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INTRODUCTION

Traumatic injuries have been shown to have a significant impact on human
quality of life worldwide and pose major challenges for health care and
biomedical research [1-5]. The aging population in some regions and the
growing demographic in others have contributed to an increased prevalence
of bone disorders, thereby highlighting a rising demand for bone implants [6].
A range of synthetic calcium phosphate (CaP) substitutes has been developed
to promote the formation of new bone tissue within bone defects [7—11]. These
synthetic substitutes have found extensive applications in the medical and
dental fields, playing crucial roles in dental implants, alveolar bone
augmentation, orthopedics, and drug delivery systems [12—15]. The notable
merits of CaPs, which have garnered considerable attention, include their
exceptional biocompatibility, controlled biodegradability, osteoconductive
properties, and potential for osseointegration [16,17]. Currently, artificial
bone substitutes are prepared in the form of powders, granules, dense or
porous scaffolds, and bioactive coatings on metal prostheses[18-20].

The composition of the inorganic portion of bone tissue, particularly the
presence of carbonated apatite as the primary inorganic phase, is widely
accepted [21]. However, there is a lack of consensus regarding the role,
importance, and existence of magnesium whitlockite (Mg-WH,
Ca;sMg>(HPO4)2(PO4)12) in bone tissue, a subject that is the focus of ongoing
research [22,23]. Some research suggests that Mg-WH is one of the main
inorganic components of bone tissue, highlighting its high abundance, which
accounts for approximately 25 to 35 wt% of hard tissues [24]. Conversely,
other researchers propose that Mg-WH is primarily associated with
calcifications that occur as a result of pathological processes or mineralization
under certain conditions, such as those observed in calcific tendinitis or the
development of calcified atherosclerotic plaques [23]. The presence of Mg-
WH in bone tissue remains a subject of debate, but its synthetic analogue is
noteworthy among CaP substitutes due to the presence of magnesium (Mg?")
ions in its structure, which are essential for various physiological functions in
the human body [25-27]. Moreover, Mg?" ions released from bone substitute
materials under physiological conditions have been reported to promote
osteogenic differentiation and accelerate bone formation around implants
[28]. Previous studies have highlighted the necessity of developing large-scale
synthesis methods for Mg-WH to support its potential applications in bone
regeneration and biomaterials research [29,30].

Synthetic CaP-based materials designed for hard tissue regeneration are
often utilised in granular form, offering both dental and orthopedic surgeons



increased flexibility in addressing irregular bone defects or voids of varying
shapes [31,32]. Despite the promising potential of Mg-WH granules in bone
tissue engineering, research on this form remains scarce. The majority of
studies have focused on powdered Mg-WH, with possibly only one study
specifically exploring the granular form [33]. A recent study by Lee et al.
described the synthesis of Mg-WH granules from Mg-WH nanoparticles,
which were obtained using the tri-solvent system. The resulting granules
exhibited remarkable bone regeneration capabilities in rat calvarial defects,
effectively preserving bone thickness without inducing inflammation [33].
Although synthetic Mg-WH has shown promise as a biomaterial, detailed
investigation of the properties and functions of Mg-WH has been limited due
to the difficulty in synthesising the pure phase, which has greatly hindered
extensive research in this area [22,34]. This complexity of Mg-WH synthesis
is primarily attributed to the distinctive formation characteristics of the
material, which necessitate precision within a narrow pH and temperature
range. Moreover, Mg-WH, which is a thermally unstable phase, is difficult to
synthesize using conventional high-temperature methods [16,35]. Upon
annealing above ca. 600 °C, this material decomposes by releasing water and
transforming into a mixture of Mg-substituted B-Ca3;(PO4), and Ca,P,05. In
addition, conventional high-temperature processes often increase the
crystallinity of final products, which may reduce their tissue compatibility
[36]. In contrast, low-crystallinity porous CaP granules promote bone tissue
healing, as porosity is essential for bioactivity and osteoconductivity [37].

To overcome these challenges, dissolution-precipitation reactions have
emerged as a method for producing porous ceramics with low crystallinity and
larger specific surface area (Sper) [37]. A key advantage of dissolution-
precipitation reactions is their ability to maintain the shape of the precursor
material, closely similar to that of the final product [38]. Moreover, it enables
the production of granules, which serve as final products directly deployable
for bone augmentation procedures [31,39,40]. This synthesis approach is both
simple and economical as it eliminates the need for expensive, specialized
equipment, such as hydrothermal reactors or high-temperature furnaces.
Additionally, it reduces operational costs by removing the necessity for
continuous monitoring of critical parameters like temperature and pH, which
are essential for Mg-WH synthesis.

