCP), further enhances the composite's performance.
Calcium  phosphate  brings  biocompatibility,  bioactivity,  and
osteoconductivity to the table, significantly impacting the material's overall
efficacy in medical applications. Moreover, the incorporation of calcium
phosphate contributes to the mechanical reinforcement of the polymer matrix,
elevating crucial properties such as strength and stiffness. This reinforcement
makes the composite particularly suitable for applications requiring load-
bearing capabilities. A notable advantage of these composites lies in their
ability to biodegrade, ensuring compatibility with the body's natural processes.
The inherent biocompatibility of the materials promotes a favourable
environment for tissue regeneration, adding a regenerative dimension to their
application profile. The properties of these composites can be tailored by
adjusting the composition, ratio of polymer to CP, and processing techniques,
to meet specific requirements for different applications in the field of
regenerative medicine [71].

Bioglass, also recognized as bioactive glass, stands out as a synthetic
glass endowed with the exceptional property of forming a bond with living
tissues. It is composed primarily of silicon dioxide (Si0O,), calcium oxide
(Ca0), sodium oxide (NaxO), and phosphorus pentoxide (P,Os) [72,73].
Originating from the pioneering work of scientists at the University of
Sheffield in the 1960s, bioglass has evolved into a material of significant
interest in the biomedical field, finding diverse applications over the years.
The key characteristic of bioglass is its bioactivity, which refers to its ability
to form a strong and stable bond with living tissues [73]. When bioglass comes
into contact with body fluids, it activates a series of reactions that ultimately
lead to the formation of a layer of HA on its surface, making it biocompatible
and capable of integrating with the surrounding biological structures [64,73].
Bioglass has excellent osteogenic and gene expression characteristics,
however due to slow decomposition rates their decomposition by-products are
not bioresorbable and might be toxic to the body [35,74]. This consideration
underscores the need for thorough exploration and refinement of bioglass
compositions and decomposition processes to address these challenges.

Bioceramics are a class of ceramic materials that are extensively used in
biomedical applications due to their favourable properties and
biocompatibility. Bioceramics have witnessed a growing demand in recent
years due to their use in medical devices and implants. The global market for
bioceramics estimated at 21.6 billion of US § in the year 2022, is projected to
reach a revised size of 31.4 Billion by 2030 [75]. Bioceramics have emerged
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as a valuable solution for the treatment of bone defects, offering a long history
of utilization in the field of regenerative medicine. The ability of bioceramics
to mimic the mineral composition of natural bone and support the regeneration
of new tissue has positioned them as valuable tools in bone defect repair and
reconstruction. The origins of bioceramics in bone defect treatment can be
traced back to 975 AD, where calcium sulphates were employed as bone
cement to promote bone healing [76,77]. A significant milestone occurred in
1769 with the discovery of CP in bones, unveiling the natural presence of this
essential mineral in skeletal structures. The 1800s marked a period of
extensive compositional analysis of calcified tissues, leading to the
classification of CP into distinct subgroups based on their unique properties
and crystal structures [76,78]. In the 1900s, extensive research efforts were
dedicated to investigating the clinical applications of bioceramics for the
treatment of bone defects [35,79]. These studies aimed to assess the
biocompatibility, bioactivity, and osteoconductivity of various bioceramics
materials, paving the way for their utilization in surgical procedures and
implantology. The combination of bioceramics with other biomaterials, such
as polymers, metals, or growth factors, has further expanded their capabilities,
enabling tailored approaches for specific clinical scenarios.

Throughout history, advancements in bioceramics research have led to the
development of diverse materials such as HAp and TCP, each with its own set
of unique properties and applications. These bioceramics materials have
demonstrated remarkable potential in facilitating bone healing, improving
implant stability, and promoting integration with surrounding tissues, and
some have been commercialized [80]. Figure 3 shows some of the current
products on market.
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Swelling

Figure 3. CP-based applications: a) Mg-WH incorporated hydrogel scaffold; b)
Cranial segment made of tetracalcium phosphate and B-TCP; ¢) The injectable
paste included calcium phosphate nanoparticles; d) Mixed zirconia calcium
phosphate deposited on a dental implant; €) 3D printed CDHA scaffolds. f) 3D
printed CPC [41].

HAp closely resembles the bone mineral composition of natural bone and
exhibits excellent biocompatibility and bioactivity [81]. It can support cell
adhesion, proliferation, and differentiation, making it an ideal material for
promoting bone regeneration. Another prominent bioceramic is TCP,
specifically B-TCP, which possesses similar chemical composition to the
mineral phase of bone. TCP has good biocompatibility and can undergo
gradual resorption in the body, allowing for new bone formation to take
place [82]. Apart from HAp and TCP, there are other calcium phosphates used
in biomaterial applications. Biphasic calcium phosphates (BCPs) combine
HAp and TCP in varying ratios, allowing for a tailored balance between
bioactivity and resorbability [83]. Octacalcium phosphate (OCP), another
calcium phosphate, acts as a precursor to HAp and TCP and exhibits high
solubility [84]. It has a unique crystalline structure and can undergo
dissolution and transformation into other calcium phosphate phases. OCP-
based biomaterials have shown promise in bone tissue engineering
applications. Amorphous calcium phosphate (ACP) is a non-crystalline form
of calcium phosphate with high solubility [85]. It can rapidly dissolve,
releasing calcium and phosphate ions important for bone formation. ACP-
based biomaterials have been investigated for bone regeneration and as
carriers for controlled drug delivery. Calcium phosphate cements (CPCs) are
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injectable biomaterials composed of powdered CP and a liquid
component [86]. They can fill bone defects and set in situ. CPCs offer
advantages such as moldability and biocompatibility. They are suitable for
minimally invasive procedures and can conform to complex shapes. The
choice of CP biomaterial depends on specific requirements, such as
degradation rate, mechanical properties, and bioactivity.

1.2.1. Magnesium whitlockite

Magnesium whitlockite (Mg-WH: Cai;sMgx(HPO4)2(PO4)12) is a calcium
orthophosphate in which calcium ions are partially substituted by magnesium
ions. Recently, it has been shown that synthetic Mg-WH stimulates cellular
proliferation, osteogenic differentiation, and consequent bone ingrowth
[36,87]. It was found that magnesium ions promote bone formation while
preventing the activity of osteoclasts [28]. Moreover, magnesium ions in CP
biomaterials utilized in maxillofacial bone regeneration therapy stimulated its
biodegradation and improved osteoconductivity, which might be attributed to
its Ca?* and Mg*" ions stoichiometry [88]. Generally, whitlockite (Ca;s(Mg;-
«Fex)2(HPO4)2(PO4)12) is a CP that was first identified in minerals collected
from the Palermo Quarry, New Hampshire. It was discovered by Charles A.
Whitlock in the early 20th century and is named in his honour. [76,88]. It is a
rare mineral present in the crust of the earth and asteroids, found in granitic
pegmatites, phosphate rock deposits, guano caves and in chondrite meteorites.
In biological systems, magnesium-substituted whitlockite has been detected
in various tissues and calcifications [89]. Notably, it has been observed in
human tooth enamel, playing a crucial role in the mineralization process and
contributing to the enamel’s hardness. Beyond dental applications, Mg-WH
has been identified in pathological calcifications associated with a range of
conditions, including arthritic joint calcifications, supragingival calculus,
dental plaque, calcified deposits in the pulmonary system, aortic
calcifications, prostate calculi, urinary tract stones, and salivary gland stones
[35].

Mg-WH structure is closely related to B-TCP crystal structure. The terms
Mg-WH and B-TCP (Mg-WH’s Ca/P ratio is 1.43, while B-TCP is 1.50) are
frequently used interchangeably due to the difficulty of distinguishing them
based solely on XRD analysis, despite their significant differences in
crystalline structures [35]. Notably, B-TCP solely consists of calcium cations
within its crystal lattice. On the other hand, Mg-WH contains both Ca*" and
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Mg?* cations. Another notable distinction is the absence of hydrogen
phosphate ions (HPO4>") in B-TCP.

The crystal structure of synthetic Mg-WH has been extensively studied,
and its characteristics were described by Gopal et al. in 1973 [35]. Through
their research, it was determined that the crystals of whitlockite have a space
group of R3c (#161) with lattice parameters of a = 10.350(5) A and ¢ =
37.085(12) A. Recently, the crystal structure investigation of a natural
specimen of whitlockite from Palermo was achieved by means of single-
crystal X-ray diffraction by Capitelli ez al. Crystal structure refinement from
XRD, in the space group R3c, revealed unit cell parameters of a = 10.3685(4)
A, ¢ = 37.1444(13) A [90]. The crystal structure of Mg-WH reveals an
arrangement of two distinct types of columns, denoted as A and B (Figure 4),
which are organized in a periodic manner along the c-axis. The unit cell of
Mg-WH consists of three A columns and nine B columns. Column A consists
of alternating Mg?* and HPO4>~ units, with empty spaces interspersed between
them. Column B is more densely packed and exhibits a sequence of Ca(1)—
P(3)04—P(2)04—Ca(2)—Ca(3) units. These columns can be further classified
into three subtypes each, characterized by identical atomic arrangements but
shifted relative to each other along the c-axis (Figure 4b). Each A column is
surrounded by six B columns belonging to two different subtypes, while each
B column is flanked by two A columns of different subtypes on opposite sides
and four B columns of two different subtypes (Figure 4d). Within the crystal
structure of WH, there are three distinct sites for calcium ions and three sites
for phosphorus ions. Among them, Ca*"(1) and Ca*(2) ions are directly
bonded to five PO4*~ groups and one HPO4>~ group, whereas the Ca**(3) site
is surrounded by four neighbouring PO4*~ groups. In column A, the x and y
atomic coordinates of Mg?* and P(1) are both set to zero, indicating that these
atoms are aligned along a straight line. On the other hand, in column B, the x
and y atomic coordinates of Ca(1), Ca(2), Ca(3), P(2), and P(3) have different
values, suggesting a distortion in column B compared to column A. In the WH
structure, Mg?" ions substitute the energetically favourable octahedrally
coordinated Ca(5) site, while Ca(4) is more stable as a vacancy. The locations
of protons are known to be in proximity to the Ca(4) sites [32].
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Figure 4. Unit cell of Mg-WH (a and c¢); the arrangement of atoms in structural
columns (b); arrangement of columns in the unit cell (d). Adopted from [32].

Mg-WH is stable at acidic pH, and soluble in physiological solvents. It is
highly biocompatible [91], biodegradable, bioresorbable [92] and bioactive,
with compatible mechanical properties [93]. Compared to HAP, Mg-WH
possesses better mechanical properties, faster resorbability, and promotion
behaviour on osteogenesis [94]. Recent study by Lee et al. [94] presented a
histological, radiological, and immunohistochemical evaluation of the bone
healing potential of Mg-WH granules in a S mm diameter calvarial bone defect
in rats. The histological evaluation revealed no inflammatory reaction, with
newly formed bone exhibiting the same thickness as the original bone.
Besides, immunohistochemistry confirmed that Mg-WH granules promoted
bone regeneration with the significantly higher expression of bone
morphogenetic proteins-2, alkaline phosphatase, osteopontin, and osteocalcin
compared to the nontreated group without the addition of exogenous cells or
growth factors. These results suggest that WH has excellent potential for
application in bone tissue regeneration [94]. It was demonstrated by Kim et
al. demonstrated that Mg-WH nanoparticles can recapitulate the early stage of
bone regeneration by stimulating osteogenic differentiation, prohibiting
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osteoclastic activity, and transforming into mechanically enhanced
hydroxyapatite-neo bone tissues by a continuous supply of POs*~ and Mg
under physiological conditions [95]. Despite its excellent properties, Mg-WH
material has always been dominated by other CPs, which may be related to its
difficulty in synthesis [35].

1.3. Synthesis of calcium phosphates

The ceramics synthesized at high temperatures exhibit an extremely high
crystallinity, which deviates significantly from natural bone [18]. Moreover,
some thermally unstable CP phases cannot be synthesized by conventional
high-temperature methods [19]. Biomaterials obtained under the low-
temperature regime could exhibit greater tissue compatibility than
conventional bioceramics [20,21]. Wet-chemical synthesis methods, such as
sol-gel, hydrothermal, microwave-assisted, microemulsion, and co-
precipitation, in which the precursor salts are in solution, allow a
homogeneous distribution of the starting components, and, therefore, allow
the synthesis of the end products at relatively low temperature [16].

1.3.1. Dissolution-precipitation synthesis of calcium phosphates

A low-temperature synthesis method, based on phase transformation through
a dissolution-precipitation reaction, is employed for synthesizing poorly
crystalline CP materials. This method is utilized to prepare bioceramics,
aiming to achieve physicochemical properties similar to those found in bone
apatite [22,23]. The dissolution-precipitation reaction is a highly reproducible
synthesis method. It is possible to rigorously control the entire synthesis
process and, if necessary, tune the desired physical and chemical properties of
the obtained materials [22-24].

There are three major requirements for the compositional transformation
through the dissolution-precipitation reaction. Firstly, the solubility of the
precursor material must be higher than that of the final product. Secondly, any
missing components must be supplied from the aqueous solution. Thirdly,
precipitates or crystals of the final product should have the ability to connect
to maintain the shape of the block (note the third requirement is not important
for powdered samples) [43].

Dissolution-precipitation synthesis method was successfully utilized by
K. Ishikawa and K. Hayashi to obtain carbonate apatite (COsAp) from calcite
(CaCQO:s) precursor [43]. Calcite was chosen as the starting material due to its
advantageous combination of low solubility in neutral pH aqueous solutions
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and the presence of both calcium and carbonate ions. Chemically pure calcite
blocks were easily fabricated by simply exposing calcium hydroxide
(Ca(OH),) compact to carbon dioxide (CO») (see eq. 1):

Ca(OH), + CO, — CaCOs + H,0 (1)

Transformation from calcite to COsAp requires phosphate ions to be
present in the reaction solution. The CaCOs block was immersed in a
phosphate salt solution for this compositional transformation. When CaCOj3 is
immersed in an aqueous solution, it dissolves and supplies Ca?" and CO;*
(see eq. 2). If other ions are absent, water becomes saturated with CaCOs.
However, when water contains PO4*", the phosphate salt aqueous solution can
be supersaturated with respect to COsAp when both Ca** and COs* are
supplied by the dissolution of CaCOs. Thus, Ca**, PO4*", and COs>™ precipitate
as COsAp (see eq. 3), and the precipitated CO3;Ap crystals interlock with one
another. Continuous dissolution-precipitation reactions lead to the
compositional transformation from CaCO; to CO3;Ap, maintaining the
macroscopic structure of the precursor.

CaCO; — Ca? + COs> )
Ca?" + PO437 + CO327 — Calo_a(PO4)6_b(CO3)c (3)

Another example of a successful synthesis is carbonate apatite which was
fabricated by a dissolution-precipitation method (CO3Ap-DP). Granules of
this material were fabricated by compositional transformation via the
dissolution-precipitation reaction using calcite granules as a precursor. These
granules were published in several independent papers [22,96-99]. Study
[100] aimed to compare tissue response of COsAp fabricated by the
dissolution-precipitation reaction using calcite as a precursor and Bio-Oss®,
which is widely used in orthopedic and dental fields as a synthetic bone
substitute. In [100] first, Ca(OH). powder was pressed uniaxially using a press
machine, and then the compacted Ca(OH), discs were placed in a carbon
dioxide reaction vessel saturated with water vapor for carbonation. The
prepared CaCOs blocks were then crushed into granules and were immersed
in 1 mol/L Na,HPO4 at 80 °C for 14 days to allow compositional
transformation. XRD and FT-IR analysis revealed that CO3Ap-DP and Bio-
Oss® were both B-type carbonate apatite with low crystallinity. When a bone
defect made at the femur of rabbits was restored with CO3;Ap-DP and Bio-
Oss®, CO3Ap-DP granules were partially replaced with newly formed bone,
however, Bio-Oss® remained even at 8 weeks after implantation. At four

weeks post-implantation, the CO3;Ap-DP granules yielded a significantly
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larger amount of new bone than the Bio-Oss® material (see Figure 5). The
results obtained in the present study demonstrated that CO3Ap-DP and Bio-
Oss® showed different behaviour even though they were both classified as
CO;sAp. The CO3;Ap-DP granules fabricated by the dissolution-precipitation
method showed good biocompatibility in bony defects of rabbit femur. This
finding suggested that CO3Ap-DP could be useful as a bone substitute and
biodegradative scaffold for bone regeneration [100].
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Figure 5. Histological views of the CO3;Ap-DP and Bio-Oss® at 4 weeks after
surgery: a) new bone (green colour) formed on the granule without interposition
of the soft tissue between CO3Ap-DP granules and bone; b) new bone formed at
the periphery of the bone defect; continuity of the cortical bone was not restored
in the part ¢) and d) [100].

Octacalcium phosphate (OCP) has attracted much attention as an
artificial bone substitute because of its excellent osteoconductive and bone
replacement properties. In [101] study, OCP foam with an interconnected
porous structure was fabricated through a dissolution—precipitation reaction
using calcium sulfate hemihydrate (CaSOs - 0.5 H,O, CSH) granules as
precursors in a NaH,PO4 (NaDP) solution (see Figure 6). When synthesized
OCP foam was implanted into bone defects in a rabbit femur, the OCP foam
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showed an excellent tissue response, and the newly formed bone penetrated
into the porous structure. The osteoconductivity and bone-replacement rate
were significantly higher than those of an OCP compact.
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Figure 6. XRD patterns of the set CSH-NaDP (CSH marked as triangles, NaDP
marked as squares) granules before and after their immersion. OCP (marked as a
circle) references are shown to facilitate comparison [101].

1.3.2. Synthesis of Mg-WH

The biological performance of CP ceramics, encompassing biodegradation
rate, osteoconductivity, bioactivity, and mechanical properties, is heavily
influenced by the synthesis method. Synthesis method affects the phase
composition, purity, crystallinity, size, morphology of the particles obtained
and therefore influences the biomedical performance of artificial implants
[14,15]. Therefore, the selection of the synthesis method is very important in
the preparation of materials used for biomedical applications [10]. For
bioceramics intended for health-related applications, there is a preference for
materials with lower crystallinity and a larger specific surface area. This
choice is driven by the aim to enhance tissue compatibility and potentially
incorporate other biological functionalities.
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1.3.2.1. Precipitation synthesis of Mg-WH

In 2014 Jang et al. reported a precipitation synthesis of pure Mg-WH
nanoparticles with limited excess Mg?" ions under an acidic condition in a
simple ternary Ca(OH),-Mg(OH),—H3;PO4 aqueous system [89]. Initially,
Ca(OH), and Mg(OH), were mixed at various molar ratios, and heated
between 60 and 90 °C. Then, an appropriate amount of H3;PO4 was added
dropwise into the Ca(OH), and Mg(OH), mixed solution while vigorously
stirring. The precipitates were aged for more than 9 h and then filter-pressed
and dried using a lyophilizer. Their synthesized Mg-WH nanopowder showed
excellent biocompatibility, which was comparable with HAP and much better
than previous bulk TCP.

Later, in 2015 by Jang et al. [34] studied the precipitation pathway of
Mg-WH dividing the process into sequential stages. In their work, Mg-WH
was synthesized by precipitation with Ca(OH),, Mg(OH),, and H3POs. First,
0.77 M of Ca(OH); and 0.23 M of Mg(OH), were mixed in 500 mL of distilled
water at 70 °C using a stirrer. After 1 hour of stirring, 500 mL of 0.95 M
H3POu(aq) was added to the above solution dropwise and while vigorously
stirring. Stages from I to III were assigned to the conditions where 0 — 305
mL, 305 — 390 mL and 390 — 500 mL of H;PO4 were added into the system.
During these stages, the pH of the system changed from 11.2 to 5.8, from 5.8
to 4.5 and from 4.5 to 3.5, respectively. After the addition of H;PO4 was
complete, the pH of the system was approximately 3.3 (stage [V) and 3.7
(stage V) with aging times of 5 hours and 24 hours, respectively. At stage I,
HAP and Mg(OH), were the major phases of the precipitant (see Figure 7). At
stage II, when the Ca(OH), was almost consumed, Mg(OH), began to react
with H3;POsand the XRD peaks of dimagnesium phosphate (MP:
MgHPO4 xH,0) appeared. Then, as the system became more acidic at stage
III, HAP became unstable and partially changed into DCPD. Immediately
after the complete addition of the total amount of HsPOs, HAP, DCPD and
MP phases were found. At stage IV, during ageing in the acidic system of pH
3.3, HAP, DCPD and MP gradually dissolved. In contrast, within the ageing
time of 5 hours, the XRD peak intensities of the WH phase increased. Finally,
at stage V when the aging time was 24 hours, only a pure phase of WH was
observed.
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Figure 7. XRD analysis of intermediate precipitants collected during the synthesis
of Mg-WH. Peaks corresponding to phase of HAP, Mg(OH),, MP, DCPD and
Mg-WH in the XRD data are marked as the green triangle, cyan arrow, purple
arrow, navy triangle and red circle, respectively. Reference peaks of Mg-WH
from JCPDS no. 70-2064 are shown at the bottom [34].

Recently, piezoelectric biomaterials have gained increased attention in
the field of generating bioelectricity, which is an integral part of all living
systems. Another interesting study was conducted by V. K. Kaliannagounder
et al. [102], where, for the first time in the literature, they explored the
piezoelectric properties of WH nanoparticles due to their non-
centrosymmetric structural presentation. They reported the feasibility of these
piezoelectric nanoparticles to generate bioelectric signals similar to native
tissues for enhanced non-invasive bone tissue regeneration. The authors
synthesized Mg-WH nanoparticles through precipitation synthesis. To
enhance the piezoelectricity in synthesized WH nanoparticles, a portion of the
products was mixed with a binder solution, and the granulated powder was
then hydraulically pressed into pellets. These pellets were subsequently
annealed at different temperatures (500 °C, 750 °C, and 1000 °C) for 3 hours.
The in vitro cell proliferation and osteogenic differentiation studies revealed

that the piezoelectric WH NPs demonstrated enhanced cell proliferation
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compared to control nanoparticles. This is the first report on piezoelectric Mg-
WH nanoparticles that offers the great potential of piezoelectric Mg-WH
nanoparticles in the field of regenerative medicine, especially in the field of
bone tissue engineering.

1.3.2.2. Solid-liquid-solution synthesis of Mg-WH

Mg-WH samples were synthesized by C. Wang et al. employing a solid-
liquid-solution process within a tri-solvent system. This process hinges upon
phase transfer and separation mechanisms occurring across liquid, solid, and
solution interfaces [36]. Main synthesis factors, including the ratio of
precursor and reaction solvent composition optimized to generate Mg-WH
nanocrystals with tunable size, morphology (nanoplates, nanospheres), and
surface properties (hydrophobic, hydrophilic) were optimized. It was found
that the morphology and surface properties of Mg-WH can be controlled by
the ratio between the precursors, and ethanol affects the crystallinity and the
morphology of nanocrystals by controlling the diffusion rate of the precursors.
Furthermore, molecular dynamics simulations have shown that the growth
direction of nano-plates is closely related to the surfactant used in the synthesis
process and its binding affinity. Finite element method simulations have
demonstrated that ethanol/water ratio plays an important role in determining
Mg-WH crystallinity and morphology [36].

1.3.2.3. Solid-state synthesis of Mg-WH

Recently S. Batool et al. reported on a synthesis method for Mg-WH using a
solid-state reaction. [103] Through the number of experiments, optimized
parameters such as precursor type, temperature and reaction time have been
optimized and reported in [103]. The synthesis was carried out by mixing,
grinding, and heat-treating the precursors at high temperatures without any
medium under the ambient environment. In brief, 1.0 g of monetite, 0.625 g
of magnesium hydroxide, and 1.135 g of tricalcium phosphate were mixed,
crushed and heated at 1100 °C for 6 h in a furnace. XRD analysis confirmed
that the synthesized material has a Mg-WH phase (see figure 8) while FT-IR
and Raman spectroscopy analysis confirmed the presence of a peak of HPO*
that is a characteristic of Mg-WH [103].
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Figure 8. XRD of synthesized Mg-WH [103].
1.3.2.4. Hydrothermal and microwave-assisted synthesis of Mg-WH

The hydrothermal synthesis is known as a promising method to synthesize new
Mg-WH and other structure-type CPs. Hydrothermal synthesis of Mg-WH
hollow microspheres (WHHMs) was performed by dissolving 0.110 g of fructose
1,6-bisphosphate (FBP), 0.070 g of CaCl, and 0.055 g of MgCl,-6H,0 in 36 mL
of deionized water under magnetic stirring at room temperature [31]. The pH of
the resulting solution was maintained at 9 using NaOH solution. Then, the
resulting solution was transferred into a steel autoclave, sealed, heated in an oven
to 180 °C and maintained for different times [31]. The effects of the synthesis
methods and experimental conditions on the crystal phase, morphology, stability,
and cytotoxicity of the products were investigated. It was found that the as-
prepared WHHMSs exhibit high biocompatibility. Moreover, the potential
application of the as-synthesized WHHMSs in protein adsorption was explored,
with haemoglobin (Hb) used as a model protein, revealing a relatively high
protein adsorption capacity [31]. Successful microwave-assisted hydrothermal
synthesis of WHHMSs, which were made for drug delivery systems, described by
Qi C. et al. [31]. For the synthesis FBP, CaCl,, MgCl,-6H,O were weighted and
dissolved in deionized water under stirring at room temperature. The pH of the
resultant solution was maintained at 9. The mixture then was loaded into a
cylindrical autoclave, sealed, placed in a high-strength outer container and heated
at different temperatures and a variety of times in a microwave oven. It was
demonstrated that the different synthesis methods and experimental conditions
have significant effects on the crystal phase and morphology of the product. In

addition, the as-prepared WHHMSs demonstrated high biocompatibility and
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showed a relatively high protein (haemoglobin, Hb) adsorption capacity, thus,
they are promising for applications in various biomedical fields (see Figure 9).

200

&

@) i C-6 (b)

f=ad
=
1
£
=
M

2
=
1

L3
=
n

\ /

Adsorption (mg/g)
=

.
=
n
1

]
J./'

Adsorption percentage (%)

00 05 10 15 20 25 30 0.0 05 10 15 20 25 30
Hb Concentration (mg/mL) Hb Concentration (mg/mL)
Figure 9. Hb adsorption capacity (a) and adsorption percentage (b) of the samples
M-1, M-5 and C-6 as a function of initial Hb concentration. [31]. The M-1 sample
was prepared at 120 °C for 10 minutes, the M-5 sample at 180 °C for 10 minutes
using the microwave-assisted hydrothermal method, while the C-6 sample was
prepared at 180 °C for 24 hours using the conventional hydrothermal method [31].

Another example of microwave-assisted hydrothermal synthesis was shown
by Zhou et al. [104]. They synthesized HAp and Mg-WH hollow microspheres
using creatine phosphate disodium salt tetrahydrate (creatinine phosphate) as a
source of phosphate ions, which is a biocompatible organic compound naturally
occurring in our liver. WH hollow microspheres were prepared by mixing 0.389
g of CaCly, 0.305 g of MgCl, - 6H>O, and 0.981 g of creatinine phosphate in 200
mL of deionized water with magnetic stirring at room temperature. Then, 40 ml
of the acquired solution was poured into a cylindrical autoclave, tightly closed,
placed in a high-strength outer container, and heated in a microwave oven to a
temperature of 120 °C for 10 min. To achieve relatively uniform heating, the
autoclave was rotated continuously. After the product cooled to room
temperature, it was centrifuged, washed several times with deionized water and
ethanol, and finally freeze-dried. Later, from prepared hollow microspheres were
synthesized HAp/chitosan and WH/chitosan composite membranes or porous
scaffolds. Later, the authors conducted a comparative investigation of their effects
on bone regeneration in calvarial defects. It was demonstrated that magnesium
incorporation facilitated better bone formation in WH/chitosan scaffolds than in
HAp/chitosan scaffolds. In vitro studies showed that WH/chitosan membranes
possess good biocompatibility and improved osteoinductivity. Compared to the
HAp/chitosan scaffold, the WH/chitosan scaffold significantly enhanced new
bone formation in rat calvarial defects [104].
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1.3.2.5. Dissolution-precipitation synthesis of Mg-WH under hydrothermal
conditions

Crystals of synthetic Mg-WH have been grown for the first time by heating an
amorphous phosphate under hydrothermal synthesis conditions at 300 °C, for 2
weeks by Ito ef al. in 1974. In 2016, Tas demonstrated transformation of synthetic
brushite crystals by the hydrothermal synthesis into single-phase Mg-WH over
the time period of 1 to 21 days and at 37 °C, 70 °C, and 115 °C in nonstirred
physiologically relevant solutions [37]. The Mg?" concentration of 1.5 mM was
selected since it matches its concentration of human blood plasma. Confirmation
of Mg-WH crystal formation at a final solution pH of 4.5 after 24 hours at 70 °C
was achieved through XRD analysis. However, SEM images revealed the
presence of two types of particles: hexahedral crystals (approximately 200 nm in
their largest dimension) and flat plates resembling brushite crystals.
Experimentally, it was concluded that Mg-WH formation proceeds in 1.5 mM
Mg?* solutions via a dissolution-precipitation process, the kinetics of which are
enhanced by an increase in aging temperature from 37 °C to 70 °C. Further
elevation to 115 °C resulted in the formation of single-phase Mg-WH.

Stefanovich et al. published a synthesis of single crystals of Mg-WH
(alongside zinc, and cobalt WH) which was carried out by recrystallization of
CaHPO4-2H,0 in 1 M NaCl solution with the addition of Mg(NO3),-6H,O [105].
The mass ratio of the components in the system was 4:1:1. Experiments were
performed for three days at T = 270 °C, and 5 MPa in a standard 30 ml steel
autoclave. Crystallization products were colourless 50— 100 um trigonal crystals
(see Figure 8). The presence of hydrogen and HPO4* ions was proved by FT-IR
spectroscopy, differential scanning calorimetry and structural data analysis. This
research provides new data on the possibility of using hydrothermal techniques
for obtaining doped bone WHs.

Figure 10. SEM image of obtained Mg-WH single crystal [105].
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2. EXPERIMENTAL PART
2.1.Materials and reagents

1. Dicalcium  phosphate  dihydrate  (CaHPO4+2H,O,  99.1%,
Eurochemicals).

Magnesium acetate tetrahydrate (Mg(CH3;COO),-4H,0, 98%, Roth).
1 M aqueous solution of phosphoric acid (H3POs(aq), 75%, Roth).
Ammonia aqueous solution (NHs(aq), 25%, Roth).