The aim of this doctoral thesis is to investigate the phase transformations
that govern the synthesis of Mg-WH powders and granules via a dissolution-
precipitation method, and to optimize scalable synthesis conditions capable of
yielding high-purity Mg-WH powders and granules in substantial quantities.



The tasks of the research are the following:

e to investigate the time-dependent formation behavior of the Mg-WH phase
using gypsum powders as an environmentally benign precursor, and to
conduct a characterization of Mg-WH powder with respect to phase
composition and purity, crystallographic parameters, functional groups,
thermal stability, surface morphology, elemental composition, and surface
properties;

e to determine the optimal pH conditions for the precipitation of Mg-WH
granules with gypsum-based granules as the precursor, to evaluate the
influence of pH on the resulting phase composition, and to characterize the
Mg-WH granules regarding phase purity, crystallographic parameters,
functional groups, granule size and morphology, surface and antibacterial
properties;

e to develop and modify precursor granules with varying chemical
compositions by adjusting the ratios of diammonium hydrogen phosphate,
magnesium hydrogen phosphate, and calcium sulfate; to investigate their
transformation into biphasic or single-phase Mg-WH granules, and to
characterize the resulting granules in terms of phase composition and
purity, crystallographic parameters, functional groups, granule
morphology, and surface properties.

NOVELTY OF THE THESIS

This research presents an innovative method for synthesizing Mg-WH through
a dissolution-precipitation technique, which offers significant advantages over
conventional approaches. Unlike traditional synthesis routes that require
costly equipment such as hydrothermal reactors and demand continuous
monitoring of critical parameters like pH and temperature, the proposed
method simplifies the process without compromising material quality. This
study is the first to employ gypsum as a precursor to synthesize Mg-WH
granules. It is a naturally abundant, and environmentally friendly material,
thereby enhancing the sustainability and accessibility of the synthesis process.
As a result, the method is not only more cost-effective but also readily
scalable, making it suitable for large-scale production. Importantly, this work
also proposes, for the first time, a strategy for the large-scale synthesis of Mg-
WH in both powder and granule forms, demonstrating the method’s practical
applicability for industrial production. Furthermore, by systematically varying
the composition of the precursors and adjusting the reaction conditions, this
study achieves precise control over the resulting phase composition, particle
morphology, and structural characteristics of Mg-WH, which are critical for

10



its potential applications in fields such as bone regeneration and biomaterials
engineering. This outcome is indicative of the versatility of the proposed
synthesis method, which can be adapted in order to produce either single-
phase or biphasic calcium phosphates (BCPs).

KEY DEFENSE STATEMENTS

1. This work demonstrates a simple, cost-effective, and environmentally
sustainable method for the large-scale synthesis of high-purity Mg-WH
powder and granules using gypsum as a precursor, with controlled phase
formation and comprehensive structural, morphological, and
compositional characterisation confirming the successful development of
a scalable synthesis route.

2. The phase transformation of the Mg-WH powder can be demonstrated by
systematically varying the reaction time. Mg-WH crytals exhibite well-
defined rhombohedral morphology, homogeneous elemental distribution
(Ca, Mg, P), and consistent lattice parameters that are aligned with reported
values in the literature.

3. The phase composition of product granules may be effectively regulated
by the pH of the reaction solution. The synthesis method has been
demonstrated to be capable of producing both single-phase Mg-WH,
DCPD, and BCPs (Mg-WH with CDHA) granules.

4. This work establishes a controllable synthesis strategy for producing Mg-
WH granules with tailored morphologies and phase compositions via a
tunable dissolution-precipitation approach. The successful fabrication of
both single-phase Mg-WH and biphasic (Mg-WH with CDHA or DCPA)
granules was enabled by strategic variation of precursor formulations and
reaction times.
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1. LITERATURE OVERVIEW
1.1. Bones

Bones and other calcified tissues are naturally anisotropic compounds, where
biominerals (the bones' inorganic phase) are embedded within a protein matrix
(organic phase of the bones), together with other organic materials and water,
as illustrated in Figure 1 [41]. The bone mineral, comprising 60—70% overall
composition of the bones, is a non-stoichiometric carbonated hydroxyapatite
(CHA; Caio-a(PO4)s-5(CO3)(OH),-q) with low crystallinity and nanometer-
sized particles. Its Ca** and PO’ ions are essential for providing bone
hardness, rigidity, and structural strength [42,43]. Bone minerals also possess
a considerable amount of anionic (e.g., HPO4*~, CO5*", Cl) and cationic (e.g.,
Na, Mg*") constituents, leading in a structurally disordered and
compositionally non-stoichiometric nature [43]. CHA in bone exhibits a plate-
like crystal morphology, with sizes ranging from 20 to 80 nm in length, 15 to
30 nm in width, and 2 to 10 nm in thickness [44]. The Ca/P ratio in synthetic
hydroxyapatite (HAP; Ca;o(PO4)s(OH),) is 1.67, while the Ca/P ratio in bone
minerals ranges from 1.37 to 1.87 [45—47].