Calcium sulfate dihydrate (gypsum, CaSO4-2H>0, 98%, Merck).
Sodium dihydrogen phosphate (NaH,PO4, 99%, Merck).

Disodium hydrogen phosphate (Na;HPO4, 98%, Merck).

5 % Nitric acid (HNOs, Rotipuran® Supra 69 %, Carl Roth).
Deionized water.

e AR o i

2.2. Synthesis methodology

2.2.1. Synthesis of magnesium whitlockite powders with different
magnesium content from brushite

Mg-WH nanopowders with variable magnesium content were prepared by a
dissolution-precipitation synthesis method. CaHPO4-2H,O (mineral name
brushite) and Mg(CH3COO),-4H,O were selected as the sources of calcium,
phosphorous, and magnesium. The metal salts were taken in appropriate
weights to achieve Ca/Mg molar ratio equal to 4, 6, 8, 10, 12, and 15 in the
initial synthesis mixture. Subsequently, weighted precursors were placed in a
400 mL beaker and 100 mL of deionized water was added. The mixture was
magnetically stirred (400 rpm) and heated. The reaction was carried out at
65 °C with continuous stirring throughout the synthesis. To initiate the
dissolution of the precursors, 11 mL of 1 M H3;POs(aq) was added into the
above mixture, and stirred for 30 min to obtain a clear homogeneous solution.
The precipitation reaction was initialized upon drop-by-drop addition of
NHs(aq) resulting in immediate precipitation of white solid. During the
experiment, the pH value of the reaction medium was maintained at 5.6. The
final product obtained after 24 h of persisting synthesis was vacuum filtered,
thoroughly washed numerous times with deionized water, and oven-dried
overnight under a constant temperature of 60 °C. Finally, the samples were
ground in an agate mortar to obtain fine powders for further studies. The
prepared samples were abbreviated corresponding to the molar Ca/Mg ratio in
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the initial synthesis mixture. The schematic representation of the synthesis of
WH nanopowders with different magnesium content is shown in Figure 11.

1.H6 5H3P04(aq) NH;(aq) 00
1M i\}

CaHPO,-2H,0
Mg(CH,C00),-4H,0

0 iy )
) (V)

Figure 11. The schematic representation of the synthesis of WH nanopowders

I(es=c)
(v

(V1)

containing various magnesium amounts: the starting materials are dissolved in
stages (I) and (II); precipitation of the reaction product was performed during
stages (II1) and (IV); resulting powders were filtered and dried during stages (V)
and (VI), respectively.

2.2.2. Synthesis of magnesium whitlockite powders from gypsum

CaS04-2H,0 (gypsum), Mg(CH3COO),-4H,O (Ca/Mg molar ratio ~4),
NaH,POs, and Na,HPO, were chosen as starting materials to investigate the
phase transformations in the low-temperature synthesis of Mg-WH
nanopowder under static and rotating conditions. The schematic
representation of the synthesis is shown in Figure 12.
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Figure 12. Schematic representation of the phase transformation investigation in
the synthesis of Mg-WH nanopowder. In stage (1), the gypsum was mixed with
the Mg(CH3COO); solution. In addition, Na,HPO4 and NaH,PO4 solutions were
added (stage (II)). The reaction vessel was optionally placed in an oven or in a
shaker incubator for the selected period of time (stage (IIT) or (II1*), respectively).
After being reacted, the synthesis products were vacuum filtered, thoroughly
washed with deionised water (stage IV), and subsequently oven dried (stage V).

Briefly, 1.00 g of gypsum powder was kept in an aqueous solution made
up of 5.00 mL of Mg(CH;COO); (0.288 M), 50 mL of NaH,PO4 (1.00 M),
and 50 mL of Na,HPO4 (1.00 M) in a 250 mL bottle. Subsequently, the
suspensions were optionally placed in an oven (static condition) or a shaker
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incubator (rotating condition; Biosan, ES-20/80, with constant shaking at 120
rpm) both at 80 °C for the selected period of time. After being reacted for 4 h,
6 h, 12 h and 24 h, the synthesis products were vacuum filtered, thoroughly
washed with deionized water (400 mL), and finally oven dried overnight at 80
°C. The samples were ground in an agate mortar to obtain fine powders for
further studies. Materials synthesized under static conditions in this work were
marked with the letter S, and those synthesized under rotational conditions
were marked with the letter R, adding to each letter the duration of synthesis.

2.3 Characterization

Powder X-ray diffraction (XRD) analysis was accomplished with a Rigaku
MiniFlex II diffractometer working in Bragg-Brentano (6/20) geometry and
using Ni-monochromatized CuKa radiation. The diffraction intensity data
were obtained by scanning in the 20 range of 10° — 60° with a step size of
0.02° at a scan speed of 2°/min. Identification of crystalline phases was
attained by comparing the diffraction patterns obtained to the database
standards provided by the International Centre for Diffraction Data (ICDD).
For lattice parameter refinement, diffraction data were collected in an angular
range of 10° — 100° in steps of 0.02° at a scan speed of 2°/min. Semi-
quantitative analysis of the obtained phases was performed using the
normalized corundum reference intensity ratio (RIR) method using Match!
(version 3.13, Dr. Holger Putz, Crystal Impact, Bonn, Germany) software.
Structural parameters of single-phase Mg-WH samples were extracted from
XRD data with the help of the FullProf software (J. Rodriguez-Caravajal, Sep.
20, 2019, JGP-JRC [106]) employing Rietveld refinement (in the 20 range of
10 —70°). The initial model and the atomic coordinates were taken from the
literature [90]. A common strategy was applied to all refinements in the
following order: scale factors, background, lattice parameters, profile shape
and width parameters, asymmetry, atomic coordinates, and site occupancies
were refined. The quality of the refinement was evaluated according to
computed agreement factors: the “goodness of fit” y, profile residual R, and
weighted profile residual Ry,. When these factors reached the lowest value
(with only a small visible difference between the calculated/experimental
patterns), the fit suggested the best refinement results, and the crystal structure
was regarded as reasonable. To evaluate the crystallite size of single-phase
samples Scherrer’s formula using the Rigaku PDXL software (used in part 3.1)
and the Le Bail method (used in part 3.2) were utilized. The Le Bail method
performed using the Fullprof software. It is worth mentioning that a standard
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lanthanum hexaborate (LaB¢) was measured to obtain instrumental
broadening of the diffractometer and to subsequently remove its contribution
from the experimental diffraction peak width [107]. To calculate the
crystallinity of single-phase Mg-WH samples, while considering the
experimental XRD patterns as a mixture of a crystalline and an amorphous
phase of the analysed materials, the samples were measured (in the 20 range
of 10 — 70°) on a zero-background Si holder with the help of the
aforementioned XRD apparatus and the Match! software. Note that, the air
scatter was removed prior to profile fitting of detected XRD peaks.

For functional group investigation, the infrared spectra of the synthesized
samples were collected by Fourier-transform infrared spectrometer (FT-IR,
Alpha, Bruker Inc., Germany) in the 1550 —450 cm™' (or 1300 —450 cm™)
range, with a 2 cm™! resolution as an average of 24 scans. A background
measurement of 30 scans was executed before each analysis. The amount of
elements (Ca, Mg and P) in the synthesized samples was estimated using an
inductively coupled plasma optical emission spectrometer (ICP-OES, Perkin-
Elmer Optima 7000DV). For the analysis, 20 mg of each sample was dissolved
in 5 % HNOj; and diluted with deionized water to obtain an appropriate volume
of the analysed solution. The surface morphologies of the final powders were
investigated using scanning electron microscopy (SEM) performed with a
Hitachi SU-70 field-emission SEM and Tecnai F20 X-TWIN (FEIcompany)
transmission electron microscopy (TEM) with an accelerating voltage of 200
kV equipped with EDX (EDAX) spectrometer, Gatan Orius CCD, was also
used for additional morphological characterization (analysis was carried out
using a bright field regime).
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3. RESULTS AND DISCUSSION

The first part of the research will focus on the preparation of Mg-WH
powders from brushite with varying magnesium content to potentially
influence the biological properties of the synthesized CP. The second part of
the research will focus on the synthesis and evaluation of the Mg-WH phase
formation from gypsum under static and rotating conditions.

Both selected starting materials are nontoxic and cost-effective, while the
synthesis procedure is characterized by simplicity, environmental friendliness,
and efficiency. This study is crucial to advance our understanding of the
underlying chemical processes and improve control over the chemical
composition, crystallinity, and microstructure of the calcium phosphate
product through customized synthesis approaches.

3.1. Synthesis and characterization of magnesium whitlockite powders
with different magnesium content

Figure 13a shows the XRD patterns of synthesized Mg-WH nanopowders
having variable magnesium content. WH exhibits R3c (#161) space group,
and a rhombohedral lattice is used for the Miller indexation (ICDD #00-070-
2064). The diffraction peaks at 26 = 10.98°; 13.73°; 17.20°; 28.02°; 31.28°
and 34.66° (for the sample with the highest magnesium content, namely
Ca/Mg = 4) can be assigned to (012), (104), (110), (0210) and (220)
crystallographic planes of target Ca;sMgx(HPO4)2(POa4)12 phase, respectively.
The characteristic diffraction peaks of the WH crystal structure were
preserved throughout all obtained samples. No other secondary phases due to
a varied amount of the Ca*" and Mg** ions were observed in the XRD patterns
of samples with Ca/Mg ratio from 12 to 4. However, the XRD pattern of
Ca/Mg = 15 specimen possessed the additional broad peaks at 20 =~ 31.73° and
32.20°. Additional reflections in the XRD pattern of Ca/Mg = 15 sample have
originated due to the presence of CDHA (ICDD #00-046-0905) [108]. It is
important to note, that the increase of magnesium concentration in the initial
synthesis mixture persuades a shift in the diffraction peaks of analysed
samples towards higher diffraction angles, possibly indicating a shrinkage of
the crystal lattice of the obtained phases. Figure 13b shows a representative (0
2 10) diffraction peak near 31° which undergoes a clear shift. Since the ionic
radius of six-fold coordinated Ca®* is 1.00 A and the ionic radius of six-fold
coordinated Mg?" ion is 0.72 A, thereby increased magnesium concentration
results in a decrease of the interplanar spacing between the lattice planes of
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WH crystal and consequently leads to the shift in the diffraction peaks from
20 =31.30° (for Ca/Mg =4) to 20 =31.11° (for Ca/Mg = 15) [109].
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Figure 13. a) XRD patterns of synthesized Ca/Mg = 4, 6, 8, 10, 12, and 15
samples; b) enlarged view of (02 10) diffraction peak.
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In order to determine the structural parameters more accurately, the
Rietveld refinement of XRD data of the single-phase Mg-WH samples
(Ca/Mg=4,6,8, 10, and 12) was performed using FullProf program, in which
rhombohedral Ca;sMgx(HPO4)2(PO4)12 with R3¢ space group (#161) was
taken as a starting model [36]. Figure 14 a and b depict the graphical
representation of the lattice parameters plotted against the Ca to Mg molar
ratio in the initial reaction solution, and of Mg/(Mg + Ca) in the synthesized
samples as calculated from occupancy sites, respectively [110]. Obviously, as
the concentration of magnesium in the initial synthesis mixture increased the
a and c lattice parameters decreased, thus confirming higher magnesium
content within WH structure [110,111]. The cell parameters revealed a
monotonous increase along with an increase of Ca/Mg ratio indicating that
lattice expands without influencing the symmetry of the crystal. The evaluated
Ca/Mg molar ratio in the synthesized Mg-WH powders as well as lattice
parameters are summarized in Table 2.

According to the obtained results, it is evident, that magnesium added to
the initial synthesis mixture is not fully incorporated within the synthesized
structure. Excessive magnesium probably was washed out during the sample
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preparation as the determined Ca/Mg molar ratios were found to be higher
than the initial ones. The results show that Ca/Mg ratio within the synthesized
WH structure decreased from 17.6 (Ca/Mg = 12 sample) to 9.0 (Ca/Mg = 4),
and at the same time molar percentage of magnesium increased from 5.3
(Ca/Mg=12) to 10 (Ca/Mg = 4) for the same samples.

The crystallite sizes of the synthesized phases were calculated from the
broadening of the well-resolved (0 2 10) diffraction peak by Scherrer's
formula, d = 0.9 A/(B-cos0), where A is the X-ray wavelength, B is defined as
the full width of the peak from the intensity distribution pattern measured at
half of the maximum intensity value and 0 is the Bragg angle [112]. The
crystallite sizes of the samples, as determined from x-ray line broadening,
ranged from 29 nm for Ca/Mg = 15 sample to 25 nm for Ca/Mg = 4 sample.
These results confirm our assumption that WH nanocrystallites were
synthesized by the proposed dissolution-precipitation synthesis method.
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Figure 14. a) Lattice parameters a (red triangles) and ¢ (blue squares) extracted
from XRD pattern refinements versus the Ca to Mg molar ratio in the initial
reaction solution; b) lattice parameters a (red triangles) and ¢ (blue squares)
extracted from XRD pattern refinements versus the Mg/(Mg + Ca) molar % in the
synthesized samples.
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Table 2. The results of structural refinement of Ca/Mg=12, 10, 8, 6 and 4

samples.
Initial Determined | Determined
Ca/Mg Ca/Mg Mg/(Ca+Mg) a, A ¢, A
molar ratio molar ratio molar %

4 9.00(0) 9.99(9) 10.3401(1) 37.1301(1)
6 9.95(5) 9.12(9) 10.3445(8) 37.1554(3)
8 10.8(8) 8.41(6) 10.3558(6) 37.1847(1)
10 12.7(4) 7.27(9) 10.3743(2) 37.2090(4)
12 17.5(7) 5.38(4) 10.3930(8) 37.2326(7)

The Ca/Mg molar ratio in the synthesized WH powders as well as the
magnesium molar percentage calculated from the results of ICP-OES analysis
are summarized in Table 3. According to the chemical analysis of the single-
phase samples WH (Ca/Mg=4, 6, 8, 10, and 12) it is evident, that magnesium
added to the initial synthesis mixture is not fully incorporated within the
synthesized structure. The results of the analysis show that the amount of Mg**
ions within the synthesized samples increases from 8.74 (Ca/Mg = 12 sample)
to 15.8 (Ca/Mg = 4 sample) molar percent even though the XRD data indicate
that the samples synthesized are phase-pure. It suggests that some secondary
magnesium-containing CP phase might be present, however, it is amorphous,
or its amount is insignificant, below the level of detection by XRD.

Table 3. The results of ICP-OES analysis of Ca/Mg = 4, 6, 8, 10, and 12
samples.

Initial Ca/Mg molar Determined Determined
ratio Ca/Mg molar ratio | Mg/(Ca+Mg) molar %
4 5.33 15.8
6 6.06 14.2
8 6.53 13.3
10 7.82 11.3
12 10.4 8.74

FT-IR spectroscopy is a widely used technique, as it provides information
on the presence of particular phases or structural groups within inorganic
materials [113]. The FT-IR spectra of synthesized Ca/Mg =4, 6, 8, 10, 12, and
15 samples are shown in Figure 15. The broad absorption band in the region
0f 1200—800 cm ™! is composed of several overlapping peaks. To find an exact
peak position, FT-IR spectra have been deconvoluted into distinct peaks using

41



Gaussian distribution. The spectra in the vs; PO4>~ stretching domains have no
obvious difference between all the measured samples and exhibit bands at
1135, 1097, 1066, 1011, 987 and 960 cm™!, which are consistent with the ones
detected by Jang et al. [114]. The 930—800 cm ™! region was resolved to three
components at 913, 884 and 860 cm™! for Ca/Mg = 10, 12, 15 samples, and
two components at 919 and 891 cm™! for Ca/Mg = 4, 6, 8 samples.
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Figure 15. FT-IR spectra of synthesized Ca/Mg = 4—15 samples.

The aforementioned bands are assigned to the vibrations of P-O—H bond
in the protonated phosphate group. A peak at 919 cm™' is a typical stretching
mode of P-O-H bond in the WH structure [36,114,115]. It is interesting to
note, that for Ca/Mg = 15 sample this band is shifted to lower wavenumbers,
namely to 913 cm™!, due to the presence of CDHA phase, clearly detected by
XRD analysis for Ca/Mg = 15 sample, and suggested by the appearance of a
band at 860 cm™! (Figure 16). Moreover, Ca/Mg = 15 sample has an additional
component at 1175 cm™! which also confirms the presence of CDHA [116].
In the FT-IR spectrum of carbonated hydroxyapatite, the carbonate peaks at
880 — 870 cm™! are assigned to the A- (879 cm™') and B- (873 cm™") types
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carbonated hydroxyapatite [5,113]. The absence of any bands in the range of
1400 — 1550 cm™! indicates that our synthesized samples do not contain any
carbonated hydroxyapatite and the peaks observed around 884 cm™!' (for
Ca/Mg = 10, 12, 15 samples) and at 891 cm™' (for Ca/Mg = 4, 6, 8 samples)
could be assigned to the P-O-H bond of HPO4*" rather than to the carbonate
vibration. It is worth mentioning that the bands (884 cm™ and 891 cm™!) might
be related to monetite [117], however, XRD did not show any signs of this
phase. The absorbances at low wavenumbers 640 — 500 cm™ and 430 cm™!
correspond well to the phosphate v4(POs*") and v2(PO4*") bending modes,
respectively [118].
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Figure 16. FT-IR spectra in the 1200 — 800 ¢cm™' spectral region for the
synthesized Ca/Mg = 4 and 15 samples, enlarged for visual clarity.

The SEM micrographs of synthesized whitlockite samples having
various Ca to Mg molar ratios are presented in Figure 17. As was expected,
the surface morphology of the end products depends on the magnesium
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content in synthesized Mg-WH [30]. In general, Figure 17 shows the
appearance of rhombohedral, hexagonal, and spherical nanoparticles with
particle sizes of 10 — 100 nm. These results are remarkably similar to the
results obtained recently by Konishi and Watanabe [119]. The surface of
Ca/Mg = 15 sample also contains the particles which exhibit a rod-like
morphology, which also confirms the presence of CDHA (Figure 17 a, and e).
The formation of monodisperse thombohedral WH particles with a size of
about 150 nm is evident for the sample Ca/Mg = 12 (Figure 17 b, and f).
However, thombohedral nanoparticles (less than 20 nm) have formed in the
case of the Ca/Mg = 4 specimen (Figure 17 d, and h). So, with an increasing
amount of Mg, the monotonous decrease in particle size can be observed.
These results appear contradict to the ones obtained by the XRD analysis
method. However, it is very well known that XRD shows the crystallite size,
but SEM shows the particle size, making the size comparison problematic
[120]. Such difference could be also caused by the fact that some fields of the
micrographs contain freely associated aggregates which are covered by a thin
layer of amorphous material (Figure 17 d, and h). The SEM images of Mg-
WH nanoparticles with different amounts of magnesium given in Figure 17
(a-h), also show more irregular structures with various levels of
agglomeration. And the level of agglomeration with increasing amount of
magnesium in the structure increases significantly. In addition, the porous
structure was observed in the SEM images depending on the amount of
magnesium, causing the grain growth due to diffusion of grain boundaries and
Ostwald ripening [33]. The larger aggregates of tiny particles and the
aggregates did not possess any definite shape. The formation of porous
agglomerates (or mixtures of particles of varied sizes), where each
agglomerate is an assembly of numerous distinguishable particles makes the
SEM results slightly different from XRD measurements as well [121]. Finally,
Scherrer equation is a rough approximation. The Guinier model deviated
slightly from Scherrer’s formula and analytical models including a size-
dependent term [122,123].
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Figure 17. SEM images of the synthesized powders prepared at various Ca to Mg
molar ratio in the initial reaction solution: (a), (¢) Ca/Mg = 15; (b), (f) Ca/Mg =
12; (¢), (g) Ca/Mg = 8§; and (d), (h) Ca/Mg = 4.

45



The more accurate size of individual particles was determined using
TEM. The TEM images of synthesized whitlockite samples having various Ca
to Mg molar ratios are presented in Figure 18. From the micrograph presented
in Figure 18a it is obvious that Ca/Mg = 15 sample consists of two phases as
already has been confirmed by XRD and SEM results. The size of hexagonal
whitlockite particles varies in the range of 30 —230 nm (the average size is
120 nm), in contrast, CDHA showed rod-like particles of the mean value of
45 nm. The formation of hexagonal and rhombohedral particles with a size of
approximately 110 nm (the size of individual particles varies in the range of
approximately 22 — 230 nm) is evident for the sample Ca/Mg = 12 (Figure
18b). As was expected, the shape and the size of the particles of the end
products depend on the magnesium content in synthesized WH. With
increasing of the amount of magnesium added to the initial synthesis mixture
the resultant particles of irregular, undefined shape became smaller, and their
size distribution appeared narrower (see Figure 18 ¢ and d for Ca/Mg = §,
Ca/Mg = 4 samples, respectively). TEM micrograph of Ca/Mg = 8 sample
(Figure 18c) reveals the formation of particles of the mean value of 40 nm (the
size of individual particles varies in the range of 10—70 nm), while for Ca/Mg
= 4 sample (Figure 18d) discloses particles of approximately 30 nm (the size
of individual particles varies in the range of 15— 60 nm).

100 nm 100 nm

100 nm g 100 nm
Figure 18. TEM images of the synthesized powders prepared at various Ca to Mg
molar ratio in the initial reaction solution: (a) Ca/Mg = 15; (b) Ca/Mg = 12; (c)
Ca/Mg = 8; and (d) Ca/Mg = 4.

46



3.2. Phase transformations during the synthesis of magnesium
whitlockite from gypsum under static and rotating conditions

To verify the formation of the Mg-WH phase under static and rotating
conditions in time, we gradually increased the reaction time while keeping the
synthesis temperature constant at 80 °C. The phase formation was monitored
by comparing powder XRD patterns obtained for samples synthesized for 4 h,
6 h, 12 h, and 24 h (Figure 19 represents Mg-WH phase formation under static
conditions and Figure 20 under rotating conditions).
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Figure 19. XRD patterns of samples synthesized with different reaction times
under static conditions. The vertical lines at the bottom represent reflections of
the standard XRD pattern of Mg-WH according to ICDD #00-070-2064. The
insets show enlarged views of the (0 2 10) diffraction peak of the S12h and S24h
samples.
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Figure 20. XRD patterns of samples synthesized with different reaction times
under rotrating conditions. The vertical lines at the bottom represent reflections
of the standard XRD pattern of Mg-WH according to ICDD #00-070-2064. The
insets show enlarged views of the (02 10) diffraction peak of the R12h and R24h
samples.

The XRD patterns of the samples synthesized for 4 h independently of
static and rotating conditions correspond to a mixture of CSH (ICDD #01-
083-0438) and CaHPO4-2H,O (ICDD #00-009-0077). The formation of CSH
is related to the dehydration of gypsum rather than its dissolution, since
gypsum is less soluble than CSH even at elevated temperatures (the solubility
of the precursor should be higher than that of the precipitated product) [30].
Meanwhile, the precipitation of DCPD occurs at the expense of the dissolution
of CSH (for the Ca** ions to be supplied) and the hydrogen phosphate ions
already present in the reaction solution. DCPD, which is an acidic CP, is often
used as a starting material in the preparation of CP-based materials [124,125].
At around neutral pH it is a metastable phase. According to Ostwald’s rule of
stages, the first crystallises the least stable phase, which then transforms to a
more stable one [126]. Consequently, in aqueous medium DCPD usually
transforms stable CP, that is HAp, OCP or a mixture of these, and therefore it

48



must also be additionally stabilized to prevent crystallization of unwanted
phases. Here, we should emphasise that the presence of magnesium ions in the
reaction solution prevents DCPD from transforming into those
thermodynamically stable undesirable CPs even when exposed to elevated pH
conditions [127].

As the reaction progressed further, the second significant change in the
product composition was observed after 6 h, both for static and rotating
synthesis conditions. The XRD peaks corresponding to the anhydrous form of
calcium hydrogen phosphate (DCPA, CaHPO4; ICDD #00-070-1425) and to
the WH phase (ICDD #00-070-2064) were detected in the resulting sample.
Highly soluble DCPD was transformed into DCPA, which, in turn, was
partially converted into the WH [128]. The formation of an acidic DCPA
phase in the sample treated for 6 h probably caused a decrease in the pH of the
reaction solution (Ca?*(aq) + Ho.PO4 (aq) — CaHPOu(s) + H'(aq) [129,130])
and it became suitable for the precipitation of the Mg-WH phase, as it is well
known that the Mg-WH phase precipitates under magnesium-rich and acidic
pH conditions [89]. The percentages of the DCPA and Mg-WH phases
identified in the XRD pattern in sample synthesized for 6 h were determined
using the RIR method. The S6h sample consisted of 60 wt.% DCPA along
with 40 wt.% WH. The R6h sample qualitatively comprises the same
constituents; however, the Mg-WH phase was the main (55 wt.%) along with
the DCPA component (45 wt.%). Thus, rotation accompanied by mixing the
reaction suspension facilitated the solubility of the starting and intermediate
products. The rotating conditions probably influenced the crystal size of the
obtained materials, resulting in more reactive intermediate products, which
caused different rates of Mg-WH phase formation.

Eventually, when the reaction time was extended to 12 h, according to
the XRD patterns the DCPA phase disappeared from both analysed samples
and the peaks attributable to Mg-WH became dominant. As Gopal et al. first
deduced, Mg-WH crystallises in a rhombohedral crystal lattice that adopts the
symmetry of R3c (# 161) (Z=6), with lattice parameters of @ = b = 10.350(5)
A, ¢ =137.085(12) A and a = = 90°, y = 120° [40,131]. All experimental
XRD peaks shown in Figure 19 for the sample S12h and in Figure 20 for R12h
were allowed Bragg 20 positions for the mentioned above space group,
suggesting that the samples possess WH structure. Therefore, using the
described synthesis procedure, single-phase WH structure samples S12h and
R12h were attained. It should be noted here that a careful inspection of the
XRD pattern revealed some 20 mismatch between the observed peaks of the
S12h and R12h samples and the standard. All peaks of synthetized powders
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are shifted to the lower 20 angles. The expanded view of the XRD patterns
with reflection from the most intense (0 2 10) plane is shown as insets in
Figures 19 and 20. For the S12h sample, the aforementioned reflection
emerged at 260=31.01°, for R12h at 20=31.07°, while the strongest line of the
standard appears at 20 =31.31°. The shift of the diffraction peak toward the
lower angle implies a difference in the crystal interplanar spacing of prepared
samples from those of the standard, indicating the possibility of the cation
distribution in the crystal lattice of the measured samples being different from
that of the standard.

To see whatever ageing affects the purity, morphology and structural
parameters of the obtained Mg-WH phase, we prolonged the synthesis time
for additional 12 h. The diffraction patterns of the 24 h samples did not present
any peaks, which could be ascribed to other than the Mg-WH crystalline
phases. The expanded view of the XRD patterns with reflection from the most
intense crystallographic plane (02 10) is shown in the insets in Figure 19 and
20. For the sample S24h, the aforementioned diffraction line emerged at 20 =
31.04°, for R24h at 20=31.26°. It should be noted that the diffraction peaks
in the XRD patterns of all single-phase Mg-WH samples are broadened,
indicating the nanocrystalline nature of the prepared materials.

The structure of WH was shown to allow for some variations in the Ca to
Mg ratios. Therefore, solid solutions with some degree of substitution are
possible for this CP material [132]. In [132], it was shown that the @ and ¢
lattice parameters of the prepared Mg-WH samples increased with an increase
in the molar Ca to Mg ratio in the initial reaction solution or with a decrease
in the magnesium content in the structure of the WH. Therefore, the
substitution of Ca by Mg causes lattice contraction of the synthesized CP
material. This result is reasonable since the ionic radius of Mg?* (0.72 A) is
smaller than that of Ca®" (1.00 A) in the same six-fold coordination. In the
present work, to confirm the purity of the synthesized samples, and to assess
their structural parameters more closely, Rietveld refinement of the S12h,
R12h, S24h, and R24h samples was carried out using the FullProf software
(Figure 21 illustrates the refinement pattern of S12h sample).

A successful structure refinement was achieved by setting additional Ca**
at the magnesium octahedral 6a Wyckoff position [90]. During refinement,
Ca and Mg were allowed to vary at the co-occupied site, with the restriction
of producing a stoichiometric composition of the sample (the sum occupancy
of Ca and Mg at the shared site was set equal to 0.33334). The deduced
structural and microstructural data are summarized in Table 4 (the refined
atomic positions, site occupancies for S12h sample are listed in Table 5).
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Figure 21. The Rietveld refinement plot of the S12h sample.
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Table 4. Structural, R-values, y*> and microstructural data elucidated from

XRD for S12h, S24h, R12h and R24h samples.

Sample
a, A
c, A
Cell
A3
Occ (Ca)
Occ (Mg)
Rp

Rwp

ZZ

Cristalite size,
nm
Cristallinity
(amorphisity),
%

volume,

S12h
10.406(7)
37.216(9)
3490.5(6)

0.167(3)
0.166(3)
2.61
3.42
2.84

30

61 (39)

S24h
10.397(2)
37.178(8)
3480.5(9)

0.138(4)
0.195(4)
2.38
3.16
2.40

30

67 (33)
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R12h
10.352(6)
37.170(7)
3450.1(1)

0.037(7)
0.295(7)
2.05
2.64
1.71

16

54 (46)

R24h
10.351(9)
37.151(2)
3447.7(9)

0.021(4)
0.312(4)
2.45
3.20
2.54

22

58 (42)



Table 5. Rietveld refinement data of the S12h sample: crystallographic site,

Wyckoff position (W.p.), atom coordinates (x, y, z), site occupancy (s.0.).