Whole bone Tissue structure Microstructure Nanostructure

Hydro;yapatite
(~50x 25 x 2 nm)

Collagen triple helix
(~ 300 x 1.5 nm)

Osteon (Haversian system)
NN,

T

Lamellae (~ 7 ym)

Collagen fibrils (~ 50 nm) |

Periosteum
Collagen fiber (~ 5 pm)

Osteonic canal

Collagen molecules

Hydroxyapatite crystals
Microscopic view

Blood vessels Mineralized fibrils

Macro Nano

Figure 1. The hierarchical structure of typical bone at different length scales
(from microstructure to nanostructure) [41].

Collagen (COLL) makes up approximately 85-90% of the protein content
in bone, while the remaining 10% consists of noncollagenous proteins,
proteoglycans, and phospholipids, forming the organic matrix of bone [48,49].
It provides elasticity and toughness while serving as the primary framework
for mineral formation [41,50,51]. Recent studies have revealed that COLL
regulates the growth of CHA and influences the size, shape, orientation, and
3D distribution of apatite crystals [44].
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A comprehensive understanding of the bone 3D structure of the material is
crucial for elucidating how bone forms and functions [52]. Human bone is
classified as woven or lamellar [53]. Woven bone, with a randomly organized
extracellular matrix, forms during initial growth and fracture healing and
contains more osteocytes than lamellar bone [54,55]. Lamellar bone
comprises organized COLL fibers and apatite crystals and exists as cortical
(compact) or trabecular (spongy) bone [56-58]. Cortical bone, which makes
up ~80% of the skeleton, has 5—10% porosity, while trabecular bone is 50—
90% porous [53,59,60]. Cortical bone consists of osteons, collections of
concentric lamellae that surround a Haversian canal with blood vessels and
nerves [53,61]. Recent studies have shown that the structure of osteons,
including osteocytes embedded in canaliculi, lamellae, and Haversian canals,
regulates cortical bone turnover and regeneration [62,63]. More porous,
elastic, and metabolically active trabecular bone, found in long bone ends and
flat bones, does not form osteons, but the lamellae are arranged in parallel
sheets, creating trabeculae, which intersect bony plates. [53,64,65].

Bones combine hard inorganic and resilient organic components,
possessing remarkable mechanical properties comparable to aluminum or
mild steel, but with lower weight [66]. Key physicochemical properties of
bone include interconnecting porosity, biodegradability, bioactivity,
osteoconductivity, and osteoinductivity [67]. The size and interconnectivity
of bone porosity significantly influence vascularization, nutrient and cell
diffusion, and tissue ingrowth.

The human skeleton undergoes continuous remodeling, where microscopic
and molecular processes degrade old bone and replace it with new functional
tissue, renewing the entire skeleton approximately every ten years [68,69].
Bone remodeling occurs through the matched performance of bone cells:
osteoclasts resorb bone, osteoblasts create bone, and osteocytes participate in
the bone remodeling process as mechanosensors and orchestrators [70].
Remodeling allows bones to adapt to mechanical stresses, repair injuries, and
maintain mineral homeostasis [66]. Bone ensures mechanical support for
joints, tendons, and ligaments, protects organs, and facilitates movement
[71,72]. Despite appearing static, bone is remarkably dynamic at a
microscopic scale [73]. Imbalances in remodeling can lead to diseases —
excessive resorption causes osteoporosis, while excessive formation leads to
osteopetrosis [70]. Bone can repair minor damage, such as microcracks
approximately 100 um or slightly longer along the longitudinal axis [74].
However, extensive damage caused by trauma, bone resection due to infection
or tumors, nonunions, genetic disorders, or aging exceeds the natural self-
healing capacity of bone.
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Bone remodeling serves two purposes: repair of microfractures (targeted
remodeling) and maintenance of mineral homeostasis by providing access to
Ca* and PO,*" reserves (random remodeling) [75]. This occurs within the
basic multicellular unit, as Frost defined, consisting of osteoclasts, osteoblasts,
and osteocytes within the bone remodeling cavity [73,76]. Osteoblasts,
responsible for bone formation, originate from mesenchymal stem cells
(MSCs). In contrast, osteoclasts are large, multinucleated cells —up to 100 pym
in diameter — that derive from hematopoietic stem cells and are tasked with
bone resorption [77]. Osteocytes, the most abundant bone cells, differentiate
from osteoblasts and act as primary mechanosensors, regulating remodeling
[78].