Atom W.p. X y % S.0.
Cal 18b 0.38036(7) 0.18316(9) 0.00223(3) 1
Ca2 18b 0.81718(9) 0.20312(6) 0.89728(2) 1
Ca3 18b 0.60995(5) 0.78361(9) 0.96871(4) 1
Ca4 6a 0 0 0.92495(15) 0.019
Ca$S 6a 1/3 2/3 0.90217(5) 0.167(3)
Mg6 6a 1/3 2/3 0.90217(5) 0.166(3)
P7 6a 0 0 0.97969(4) 0.281
P8 6a 0 0 0.0025* 0.052
P9 18b 0.68522(3) 0.83640(7) 0.86759(1) 1
P10 18b 0.53211(4) 0.01990(5) 0.93212(2) 1
0O11 6a 0 0 0.92970(9) 0.281
012 6a 2/3 1/3 0.87488(15) 0.052
013 18b 0.72472(19) 0.82503(18) 0.91191(7) 1
014 18b 0.72540(25) 0.73849(26) 0.84955(5) 1
015 18b 0.75276(26) 0.98177(25) 0.85848(5) 1
O16 18b 0.52094(13) 0.75121(34) 0.86985(4) 1
017 18b 0.43808(24) 0.85440(15) 0.94517(4) 1
018 18b 0.44360(27) 0.09405(22) 0.95336(5) 1
019 18b 0.67129(26) 0.06290(20) 0.94558(7) 1
020 18b 0.54139(27) 0.07761(17) 0.98703(4) 1
021 18b 0.12573(14) 0.99081(16) 0.99450(4) 1

* restrained value

The analysis of the data indicates that the lattice parameters, magnesium
site occupancy (theoretically it is 0.33334 for Ca;sMgx(HPO4)2(PO4)12, as Z =
6), and lattice volume changed only marginally, while the synthesis time was
extended to 24 h. Both synthesis methods resulted in some extraction of Ca
atoms from the WH structure when synthesis time was prolonged as evidenced
by the reduction in unit cell volumes and the decreased refined Ca occupancies
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at the Mg site. It is important to note that these parameters exhibit significant
differences when samples synthesized under disparate conditions are being
compared, those synthesized under static vs. rotating conditions. Notably,
rotating synthesis conditions were more effective in producing Mg-rich
samples (compare S12h and R12h). As can be seen from the results presented
in Table 4, the single-phase Mg-WH samples prepared using static conditions
for 12 h and 24 h composed of 30 nm crystallites (Figure 22 illustrates the Le
Bail refinement pattern of S12h sample), the degrees of crystallinity of which
are 61 % and 67 %, respectively. Regarding the size of crystallites, the
increased size should be the result of the longer processing time that allows
continuous growth of nanocrystals [133]. However, the kinetics of the
dissolution-precipitation reaction on the surface of small particles is rather
complicated [134]. Depending on the coverage of the particle surface by the
new phase, the reaction kinetics could exhibit high- and low-rate regimes. This
probably could be the reason for the absence of an apparent grow of
crystallites by increasing the reaction time using the static synthesis regime.
Synthesis under static conditions (apparently occurring without mixing)
resulted in a larger particle size and higher crystallinity (see Table 4) because
the growth rate of these particles exceeded their nucleation rate [135].
Although the reaction rate under static conditions was found to be lower
compared to those prepared under rotating conditions (see Figure 19 for S6h
and Figure 20 for R6h), the samples prepared under rotating conditions were
made of smaller crystallites, namely 16 nm (12 h synthesis) and 22 nm (24 h
synthesis), whose degree of crystallinities is 54 % and 58 %, respectively. No
definitive correlation could be established between the magnesium content,
the crystallite size, and the crystallinity of the synthetized Mg-WH samples
[132]. The difference in crystallite size and crystallinity among the samples is
obviously dependent on the synthesis conditions, which gave rise to different
rates of the formation of Mg-WH. Meanwhile, nucleation under rotating
conditions occurred at a rate higher than that of crystal growth. Consequently,
it led to crystallites to become smaller, the order of atomic arrangement, and,
therefore, the crystallinity to become lower in both samples synthesized under
rotating synthesis conditions. Here, it should be emphasized, that the variation
and control of crystallinity might be achieved by selecting a synthesis setup.
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Figure 22. The Le Bail refinement plot of the S12h sample. Vertical green bars
represent the peak positions of Mg-WH phase.

For functional group investigation, FT-IR spectroscopy was used as a
complementary technique to XRD. FT-IR spectra show that samples S4h and
R4h contain sulphate (SO4*), phosphate (POs*), and hydrogen phosphate
(HPO4*) ions (see Figure 23 for the samples obtained under static conditions,
and Figure 24 for the samples obtained under rotating conditions) [136—138].
The bands located at approximately 11501090 cm™! belong to vs stretching
modes of the SO4*~ and PO4*~ groups present in the crystal structure of the
CSH and DCPD phases. The bands at 1006 cm™ and 985 ¢m™ correspond to
vi of the S—O and P-O bands of the aforementioned groups. Meanwhile,
absorptions centred at 872 cm™' and 789 ¢cm™!' could be assigned to the
stretching vibration of the P-O(H) and P-O-H out-of-plane bending modes
of the HPO4* group present in the structure of DCPD, respectively [139].
Bands in low wavenumbers of 660 —595 cm™ and 463 cm™ correspond well
to the v4 and v» modes of the S—O bond of the SO4*, respectively, while a
shoulder at 574 cm™', and a band at 522 cm™ are associated with the bending
mode of the HPO4>~ group in the structure of DCPD [140].
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Figure 23. FT-IR spectra of samples synthesized with different reaction time
under static synthesis conditions.

The FT-IR spectra of the samples prepared for 6 h regardless of synthesis
conditions contain only absorption band characteristic of the POs*~ and
HPO4* groups. There is no sign of a sulphate group anymore in the samples
obtained. It is apparent from the spectra that as a result of prolonged synthesis
time, the phase composition of obtained samples was changed to possess
clearly distinct absorption. It complements the evidence on the presence of
two crystalline CP phases, namely DCPA and Mg-WH, detected by XRD
analysis (see Figure 19, and Figure 20). The peaks at 1130 cm™', 1068 cm™,
1015 cm™, and a shoulder at 1010 cm™" represent vs, while the band at 954
cm! corresponds to v vibrations of the PO4*~ group in the crystal structure of
the DCPA and Mg-WH [141,142]. The band at 1190 cm™! could be related to
the bending mode of P-O(H) originating from the HPO4>~ group present in
Mg-WH [141]. It is interesting to note that the FT-IR spectrum of S6h sample
has a rather broad band with the two maxima at 887 ¢cm™ and 866 c¢cm™!
attributable to the stretching vibration of the P-O(H) bond of the HPO4*
group [128,143]. This is because there are two different crystallographic
environments of hydrogen phosphate ion within the biphasic sample (the S6h
sample consisted of 60 wt. % of DCPA along with 40 wt.% of Mg-WH phase,
while the R6h sample consisted of 45 wt.% of DCPA and 55 wt.% of Mg-WH
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component) of the higher crystallinity than the one obtained under rotating
conditions. The absorbances at 602 cm™', 550 cm™! and 465 cm™' correspond
to the v4 (P-O) and v» (O-P-0), of the POs*~ and HPO4> groups, respectively
[128,141].
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Figure 24. FT-IR spectra of samples synthesized with different reaction time
under rotating synthesis conditions.

The formation of single-phase Mg-WH in the samples synthesized for 12
h and 24 h is further supported by FT-IR spectra showing that samples contain
only the PO4*", and HPO4>~ groups. The band at 1190 cm™' could be related to
the bending mode of the P-O(H) bond present in the structure of Mg-WH
[141,142]. Peaks at 1130 cm™', 1068 cm™!, 1015 cm ™!, 1010 cm ™! (a shoulder)
and 954 cm™! arise from the various stretching vibrations of the P—O bonds (v3
and vi, respectively). Bands at 604 cm™!, 550 cm™! and 465 cm™! are due to
bending v4 of the P-O bond and v, (O—P—0) vibration, respectively, present
in the PO4*", and HPO4>~ groups [128,141,142]. The broad band centred at 868
cm! represents the stretching of the P-O(H) bond present in the crystal
structure of Mg-WH [128]. It can be observed that the spectra of the samples
obtained under static conditions are more expressed, representing a higher
crystallinity of the samples [144,145]. In contrast, the rounded bands of the
samples obtained under rotating conditions may be attributed to a decrease in
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the crystallite size and an enhancement of the crystal structure disorder, in
agreement with the results of the powder XRD.

The SEM micrographs of S4h —S24h and R4h —R24h samples obtained
during the low-temperature synthesis of Mg-WH nanopowders under different
conditions are presented in Figure 25.

Figure 25. SEM images of samples synthesized with different reaction time under
static conditions for S4h, S6h, S12h, and S24h, and rotating synthesis conditions
for R4h, R6h, R12h, and R24h.
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The microstructure of the obtained samples is influenced by their phase
composition, selected synthesis conditions, and reaction time. Observing the
micrographs, it is evident that the S4h, S6h, R4h, and R6h samples consist of
two distinct phases, as they exhibit two different types of particles. In the S4h
sample, large plate-like crystals of DCPD with a smooth surface are observed,
ranging in size from approximately 2 to 3 um. These platy crystals are found
to be covered by smaller volumetric particles of CSH that possess a rough
surface [143,146]. The S6h sample displays tiny volumetric particles of Mg-
WH along with plate-like crystals of DCPA [24,132,147].

Upon increasing the synthesis time to 12 hours, the morphological
features of the S12h sample undergo significant changes. The plate-like
crystals disappear, and rhombohedral particles of Mg-WH with varying levels
of agglomeration become predominant, ranging in size from 25 to 350 nm.
The morphology of the S24h nanopowder, obtained under the same
conditions, remains largely unchanged; however, the level of particle
agglomeration and particle size (ranging from 30 to 350 nm) increases. In
static conditions, particles have a higher tendency to agglomerate or cluster
together, leading to the formation of larger crystals instead of individual
particles. Moreover, initially, the S12h sample shows a distribution of
particles with varying sizes, including both small and large Mg-WH
nanoparticles. SEM images disclose an increase in the size of Mg-WH
particles for the S24h sample might be attributed to the Ostwald ripening — a
phenomenon observed in certain systems where small particles dissolve while
larger ones grow over time [148]. Notably, the S24h sample exhibits
remarkably smooth nanoparticles with well-defined faces and edges,
indicating improved crystal perfection compared to earlier stages of synthesis.
This can be attributed to the extended synthesis time, which allows for a more
complete reaction, affecting the order of atomic arrangement, and the potential
removal of secondary phases. During the synthesis of Mg-WH nanopowders
under rotating conditions, the initial stage of the synthetic procedure (sample
R4h) resulted in the formation of smooth surface platy crystals of DCPD,
which were larger than 3 pm, along with rough surface volumetric particles
of CSH. The R6h sample exhibited tiny volumetric particles of Mg-WH in
addition to plate-like crystals of DCPA [24,132,147]. Upon extending the
treatment time to 12 hours, the platy crystals of DCPD disappeared, and the
Mg-WH rhombohedral particles became the dominant phase under rotating
conditions [24,132]. SEM measurements of the R12h sample revealed the
formation of particles ranging in size from 15 to 75 nm. As the synthesis time
increased further, the morphology of the Mg-WH particles and their degree of
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aggregation were maintained, but there was a slight increase (see Table 4) in
individual particle size.

In conclusion, the SEM results obtained are consistent with the findings
from XRD analysis and FT-IR spectroscopy. Considering these results, a
proposed the scheme of the formation of Mg-WH using the dissolution-
precipitation method under static and rotating conditions is depicted in Figure
26. The formation of Mg-WH under rotating conditions occurs more rapidly
than under static conditions. Additionally, the duration of synthesis does not
significantly influence the crystallite size of the synthesized Mg-WH under
static conditions. However, the continuous shaking of the reaction vessel
during rotating conditions has a significant impact on crystallite growth.
According to the XRD and SEM results, both the crystallite and particle size
of Mg-WH increase with an increasing synthesis time from 12 h to 24 h when
performed under rotating conditions.

DCPD; CSH DCPA; Mg-WH Mg-WH Mg-WH

30 nm 30 nm
0y 4 6h 12h 24
DCPD:; CSH Mg-WH; DCPA Mg-WH Mg-WH
Starting
materials 4 g
L — — e
16 nm 22 nm

Figure 26. Schematic representation of the formation of Mg-WH nanoparticles
using the dissolution-precipitation method under static and rotating conditions.
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4. CONCLUSIONS

1. Mg-WH samples with different contents of magnesium (nominal
Ca/Mg molar ratio equal to 15, 12, 10, 8, 6, and 4) were successfully
synthesized from brushite by a dissolution-precipitation method. The
chemical composition, the morphology of synthesized material was adjusted
by the Ca/Mg molar ratio in the initial synthesis solution. No other secondary
phases due to a varied amount of the Ca?" and Mg?* ions were observed in the
XRD patterns of products with Ca/Mg ratio from 12 to 4. However, the
presence of a small amount of CDHA was determined in the Ca/Mg =15
specimen. The lattice parameters a and ¢ of synthesized compounds increased
with increasing the Ca/Mg molar ratio in the initial reaction solution or
decreasing the magnesium content in WH structure. The XRD results were
fully supported by the FT-IR spectroscopy results. SEM imaging showed a
dependence of surface morphology on magnesium content, while TEM
analysis revealed variations in particle size and shape with magnesium
content.

2. The formation of Mg-WH powder during the environmentally
friendly dissolution-precipitation synthesis at 80 °C under static and rotating
conditions was elucidated. It was found that the target phase was derived from
an initial powder of gypsum through formation of several intermediate
products within 12 h. The FT-IR spectra confirmed the presence of sulphate,
phosphate, and hydrogen phosphate groups in the early stages of synthesis,
while the characteristic bands of the Mg-WH phase became predominant as
the synthesis progressed. The synthesis under rotating conditions favors
formation of smaller (16 nm) Mg-WH crystals with respect to the sample
synthesized under static conditions (30 nm). Rietveld refinement of the 12 h
and 24 h samples confirmed small changes in lattice parameters, magnesium
occupancy, and lattice volume; however, the synthesis conditions (static vs.
rotating) influenced structural parameters as well as the crystallite size and
crystallinity of the Mg-WH samples more significantly. The findings
demonstrate the influence of reaction time and synthesis conditions on the
formation, composition, structural and microstructural parameters of the Mg-
WH phase, providing insights into the synthesis procedure and control of the
properties of the resulting material.
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SUMMARY IN LITHUANIAN
IVADAS

Kaulas — tai natiiralus nuolat atsinaujinantis 3D organinis-neorganinis
nanokompozitas, sudarytas i§ kolageno fibriliy ir Zemo kristaliskumo
neorganiniy medziagy nanodaleliy. Pagrindinis neorganinis komponentas
sudarantis stuburiniy mineralizuotg kaulinio audinio dalj yra kalcio deficitinis
hidroksiapatitas, kuris i§ dalies praturtintas COs2-, Mg?*, Sr**, F-, HPO,*
jonais. Nors nattralus kaulas turi stipry savaiminio atsinaujinimo ir gijimo
gebéjima, yra ligy ir bukliy, tokiy kaip osteoporozé, navikai, traumos ir kiti
veiksniai, galintys sukelti kauly defektus, vir$ijancius savaiminj organizmo
atsinaujinimo  pajégumg. Tokiems pacientams reikalingas iSorinis
intervencinis gydymas, padedantis sugydyti ir (arba) atkurti kaulg. Dirbtiniai
implantai, kuriy struktiiriné ir cheminé sudétis panasi j natiiralaus kaulinio
audinio, gali buti perspektyvis zinduoliy kietyjy audiniy funkcijy atktrime,
pakeitime, palaikyme arba praturtinime. Sie dirbtiniai pakaitalai gaminami
jvairiausiy formy: milteliy, granuliy, tankiy arba poréty karkasy, bioaktyviy
dangy pavidalu. Sios medziagos kliniskai naudojamos kaip dirbtiniai kaulo
pakaitalai dél jy gebéjimo skatinti naujo kaulo susidaryma palaipsniui
pakeiciant kaulo defekto vietoje implantuotg medziagg. Kalcio fosfatai (CP)
yra zinomi kaip puiklis transplantatai, atsizvelgiant j jy puiky biologinj
suderinamumg su zmogaus organizmu, kontroliuojama biologinj skaiduma,
osteolaidumg, bioaktyvuma ir kaulinio audinio integracijg i implanta. Tod¢l
regeneracinés medicinos srityje yra didelé sintetiniy CP paklausa.

Biologinis CP keramikos elgesys (biologinis skaidumo greitis,
osteolaidumas, biologinis aktyvumas) ir mechaninés savybés labai priklauso
nuo pasirinkto sintezés metodo, kuris, savo ruoztu, daro jtaka CP fazinei
sudéciai, grynumui, kristaliSkumui, daleliy dydziui, morfologijai ir, galiausiai,
dirbtiniy implanty biomedicininéms savybéms. D¢l §Sios priezasties sintezés
metodo pasirinkimas yra labai svarbus gaminant medziagas, naudojamas
biomedicinoje. Iki $iol buvo atrasta daug aukstatemperatiiriy sintezés metody,
leidziancCiy susintetinti jvairias CP medziagas. Taciau tokiais sintezés
metodais pagaminta keramika pasizymi itin aukstu kristalisSkumu, skirtingai
nei Zemoje temperatiiroje susiformavusio natiiralaus kaulo. Be to, kai kuriy
termiSkai nestabiliy CP faziy negalima susintetinti aukS$toje temperaturoje.
Nustatyta, kad biomedziagos, gautos vykdant sintez¢ Zemoje temperatiiroje,
pasizymi geresniu biosuderinamumu nei jprastiné biokeramika. Slapieji
cheminés sintezés metodai, pvz.: zoliy-geliy, hidroterminé, solvaterminé,
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mikroemulsijos ir nusodinimo, leidzia tolygiai pasiskirstyti pradiniams
komponentams ir CP medziagy sintez¢ vykdyti palyginti Zemoje
temperatiiroje. Zematemperatiiris sintezés metodas, naudojamas Zemo
kristaliSkumo CP medziagoms gauti, per faziy transformacija, pagrista
tirpinimo-nusodinimo reakcija, yra vienas i§ btidy, kaip paruosti biokeramika,
kurios fizikinés ir cheminés savybés bty panasios j kaulinio apatito savybes.
Siame metode, vyksta laipsniskas pirmtako tirpimas ir norimo produkto
nusodinimas. Tirpinimo-nusodinimo sintezé yra atsikartojantis, nebrangus ir
aplinkai nekenksmingas metodas. Sintezés procesas lengvai kontroliuojamas,
todé¢l produktams galima suteikti norimas fizines ir chemines savybes.

Magnio vitlokitas (Mg-WH: Ca;sMg:(HPO4)2(PO4)12) yra CP, kuriame
magnio jonai i§ dalies pakeiCia kalcio jonus. Mg-WH gebéjimas susidaryti
tirpaluose, kuriuose yra magnio, kalcio ir fosforo jony Saltiniai, esant
temperattrai, atitinkanciai fiziologines salygas, rodo, kad jis gali dalyvauti
jvairiuose biologiniuose ir patologiniuose procesuose. Pastaraji deSimtmetj
Mg-WH buvo minimas kaip vienas i§ pagrindiniy zinduoliy kaulinio audinio
neorganiniy komponenty (kartu su jau minétu apatito strukttros; taciau tuo
neseniai buvo suabejota). Nepaisant diskusijy $iuo klausimu, magnio jonai yra
zinomi kaip labiausiai atsakingi uz jvairius gyvybiskai svarbius procesus
Zmogaus organizme. Jie jeina j kaulinio audinio sudétj, dalyvauja raumeny
funkcijose, nervy sistemos veikloje, ir daugelyje fermentiniy procesy.
Nustatyta, kad magnio jonai skatina kauly formavimasi ir uzkerta kelig
osteoklasty aktyvumui. Jrodyta, kad magniu pakeisti CP padidina
biokeramikos skaidumg, todél jie labiau tinka laikinam pakeitimui arba
laipsniSkam pakeitimui naujai suformuotu kauliniu audiniu. [rodyta, kad
sintetinis Mg-WH, naudojamas kaip kauly pakaitalas, skatina kauly
formavimagsi, skatina osteogening diferenciacija ir stabdo osteoklasty
aktyvumg fiziologinémis salygomis. Nors Mg-WH dalis ir pasiskirstymas
kauluose vis dar yra tyrimy ir diskusijy stadijoje, taCiau stebimas nuolatinis
mokslinés bendruomenés susidomejimas $iuo magnio turinciu CP.

Mg-WH yra termiskai nestabilus junginys, kadangi jo struktiroje yra
vandenilio fosfato (HPO4*") grupé. Jprasti aukStatemperatiiriai sintezés
metodai gali sukelti Sio CP skilimg; tod¢l jam pagaminti naudojami
zematemperatlriai sintezés metodai. Mg-WH struktiiros junginiai buvo
susintetinti naudojant hidroterminj, nusodinimo, solvaterminj, tirpinimo-
nusodinimo metodus. Buvo jrodyta, kad tirpalo pH, sintezés temperatiira,
kaitinimo trukmé, sendinimo trukmé ir pradiniy medziagy laSinimas j
reakcijos miSinj greitis, veikia grynos Mg-WH fazés susidaryma, o
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menkiausias bet kurio i§ Siy parametry pokytis, gali sukelti nepageidaujamy
termodinamiskai stabiliy priemaiSiniy CP faziy susidaryma.

Sio darbo tikslas — istirti Mg-WH susidarymg bei fazinius virsmus
naudojant brusitg (dikalcio fosfato dihidratg, CaHPO4-2H,O, DCPD) ir gipsa
(kalcio sulfato dihidratg, CaSO4-2H,0) pradinémis medziagomis, taikant
zematemperatlirj tirpinimo-nusodinimo sintezés metodg, bei optimizuoti
sintezés salygas taip, kad gebéti kontroliuoti gauty milteliy chemine sudétj,
kristaliSkumg ir morfologijg, sickiant panaudoti juos kauliniy audiniy
regeneracijoje.

Tyrimo uZduotys:

* nustatyti Mg-WH fazinj grynumg, Ca/Mg molinj santykj,
kristalografinius parametrus, funkcines grupes ir morfologija esant
skirtingiems Ca ir Mg moliniams santykiams pradiniame reakcijos tirpale;

+ istirti Mg-WH susidarymg vandeninéje terpéje i§ gipso, kai sintezés
metu magnio ir fosfato jonai yra statinémis arba rotacinémis saglygomis.

Pirmoje tyrimo dalyje pagrindinis démesys skiriamas Mg-WH milteliy
sintezei i$ brusito, j reakcijos miSinj pridedant skirtingg magnio Saltinio kiekj.
Buvo siekta susintetinti skirtingg Ca/Mg molinj santykj turintj Mg-WH, kuris,
kaip manoma, galéty pasiZymeéti skirtingomis biologinéms savybéms. Antroji
tyrimo dalis skirta faziniy virsmy, sintetinant Mg-WH i§ gipso statinémis ir
rotacinémis sglygomis, tyrimui. Pazymétina, kad abi pasirinktos pradinés
medziagos yra netoksiSkos, lengvai prieinamos, o tirpinimo-nusodinimo
sintezés metodas pasizymi paprastumu, efektyvumu ir yra draugiskas
aplinkai. Sis tiriamasis darbas yra svarbus siekiant ne tik padidinti supratima
apie fazinius virsmus vykstancius Mg-WH sintezés metu, bet ir turéti jrankj
kuriuo galima kontroliuoti §io CP grynuma, chemine sudétj, kristaliSkuma ir
mikrostruktiirg.

GINAMIEJI TEIGINIAI

1. Mg-WH cheminé sudétis, morfologija ir daleliy dydis priklauso nuo
Ca/Mg molinio santykio pradiniame reakcijos tirpale. Vienfaziai bandiniai
gali buti gauti tirpinimo-nusodinimo metodu i§ brusito, kai pradinis Ca/Mg
santykis svyruoja nuo 4 iki 12. Didéjant Ca/Mg moliniam santykiui
pradiniame reakcijos tirpale arba mazéjant magnio kiekiui WH strukttiroje,
gauty junginiy gardelés parametrai « ir ¢ didéja.

2. Mg-WH fazés susidarymas vykdant tirpinimo-nusodinimo sintez¢ i§
pradiniy gipso milteliy 80 °C temperatiiroje statinémis ir rotacinémis
salygomis vyksta déka keliy tarpiniy produkty susidarymo. Sintezé
rotacinémis salygomis palanki susidaryti mazesniems Mg-WH kristalams,
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palyginti su bandiniu, susintetintu statinémis sglygomis. 24 Val. trunkancios
sintezés méginiy gardelés parametrai, magnio padéties uzimtumas ir gardelés
tiris pakinta. Sintezés sglygos (statinés ir rotacinés) jtakoja struktirinius
parametrams, taip pat Mg-WH bandiniy kristality dyd; ir kristaliSkuma.

DISERTACIJIOS SANDARA

Disertacija paraSyta angly kalba, ja sudaro Sios dalys: jvadas, santrumpos,
literatliros apzvalga, eksperimentiné dalis, tyrimy rezultatai bei jy aptarimas,
iSvados, santrauka lietuviy kalba, cituojamy literatiros Saltiniy saraSas,
publikacijy sgrasas, konferencijy sarasas, padéka. Darbe pateiktos 5 lentelés
ir 26 paveikslai. Bendra darbo apimtis 106 lapai. Darbe cituojami 146
mokslinés literatiiros Saltiniai.

1. LITERATUROS APZVALGA

Literatiiros apzvalgoje pirmiausia yra supazindinama su kauliniu audiniu, jo
struktiira ir atsinaujinimo mechanizmu (poskyris 1.1). Sekancioje dalyje
apzvelgiamos regeneracin¢je medicinoje naudojamomis biomedZziagos ir
aprasomos darbo tyrimo objekto Mg-WH pagrindinés savybés (poskyris 1.2.).
Poskyryje 1.3 supazindinama su kalcio fosfaty sintezés biidais, plaCiau
aprasomas darbo metu taikytas tirpinimo-nusodinimo sintezés metodas bei
apzvelgiami Mg-WH sintezés budai.

2. EKSPERIMENTO METODIKA

Siame skyriuje apradyti eksperimente naudoti reagentai ir tirpalai, méginiy
sintezés, méginiy apibiidinimui naudota jranga ir analizés metodika.
Poskyryje 2.1 suraSyti méginiy sintezei ir jy analizei naudoti reagentai,
nurodant jy grynumg, koncentracijg ir gamintoja. Skyrelyje 2.2.1 apraSyta
Mg-WH milteliy sintezé i$ brusito, j reakcijos misinj pridedant skirtingg
magnio Saltinio kiekj. Skyrelyje 2.2.2 apraSyta Mg-WH méginiy, skirty
faziniy virsmy tyrimui, sintezés i$ gipso eiga. Paskutinis 2.3 poskyris skirtas
susintetinty méginiy apibiidinimui ir analizei naudotos jrangos bei matavimy
salygy aprasymui.
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3. REZULTATAI IR JU APTARIMAS
3.1. Mg-WH milteliy su skirtingu magnio kiekiu sintezé apibtidinimas

Tirpinimo-nusodinimo sintezés metu i§ brusito (CaHPO4 2H,0), fosforo
rugsties (HsPOu(aq)) ir skirtingo kiekio magnio acetato tetrahidrato
(Mg(CH3COO),-4H,0) susintetintas Mg-WH. Siekiant istirti gauty milteliy
fazing ir cheming sudétj, struktiirines savybes bei morfologija, ir jvertinti
magnio jony kiekio pradiniame reakcijos tirpale jtakg sintetinamam produktui,
jie tirti skirtingais analizés metodais,.

la paveiksle pavaizduoti susintetinty Mg-WH milteliy XRD, pradiniame
reakcijos misSinyje esant skirtingam Ca/Mg santykiui. Mg-WH kristalizuojasi
sudarydamas romboedring kristaling gardele, o difrakcijos smailés priskirtinos
R3c (# 161) erdvinei grupei (ICDD #00-070-2064). Nepaisant skirtingo Ca/P
santykio pradiniame reakcijos miSinyje, visuose gauty meéginiy XRD matyti
WH kristalinei strukttirai biidingos smailés. Méginiy, kuriy Ca/Mg santykis
kito nuo 4 iki 12, difraktogramose nepastebéta jokiy priemaiSiniy antriniy CP
faziy. Papildomos mazo intensyvumo smailés ties 20 =31,73° ir 26 =32,20°,
priklausan¢ios CDHA (ICDD #00-046-0905), matomos tik Ca/Mg = 15
meéginio difraktogramoje. Svarbu pazyméti, kad padidinus magnio jony
koncentracijag pradiniame reakcijos miSinyje, tai yra sumazinus Ca/Mg
santykj, analizuoty bandiniy difrakcijos smailés pasislenka didesniy
difrakcijos kampy link, o tai, galimai, atsitinka dé¢l Mg-WH kristalinés
gardelés sumazéjimo. 1 paveikslo b dalyje pavaizuota pagrindiné (0 2 10)
difrakcijos smailé, esanti ties 20 ~31°. Smailés padétis slenkasi j mazesniy 260
kampy pus¢ pradiniame reakcijos miSinyje didinant Ca/Mg santykj. Tai
vyksta dél Mg-WH kristalinés gardelés sumazéjimo, kurj galima paaiskinti
tuo, kad Sesiakoordinuoto Ca*" jono spindulys yra 1,00 A, o $esiakoordinuoto
Mg?* joninis spindulys yra tik 0,72 A.
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1 pav. a) Susintetinty Ca/Mg=4, 6, 8, 10, 12 ir 15 méginiy XRD; b) pavaizduota
iSdidinta (0 2 10) difrakcijos smailés sritis.

Siekiant nustatyti struktiirinius junginiy parametrus, atliktas vienfaziy
Mg-WH bandiniy (Ca/Mg = 4, 6, 8, 10 ir 12) XRD duomeny Rietveldo
patikslinimas FullProf programa. Tikslinimo metu Mg-WH struktiirai
budingos difrakcijos smailés priskirtos R3c (#161) erdvinei grupei. 2a ir 2b
paveiksluose pavaizduoti vienfaziy bandiniy gardelés parametrai, keiCiantis
Ca ir Mg moliniam santykiui pradiniame reakcijos tirpale, ir kei¢iantis magnio
moliniam kiekiui procentais (Mg/(Mg+ Ca)), apskaiCiuotam pagal tikslinimo
metu nustatytg Ca®" ir Mg>" kristalografiniy padé¢iy uzimtumg. Akivaizdu,
kad did¢jant magnio koncentracijai pradiniame sintezés miSinyje, a ir ¢
gardelés parametrai mazéjo, nes didéjo magnio kiekis WH struktiiroje (zitiréti
1 lentelg).
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2 pav. A dalyje a (raudoni trikampiai) ir ¢ (mélyni kvadratai) gardelés parametry,
priklausomybé nuo Ca ir Mg molinio santykio pradiniame reakcijos tirpale. B
dalyje a (raudoni trikampiai) ir ¢ (mélyni kvadratai) gardelés parametry
priklausomybé nuo apskaiciuoty Mg/(Mg + Ca) santykiy, moliniais procentais.

Lentelé 1. Struktiiros patikslinimo rezultatai, Ca/Mg=12, 10, 8, 6 ir 4 méginiy.