The bone remodeling cycle typically spans 7 to 9 months but can extend
up to 5 years, though newly formed bone gains a substantial load-bearing
capacity much earlier [79]. This tightly regulated process consists of
activation, resorption, reversal, formation, and termination as illustrated in

Figure 2 [80-82].
Activation & Resorption

A———— -e..Q000

Bone Remodelling

[ T @m

Cycle
Termination
Reversal
Formation

Figure 2. Schematic diagram of the bone remodeling cycle [83].

The remodeling cycle also applies to calcium phosphate (CaP)-based
biomaterials, which must balance osteoclast and osteoblast activity for
successful bone integration [84]. High Ca** concentrations, for instance,
trigger the migration and differentiation of bone marrow stromal cells
(BMSC:s), pre-osteoblasts, and osteoblasts to resorption sites, promoting new
bone formation [3]. Similarly, Mg?" activates MSC differentiation and
improves osteogenic cell adhesion, aiding bone healing [85]. Implants made

14



of Mg and Mg alloys have demonstrated positive effects on bone development
in animal models, including rats, guinea pigs, and rabbits [86]. Wang et al.
revealed that Mg?* concentration is crucial for bone formation, with 6-10 mM
promoting osteoblast adhesion and proliferation, 10 mM further enhancing
these effects, and 18 mM significantly inhibiting osteoblast proliferation and
differentiation [87].

1.2. The demand for hard tissue substitutes

Biomaterials have been used throughout history to replace or repair lost body
parts. As early as 2000 BC, the Egyptians used ivory to replace missing teeth
and wood to create prosthetic legs, toes, and other bone substitutes [88]. As
the global population ages, the demand for hard tissue reconstruction has
increased significantly [89]. Although young people commonly experience
fractures due to sports injuries or road accidents, older populations face bone
fractures due to conditions such as osteoporosis and bone mass loss [90]. In
cases where natural bone healing is not sufficient, external interventions are
required [91]. Implants with osteogenic, osteoconductive, or osteoinductive
properties are essential in bone grafting procedures, including the use of
autografts, allografts, and synthetic substitutes.

The demand for bone implants continues to grow, with more than 400,000
bone graft surgeries performed annually in Europe and more than 600,000 in
the United States [47]. According to industry reports, global sales of
orthopedic products increased from $15 billion to more than $61.1 billion
between 2002 and 2023 [47,92]. Hard tissue substitutes serve as porous
scaffolds, temporary or permanent, to reduce the size of bone defects and
provide structural support during the healing process [93]. Temporary
substitutes are often preferred as they offer mechanical support while
promoting natural tissue regeneration. These implants can be enriched with
specific cells and signaling molecules to enhance tissue growth and control
material degradation and absorption.

Autografts, derived from a patient's bone, are considered the gold standard
due to their natural osteoconductive, osteogenic, and osteoinductive properties
[74]. However, its widespread use is limited by donor site morbidity and
restricted availability [89]. Allografts and xenografts, sourced from human or
animal donors, provide a wider range of options but come with drawbacks
such as reduced osteogenic potential, the risk of immune rejection, and disease
transmission [ 1]. Ethical concerns and species-to-species disease transmission
further limit the adoption of xenografts [93]. Given these limitations and the
increasing demand for orthopedic implants, the development of advanced
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synthetic materials has become imperative. Metals (such as titanium and its
alloys), ceramics, polymers (both biodegradable and nonbiodegradable), and
composite materials have all been explored as potential synthetic bone
substitutes [90]. Furthermore, advances in bioactive coatings and surface
modifications have improved the osteointegration of these materials, making
them increasingly viable alternatives in clinical applications.

1.3. Biomaterials

A biomaterial is any natural or synthetic material designed to interact with
biological systems for medical purposes, such as repairing, replacing, or
improving tissue and organ function. These materials can be metals, ceramics,
polymers, or composites and are used in applications such as implants,
prosthetics, drug delivery systems, and tissue scaffolds [94].The main groups
of synthetic biomaterials are illustrated in Figure 3.

Biomaterials

Synthetic Natural
(Biologically derived)
Metal

(Stainless steel, Ti-based alloys, Co/Mg-based, NiTi, etc.)

Ceramic
(HAP, AlLO,, ZrO,, Bioactive glass, etc.)

Polymer
(Polyurethane, CS, PLGA, etc.)