Pradinis Nustatytas Nustatytas

CaMg | CaMg |Mg(Catmg,| @A &4

molinis molinis moliniais

santyKis santyKis procentais
4 9,00(0) 9,99(9) 10,3401(1) 37,1301(1)
6 9,95(5) 9,12(9) 10,3445(8) | 37,1554(3)
8 10,8(8) 8,41(6) 10,3558(6) | 37,1847(1)
10 12,7(4) 7,27(9) 10,3743(2) | 37,2090(4)
12 17,5(7) 5,38(4) 10,3930(8) | 37,2326(7)
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Ca/Mg santykis susintetintoje WH struktiiroje sumazéjo nuo 17,6
(Ca/Mg =12 bandinys) iki 9,0 (Ca/Mg=4), o tuo pat metu ty paciy bandiniy
magnio moliné procentiné dalis padidéjo nuo 5,3 (Ca/Mg=12) iki 10 (Ca/Mg
=4). Gauti rezultatai rodo, kad pradiniame reakcijos miSinyje buves magnis
nevisiskai jsiterpé j sintetinamo junginio struktiira.

Susintetinty méginiy kristality dydziai apskai¢iuoti pagal pagrindinés (0
2 10) difrakcinés smailés iSplatéjimg ir Sererio formule. Apskaidiuota, kad
méginiy kristality dydziai svyravo nuo 29 nm (Ca/Mg = 15 méginyje) iki
25 nm (Ca/Mg = 4 méginyje).

2 lentel¢je pateiktas 1§ ICP-OES cheminés analizés rezultaty
apskai¢iuotas Ca/Mg molinis santykis ir magnio moliné procentiné dalis
susintetintuose WH milteliuose. Nustatyta, Ca/Mg santykis susintetintoje WH
strukttiroje sumazéjo nuo 10,4 (Ca/Mg=12 bandinys) iki 5,33 (Ca/Mg=4), o
Mg?* jony kiekis susintetintuose méginiuose padidéjo nuo 8,74 (Ca/Mg = 12
bandinys) iki 15,8 (Ca/Mg = 4 bandinys) moliniy procenty, nepaisant to, kad
XRD duomenys rodé, kad susintetinti bandiniai yra vienfaziai. Kadangi
nustatyta, kad sintezés metu ne visas magnis jsiterpia ] sintetinamos
medziagos gardele, galime daryti prielaida, kad méginiuose gali baiti tam tikra
antriné magnio turinti CP fazé, kuri tikétina yra amorfiné arba jos kiekis yra
nereik§mingas, mazesnis uz XRD aptikimo riba.

Lentelé 2. Ca/Mg =4, 6, 8, 10 ir 12 méginiy ICP-OES analizés rezultatai.

Pradinis Ca/Mg Nustatytas Ca/Mg | Nustatytas Mg/(Ca+Mg),
molinis santykis molinis santykis moliniais %

4 5,33 15,8

6 6,06 14,2

8 6,53 13,3

10 7,82 11,3

12 10,4 8,74

Susintetinti méginiai iStirti FT-IR spektroskopijos metodu, o rezultatai
pateikti 3 pav. Plati absorbcijos juosta 1200—800 cm™' srityje sudaryta i§ keliy
persidengian¢iy smailiy. Siekiant nustatyti tikslias smailiy padétis, FT-IR
spektrai i§skaidyti j atskiras smailes, naudojant Gauso matemating funkcijg (4
pav.). Spektrai vi; PO4> srityje nesiskiria tarp visy iSmatuoty méginiy:
stebimos absorbcijos smailés ties 1135 cm™, 1097 cm™, 1066 cm™, 1011 cm™
1,987 cm™ ir 960 cm™' puikiai atitinka uZfiksuotas Jang et al. 930—800 Cm™!
sritis buvo iSskirta j tris dedamgsias (913 cm™!, 884 cm™! ir 860 cm™!), Ca/Mg
=10, 12, 15 méginiy atveju, ir du komponentus (919 cm™' ir 891 cm ™), Ca/Mg
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=4, 6, 8 méginiy atveju. Minéti virpesiai priskirti vandenilio fosfato grupés
P—O-H rySio virpesiams. Absorbcijos smailé ties 919 cm™ yra priskirtina P—
O-H rysio, esan¢iam Mg-WH struktiiroje, tempimo modai. Jdomu pastebéti,
kad Ca/Mg = 15 méginio atveju §i juosta pasislenka j Zemesnes bangas, tai yra
1913 em™!. Taip galimai atsitinka dél CDHA fazés, prie$ tai aptiktos atliekant
Ca/Mg = 15 méginio XRD analiz¢, méginyje jtakos. Absorbcijos juosta
uzfiksuota ties 860 cm™ kartu su papildoma komponente ties 1175 cm™ irgi
priskirtinos CDHA fazei. Smailés uzfiksuotos ties 884 cm™ (Ca/Mg = 10, 12,
15 méginiuose) ir 891 cm™ (Ca/Mg = 4, 6, 8 méginiuose) sukélé prielaida,
kad meéginiuose gali buti karbonatinio hidroksiapatito (CO3-Ap), taciau tuo
atveju biity stebimos virpesiy juostos 1400 — 1550 cm™' intervale. Verta
paminéti, kad juostos (884 cm™ ir 891 cm™) gali biiti susijusios su monetito
(CaHPOs) faze, nors XRD nebuvo matyti Sios fazés atspindziy. Absorbcijos
esant 640—500 cm™' ir 430 cm™" atitinka fosfaty v4(PO4>) ir vo(PO4*) lenkimo
modas.

Pralaidumas (s.v.)

v3,1(PO;)
| 1 1 1 1 | 1 1 L 1 |
1500 1000 500
Bangos skaicius (cm 1)

3 pav. Susintetinty méginiy Ca/Mg =4— 15 FT-IR spektrai.
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Pralaidumas (s.v.)

f 987
1011

| 1 |
1200 1100 1000 900 800
Bangos skai¢ius (cm ™)

4 pav. Ca/Mg=4 ir Ca/Mg=15 méginiy FT-IR spektrai.

Susintetinty Mg-WH méginiy, turin¢iy skirtingg Ca ir Mg molinj santykj,
SEM nuotraukos pateiktos 5 paveiksle. Kaip ir buvo tikétasi, susintetinty
produkty pavirSiaus morfologija priklauso nuo magnio kiekio
susintetinamame Mg-WH. Nuotraukose matyti, kad susidaro romboedriniy,
heksagoniniy ir sferiniy nanodaleliy, kuriy dydis svyruoja nuo ~10 iki —
100 nm. Ca/Mg = 15 méginio pavirSiuje yra lazdeliy formos daleliy,
priskirtiny CDHA fazei (5a ir Se pav.). Ca/Mg= 12 bandinys (5b ir 5f pav.)
sudarytas i§ ~150 nm dydzio monodispersiniy romboedriniy WH daleliy.
Misrios sferinés-romboedrinés dalelés (mazesnés nei 20 nm) susidaré Ca/Mg
=4 bandinyje (5d ir 5h pav.). I§ SEM nuotrauky matyti, kad did¢jantis Mg
kiekis WH struktiiroje, sukelia susidaranc¢io produkto daleliy dydzio mazéjima
ir aglomeracija. Atrodyty, kad Sie rezultatai prieStarauja XRD metodu
gautiems rezultatams, taciau labai gerai zinoma, kad XRD rezultatai leidzia
apskaiciuoti kristality dydj, o SEM — daleliy (kristality aglomeraty) dydj, todél
siy dydziy palyginimas ne visada galimas.
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5 pav. Milteliy, susintetity esant skirtingam Ca/Mg moliniam santykiui
pradiniame reakcijos tirpale, SEM vaizdai: (a), (¢) Ca/Mg=15; (b), (f) Ca/Mg=
12; (¢), (g) Ca/Mg = §; and (d), (h) Ca/Mg = 4.
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Tikslesnis atrinkty méginiy (Ca/Mg = 15, Ca/Mg = 12; Ca/Mg =8 ir
Ca/Mg =4) daleliy dydis bei forma buvo nustatyti naudojant TEM, o gauti
vaizdai pateikti 6 paveiksle. IS nuotraukos pateiktos 6a paveiksle matyti, kad
Ca/Mg= 15 méginys yra sudarytas i$ dviejy faziy, kg jau anksciau patvirtino
XRD, FTIR ir SEM. Heksagoninio WH daleliy dydis svyravo nuo ~301ki 230
nm intervale (vidutinis dydis yra ~120 nm), o lazdeliy pavidalo CDHA dalelés
~45 nm. Heksagoninés ir romboedrinés formos daleles, kuriy dydis yra
mazdaug 110 nm (atskiry daleliy dydis svyravo ~22 — 230 nm intervale),
susidaré Ca/Mg = 12 méginyje (6b pav.). Kaip ir tikétasi, WH struktiiros
susintetinty produkty daleliy forma ir dydis priklauso nuo magnio kiekio
susintetintame WH. Toliau didéjant magnio kiekiui WH struktiiroje gautos
mazesnio dydzio netaisyklingos, neapibréztos formos dalelés tapo mazesnés
(Zr. 6¢ ir 6d pav. atitinkamai Ca/Mg= 8, Ca/Mg =4 méginiams). Ca/Mg=28
méginio (6¢ pav.) TEM nuotrauka atskleidzia, kad susidaré ~40 nm dydzio
dalelés (atskiry daleliy dydis svyruoja nuo ~10 iki 70 nm), o Ca/Mg =4
méginio (6d pav.) méginj sudaré ~30 nm dydzio dalelés (atskiry daleliy dydis
svyravo nuo ~15 iki 60 nm).

100 nm st 100 nm

100 nm 100 nm

6 pav. Susintetinty milteliy, paruoSty pradiniame reakcijos tirpale esant
skirtingam Ca/Mg moliniam santykiui, TEM nuotraukos: (a) Ca/Mg = 15; (b)
Ca/Mg = 12; (c) Ca/Mg = 8; and (d) Ca/Mg = 4.
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3.2. Faziniai virsmai sintetinant Mg-WH i$ gipso statinémis ir
rotacinémis sglygomis

Tirpinimo-nusodinimo sintezés metu i§ gipso (CaSO4-2H,0), magnio acetato
tetrahidrato (Mg(CH3COO); 4H,0) ir natrio divandenilio fosfato (NaH,PO4)
ir dinatrio vandenilio fosfato (Na,HPOs) buvo susintetintas Mg-WH. Sintezé
buvo vykdoma skirtingg laiko tarpg statinémis ir rotacinémis sglygomis,
siekiant nustatyti fazinius virsmus susidarant Mg-WH fazei. Mg-WH fazés
formavimasis buvo stebimas lyginant produkty, sintetinty 4 val., 6 val., 12 val.
ir 24 val. esant 80 °C temperatirai, difraktogramas (7 pav. pavaizduoti XRD
gauti tiriant bandinius, kuriy sintezé buvo vykdoma statinémis salygomis, o
XRD 8 pav. gauti tiriant bandinius, kuriy sintez¢ buvo vykdoma rotacinéms

sglygomis).

+CaHPO, [00-070-1425]
*CaHPO,-2H,0 [00-009-0077]
0CaS0,-0,5H,0 [01-083-0438]

*

0210

Santykinis intensyvumas

O * % o U
I * * * * % % kk. %0 . ,;3'1‘ 2 S4h

Mﬂw

Mg-WH [00-070-2064]
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7 pav. Bandiniy, susintetinty statinémis sglygomis, XRD. Intarpe iSdidinta S12h
ir S24h bandiniy (0 2 10) difrakcijos smailés sritis.
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8 pav. Bandiniy, susintetinty statinémis salygomis, XRD. Intarpe iSdidinta S12h
ir S24h bandiniy (0 2 10) difrakcijos smailés sritis.

Po 4 val. sintezés nepriklausomai nuo salygy (statiniy ar rotaciniy),
susintetinty méginiy difraktogramos atitiko kalcio sulfato hemihidrato
(CaS04-0,5H,0, CSH; ICDD #01-083-0438) ir DCPD (ICDD #00-009-0077)
misinj. CSH susidarymas vyksta dél dalinés gipso dehidratacijos, o ne dél jo
tirpimo. Gipsas, net ir aukStoje temperatiiroje, yra maziau tirpus nei CSH
(viena i§ pagrindiniy tirpinimo-nusodinimo sintezés salygy yra ta, kad
pirmtako tirpumas turéty buti didesnis nei nusédancio produkto tirpumas).
Tuo tarpu DCPD susidarymas vyksta déka CSH tirpimo (tuo metu j reakcijos
tirpalg tieckiami Ca?" jonai) ir reakcijos tirpale jau esan¢iy vandenilio fosfato
jony reakcijos su susidaranciais Ca?* jonais. DCPD esant apytiksliai
neutraliam pH yra metastabili fazé, naudojama pirmtaku kitiems CP
medziagoms sintetinti. Pagal Ostvaldo stadijy taisykle pradzioje nuséda
maziausiai termodinamiskai stabili fazé, kuri véliau transformuojasi i
stabilesn¢. Vadinasi, vandeninéje terpéje DCPD gali virsti stabilesniu CP,
pav., kalcio hidroksiapatitu (HAp, Caio(PO4)s(OH),), oktakalcio fosfatu
(CagH2(PO4)s-5H20O) arba jy miSiniu, todél reakcijos sistema turi buti
papildomai stabilizuota, siekiant iSvengti nepageidaujamy antriniy faziy
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susidarymo. Reikia pabrézti, kad magnio jony buvimas reakcijos tirpale
neleidzia DCPD virsti §iais termodinamiskai stabiliais CP net esant padidinto
pH salygomis.

Reakcijai vykstant toliau, antras reikSmingas produkto sudéties pokytis
pastebétas po 6 val. esant tiek statinéms, tiek rotacinéms sintezés salygoms.
Gautame méginyje aptiktos difrakcijos smailés, atitinkancios bevanden;j
kalcio vandenilio fosfatg (DCPA, CaHPO4; ICDD #00-070-1425) ir Mg-WH
faze (ICDD #00-070-2064). Manoma, kad tirpesnis DCPD virto maZiau tirpiu
DCPA, kuris virto Mg-WH. Tikétina, kad 6 val. sintetintame méginyje
susidarius DCPA fazei, sumaZz&jo reakcijos tirpalo pH (Ca**(aq) + H.PO4 (aq)
— CaHPO4(k) + H'(aq)) ir jis tapo tinkamas Mg-WH fazei nusodinti, nes
gerai zinoma, kad Mg-WH faz¢ nuséda esant magnio jony pertekliui tirpale ir
silpnai riigStiniam pH. Nustatyta, kad S6h méginj sudaré 60 masés % DCPA
bei 40 masés % Mg-WH, tuo tarpu, R6h méginj nors kokybiskai sudaré tos
pacios sudedamosios dalys, taciau Mg-WH fazé buvo pagrindiné — 55 %
masés, DCPA komponentas sudaré 45 masés %. Taigi, sukimasis kartu su
reakcijos suspensijos maiSymu (rotacinés salygos) galimai padidino pradiniy
ir tarpiniy produkty tirpuma, daré jtaka gauty medziagy daleliy dydZziui,
galimai susidarant grei¢iau reaguojantiems tarpiniams produktams, kas 1émé
skirtingg Mg-WH fazés susidarymo greitj.

Galiausiai, kai reakcijos laikas buvo pratestas iki 12 val., DCPA fazé
abiejuose tirtuose bandiniuose (S12h ir R12h) iSnyko. Mg-WH kristalizuojasi
sudarydamas romboedrine kristaling gardele, kurios parametrai a = b =
10,350(5) A, ¢ =37,085(12) A ir a = B =90°, y = 120° (R3¢ (# 161) erdviné
grup¢). Visos XRD tyrimo metu uzfiksuotos difrakcijos smailés sutapo su Mg-
WH (ICDD #00-070-2064) fazei budingais atspindziais. Taigi, taikant
aprasSyta sintezés buidg, buvo gauti vienfaziai Mg-WH struktiiros S12h ir R12h
bandiniai. Reikéty pazymeéti, kad atidziai sulyginus méginiy XRD ir standarta
pastebéta, kad S12h ir R12h bandiniy ir standarto 20 smailiy padétys
nevisiSkai sutampa. Susintetinty S12h ir R12h bandiniy XRD smailés
pasislinkusios mazesniy 20 kampy link (iSdidinti XRD vaizdai su atspindziu
nuo pagrindinés (0 2 10) plokStumos parodyti 7 ir 8 paveiksly intarpuose).
S12h méginyje minétas atspindys uzfiksuotas ties 20 =31,01°, R12h méginyje
ties 20 = 31,07°, o intensyviausia etalono smailé ties 20 = 31,31°. Difrakcijos
smailés poslinkis mazesniy 20 kampy link reiskia, kad susintetinty méginiy
tarpplokStuminis atstumas skiriasi nuo standarto, o tai rodo, kad S12h ir R12h
meéginiy katijoniniy padéciy uzimtumas kristalingje gardeléje gali buti
skirtingas nei standarto.
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Siekdami iSsiaiskinti, kokig jtakg produkto sendinimas turi Mg-WH fazés
grynumui, morfologijai ir struktlriniams parametrams, sintezés laikas
pratestas dar 12 val. Gautuose 24 val. trukmés bandiniy (S24h ir R24h)
difraktogramose nebuvo jokiy pasaliniy smaily, tik priskirtinos Mg-WH fazei.
Pastebétina, kad pagrindiné (0 2 10) smailé S24h méginyje uzfiksuota ties 20
=31,04°, R24h méginyje — ties 20 = 31,26°.

Zinoma, kad Mg-WH struktiiros CP gali biiti gauti Siek tiek skirtingo Ca
ir Mg santykio nei apraso jo cheminé formulé (Cai;sMg:(HPO4)2(PO4)12).
Darbe parodyta, kad susintetinty Mg-WH bandiniy a ir ¢ gardelés parametrai
didé¢ja didéjant Ca ir Mg moliniam santykiui pradiniame reakcijos tirpale
(maZé&jant magnio kiekiui WH struktiiroje). Tai buvo paaiskinta Mg?" jono,
kurio spindulys lygus 0,72 A, pakeitimu didesnio joninio spindulio Ca** (1,00
A) jonu, kuris lémé gardelés parametry padidéjima. Siekiant patvirtinti
susintetinty S12h, R12h, S24h ir R24h méginiy grynuma ir jvertinti jy
struktiirinius  parametrus, atliktas Rietveldo struktiiros patikslinimas
naudojant FullProf programg (9 pav. pateikta S12h méginio patikslinta XRD).
Apskaiciuoti S12h, R12h, S24h ir R24h méginiy strukttriniai duomenys
apibendrinti 3 lenteléje.
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9 pav. Rietveldo metodu patikslinta S12h méginio XRD.
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Lentelé 3. S12h, S24h, R12h ir R24h bandiniy strukttiriniai duomenys.

Sample S12h S24h R12h R24h
a, A 10,406(7) 10,397(2) 10,352(6) 10,351(9)
¢, A 37,216(9) 37,178(8) 37,170(7) 37,151(2)
Cell volume, A3 3490,5(6) 3480,5(9) 3450,1(1) 3447,7(9)
Occ (Ca) 0,167(3) 0,138(4) 0,037(7) 0,021(4)
Occ (Mg) 0,166(3) 0,195(4) 0,295(7) 0,312(4)
Rp 2,61 2,38 2,05 2,45
Rwp 3,42 3,16 2,64 3,20
Vi 2,84 2,40 1,71 2,54
Kristality dydis, nm 30 30 16 22
KlistaliSkumas 61 (39) 67 (33) 54 (46) 58 (42)

(amorfiSkumas), %

3 lenteléje pateikti skai¢iavimy rezultatai rodo, kad kristalinés gardelés
parametrai, magnio padéties uzimtumas ir gardelés tlris pakito labai
nezymiai, prailginus sintezés laikg iki 24 val. Svarbu pazyméti, kad Sie
parametrai gerokai skiriasi, kai lyginami bandiniai, susintetinti skirtingomis
salygomis. Pazymeétina, kad esant maiSymui (rotacinés salygos), buvo gauti
daugiau magnio WH struktiiroje turintys meéginiai. Kaip matyti i$ 3 lenteléje
pateikty rezultaty, statinémis sglygomis (sintezé vykstanti be maiS§ymo)
susintetinti méginiai sudaryti i§ didesniy kristality bei pasizymi didesniu
kristaliSkumu, nepaisant to, kad Mg-WH susidarymo greitis statinémis
salygomis buvo mazesnis. Rotacinémis salygomis Mg-WH kristalizacijos
centry susidarymas vyko sparCiau nei statinése salygose, todél R12h ir R24h
susidariusios medziagos sudarytos i§ mazesniy kristality. Pazymeétina, kad
meginio kristaliSkumas gali biiti kontroliuojamas parenkant sintezés salygas.

Funkcinéms grupéms susintetintuose méginiuose nustatyti, buvo
naudojama FT-IR spektroskopija. FT-IR spektrai rodo, kad méginiuose S4h ir
R4h yra sulfato (SO4*), fosfato (PO4*) ir vandenilio fosfato (HPO4*") jony
(Zr. 10 pav. méginiams, gautiems statinémis sglygomis, ir 11 pav. méginiams,
gautiems rotacinémis sglygomis). Juostos, esancios mazdaug ties 1150 — 1090
cm !, priklauso SO4>™ ir PO4* grupiy, esan¢iy CSH ir DCPD faziy kristalinéje
struktiiroje, vs modoms. Smailés, esancios ties 1006 cm ™' ir 985 cm™!, atitinka
minéty grupiy S-O ir P-O v; modas. Tuo tarpu smailés, kuriy centrai yra ties
872 cm™!ir 789 cm™!, gali biiti priskirtos atitinkamai HPO4>~ grupei, esanciai
DCPD struktiiroje. Juostos 660 —595 cm™ ir 463 cm™' gerai atitinka sulfato
jone esandio S—O ry8§io v4 ir v2 modas, 0 574 cm™! petys ir 522 cm™! juosta
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siclami su DCPD struktiiroje esandios HPO4> grupés O-P-O(H) rysio
lenkimo modomis.

Méginiy sintetinty 6 val. FT-IR spektruose, nepriklausomai nuo sintezés
sglygy, yra tik POs ir HPO4* grupéms budingos absorbcijos juostos.
Gautuose méginiuose nebéra jokiy sulfato grupés pozymiy. I§ spektry matyti,
kad dél ilgesnio sintezés laiko pasikeité gauty bandiniy faziné sudétis Smailés
ties 1130 cm™, 1068 cm ™!, 1015 cm ™! ir petys ties 1010 cm ™! priskiriami v3, 0
juosta ties 954 cm™! atitinka PO~ grupés, esan¢ios DCPA ir Mg-WH
kristalinése struktiirose, v; virpesius. Juosta ties 1190 cm™! gali bati susijusi
su P-O—(H) rySio, esanCios Mg-WH struktiiroje, lenkimo moda. Idomu
pastebéti, kad S6h méginio FT-IR spektre yra gana plati juosta su dviem
maksimumais ties 887 cm™' ir 866 cm ™!, priskiriama HPO4*~ grupés P-O(H)
rySio tempimo virpesiams. Taip yra todél, kad dvifaziame bandinyje yra dvi
skirtingos kristalografinés vandenilio fosfato jony aplinkos (S6h bandinj
sudaré 60 % masés DCPA ir 40 % masés Mg-WH fazés, o R6h bandinj — 45
% masés DCPA ir 55 % masés Mg-WH komponentas). Absorbcijos ties 602
cm!, 550 cm™ ir 465 cm™! atitinka v4 (P-O) ir v» (O-P-0) rySiy, esanciy
PO4* ir HPO4*™ grupése, modas.

Vienfazio Mg-WH susidaryma 12 val. ir 24 val. sintetintuose méginiuose
patvirtina ir FT-IR spektrai, rodantys, kad méginiuose yra tik PO4*" ir HPO4*~
grupéms budingi virpesiai. Petys ties 1190 cm™! susijes su P-O-H rySio,
esancio Mg-WH struktiiroje, absorbcija. Smailés ties 1130 cm™', 1068 cm ™,
1015 cm™, 1010 cm™ (petys) ir 954 cm™! atsiranda dél P-O rysio v; ir v;
virpesiy. Juosty ties 604 cm™!, 550 cm™! ir 465 cm™! buvimg lemia P-O rySio
lenkiamieji v4 ir v, virpesiai POs*~ ir HPO4> grupése. Plati juosta, kurios
centras yra ties 868 cm™!, yra P-O-H rySio, esan¢io Mg-WH kristalinéje
struktiiroje, absorbcija. Pastebétina, kad meéginiy R12h ir R24h, gauty
rotacinémis sglygomis FT-IR spektry smailés ir juostos yra labiau
suapvalintos nei gauty statinémis sglygomis, kas susij¢ su jy mazesniu
kristalisSkumu palyginti su S12h ir S24h.
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11 pav. R4h—R24h méginiy FT-IR spektrai.
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S4h — S24h ir R4h — R24h méginiy, gauty sintetinant Mg-WH
nanomiltelius Zemoje temperattiroje skirtingomis salygomis, SEM nuotraukos
pateiktos 12 pav.

12 pav. S4h—S24h ir R4h —R24h pavyzdziy SEM nuotraukos.

Akivaizdu, kad gauty méginiy mikrostruktiira priklauso nuo jy fazinés
sudéties, pasirinkty sintezés sglygy ir reakcijos laiko. S4h, S6h, R4h ir R6h
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méginiy SEM nuotraukose matyti dviejy skirtingy tipy daleliy, kas atitinka dvi
skirtingas kristalines fazes identifikuotas XRD tyrimo metu. S4h méginyje
matomi ploksti, lygaus pavirSiaus DCPD kristalai, kuriy dydis svyruoja
mazdaug nuo 2 iki 3 pm. Siuos ploks¢ius kristalus dengia maZesnio dydzio
SiurkStaus pavirSiaus CSH dalelés. S6h méginyje kartu su plokséiais DCPA
kristalais matomi nedideli Mg-WH kristality aglomeratai. Prailginus sintezés
laikg iki 12 valandy, S12h méginio morfologinés savybés gerokai pasikeite.
Meéginj sudaré tik romboedriniai 25 iki 350 nm dydzio Mg-WH kristalai. S24h
meéginio morfologija i§ esmés nesikeité, taciau 30 iki 350 nm dydzio
aglomeruoty kristaly pavirSius tapo lygesnis. Morfologinius Mg-WH
pokycius galima paaiSkinti pailgéjusiu sintezés laiku, kuris turéjo jtakos
atomy i$sidéstymo gardeléje ir galimam antriniy faziy pasalinimui. Vykdant
Mg-WH nanomilteliy sintez¢ rotacinémis salygomis, pradiniame sintezés
etape (meéginys R4h) taip pat susidare lygaus pavirSiaus plokstieji daugiau uz
3 um dydzio DCPD kristalai bei nelygaus pavirSiaus CSH kristaliniai dariniai.
R6h méginyje be plokséiyjy DCPA kristaly susidaré smulkis 15—75 nm Mg-
WH aglomeratai. Toliau ilgéjant sintezés laikui, Mg-WH kristaly morfologija
ir jy agregacija isliko, taCiau Siek tiek padidéjo atskiry kristaliniy dariniy
dydis. Apibendrinant galima teigti, kad gauti SEM rezultatai atitinka XRD
analizés ir FT-IR spektroskopijos rezultatus.

Atsizvelgiant | rezultatus, sitlloma Mg-WH susidarymo schema taikant
tirpinimo-nusodinimo  metoda statinémis ir rotacinémis salygomis
pavaizduota 14 paveiksle. Mg-WH susidarymas rotacinémis sglygomis vyksta
greiciau nei statinémis sglygomis. Be to, sintezés trukmé neturi didelés jtakos
susintetinto Mg-WH kristality dydziui statinémis salygomis, bet turi
rotacinémis sglygomis. Didéjant sintezés trukmei nuo 12 val. iki 24 val., kai
sintez¢ vykdoma rotacinémis salygomis, did¢ja Mg-WH kristality, ir jy
aglomeraty dydis.

E
©

DCPD; CSH DCPA; Mg-WH Mg-WH Mg-WH

g L —

30nm 30 nm
= O 4va 6 val. 12 val. 24 val.
DCPD; CSH Mg-WH; DCPA Mg-WH Mg-WH
Pradinés b AN
medziagos CU ? 4 4
JL — > —
© [Bo°d
16 nm 22 nm

13 pav. Mg-WH susidarymo schema tirpinimo-nusodinimo sintezés metu, esant
statinémis ir rotacinéms salygoms.
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ISVADOS

Mg-WH bandiniai su skirtingu magnio kiekiu buvo susintetinti i§ brusito
tirpinimo-nusodinimo metodu. Nustatyta, kad susintetintos medZziagos
cheminé sudétis, morfologija priklauso nuo Ca/Mg molinio santykio
pradiniame sintezés tirpale. XRD analizé atskleidé, kad produktuose,
kuriy Ca/Mg santykis svyruoja nuo 12 iki 4, antriniy faziy néra. Cheminé
sudétis ir morfologija buvo kontroliuojami pradinio sintezés tirpalo
Ca/Mg santykiu. Padidinus Ca/Mg santykj arba sumazinus magnio kiekj,
gardelés parametrai buvo didesni. SEM nuotraukos atskleidé pavirSiaus
morfologijos priklausomybg¢ nuo magnio kiekio struktiiroje, o TEM
analizé parod¢ daleliy dydzio ir formos skirtumus atsizvelgiant | magnio
kiekj.

Grynas Mg-WH méginys susintetintas i§ gipso milteliy tirpinimo-
nusodinimo metodu esant 80 °C temperatiirai statinémis ir rotacinémis
salygomis, pradzioje susidarant tarpiniams sintezés produktams. FT-IR
spektrai ankstyvuosiuose sintezés etapuose atskleidé sulfato, fosfato ir
vandenilio fosfato grupiy tarpiniuose reakcijos junginiuose buvima, kol
galiausiai po 12 val. sintezés émé vyrauti Mg-WH fazei biidingos juostos.
12 val. ir 24 val. bandiniy Rietveldo strukttros patikslinimas atskleide
nedidelius gardelés parametry, magnio uzimtumo ir gardelés tario
poky¢ius, taciau sintezés salygos (statinés ir rotacinés) turé¢jo didesne
itaka struktiiriniams parametrams, taip pat Mg-WH bandiniy kristality
dydziui ir kristaliSkumui. Gauti rezultatai rodo reakcijos laiko ir sintezés
salygy jtaka Mg-WH fazés formavimuisi, jos sudéciai, strukttriniams ir
mikrostruktiiriniams parametrams.
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