Composite

(CSIGEL, HAP/alginate, HAP/PLLA, etc.)

Figure 3. Classification of biomaterials ((CS) — chitosan. (PLGA) -
poly(lactic-co-glycolic acid), (GEL) — gelatine, (PLLA) - poly-L-lactic acid).

Biomaterials are designed to be implanted in living organisms, where they
interact with the body to treat injuries, replace tissues and organs, or enhance
and restore biological functions [95]. They can be processed in various forms,
such as molded or machined parts, coatings, fibers, films, foams, and fabrics
for biomedical applications and devices [96]. Common examples include
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heart valves, hip joint replacements, dental implants, skin grafts, vascular
grafts, contact lenses, wound dressings, and drug delivery systems [96]. These
materials must be biocompatible to avoid immune reactions, non-toxic to
prevent harm to other organs, and biodegradable or bioresorbable to slowly
break down and be absorbed by the body after their function [97].

1.3.1. CaP-based biomaterials

CaP-based biomaterials, which belong to the ceramic group, are the primary
synthetic materials used in orthopedic and trauma surgery [98,99]. These
compounds have a chemical composition similar to that of the inorganic phase
of bone, making them excellent bone substitutes. They are characterized by
biocompatibility, biodegradability, bioactivity, osteoinductivity, and
osteoconductivity [1,100]. Other substances, such as calcium carbonate
(CaCQs), calcium sulfate dihydrate (GYP, CaSO4-2H;0), and silica-based
bioactive glasses, also show bioactivity, biodegradability, and
osteoconductivity. However, their chemical composition does not closely
resemble that of bone tissue [67].

Biocompatibility of CaPs-based biomaterials. CaP-based biomaterials
have gained considerable scientific interest due to their biocompatibility,
making them suitable for various medical applications, including bone grafts,
implants, and drug delivery systems, ensuring minimal adverse effects while
supporting natural healing processes [101,102]. These biomaterials interact
safely with biological tissues without causing toxic, inflammatory, or immune
rejection responses [103].

Biodegradability of CaPs-containing biomaterials. Effective bone
regeneration at defect sites requires osteogenic cells, growth factors, and
appropriate scaffold materials with biodegradability being a critical factor to
ensure abundant new bone formation [104]. The biodegradability of CaP
biomaterials enhances their biocompatibility by releasing Ca** and PO4*" ions,
which activate osteogenic cells and support bone remodeling [105]. For
successful bone tissue engineering, implanted graft materials must exhibit
controlled degradability [106]. Obtaining a biodegradation rate that is
consistent with bone resorption is essential, with factors such as granule size
and sintering temperature playing key roles [1,107,108]. In vivo, the
biodegradation of CaP-based biomaterials occurs through two primary
pathways: passive dissolution by extracellular fluids and active cell-mediated
resorption [106,109]. Generally, the rate of passive degradation depends on
factors such as surface area, Ca/P ratio, crystallinity or solubility, and local
pH, leading to ion dissolution and loss of mechanical integrity of implants
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[1,110]. Following chemical dissolution or mechanical breakdown, the
particles released from disintegrating biomaterials are absorbed by
macrophages, osteoclasts, and multinucleated giant cells [110]. The speed and
efficiency of cellular resorption activity depend on the size of the obtained
particles: macrophages and osteoclasts (size of particles <10 um), as well as
giant cells (size of particles between 10 and 100 pm), engulf CaP biomaterials
via phagocytosis and intracellular digestion [106]. Extracellular degradation
occurs for particles larger than 100 pm, which are processed by macrophages,
giant cells of the foreign body, or through pH-lowering mechanisms
established by osteoclasts [109].

Bioactivity of CaPs-based biomaterials. Bioactivity refers to the ability
of a material to bond directly with surrounding bone tissue, influenced by
chemical and physical properties (surface roughness, porosity) [67,111]. CaPs
are widely recognized as bioactive compounds, which enhance bone bonding
through an apatite layer at the bone-biomaterial interface [112,113].
Heughebaert et al. were the first to report that apatite nanocrystals can form
on implanted ceramics [67]. Prof. Hench, through his studies on the bioactivity
mechanisms of various biomaterials, concluded that all bioactive materials
form a bone-like apatite layer on their surfaces in living organisms [114].

Osteoinductivity. After a fracture, bone healing is driven by
osteoinduction, where immature cells become preosteoblasts to form new
bone at nonosseous sites lacking osteogenic factors [1]. Urist et al. first
demonstrated that bone formation could be induced by implanting a
decalcified bone matrix or bone morphogenetic protein into the muscles of
various animals [115,116]. The physicochemical composition and structure of
the Dbiomaterial critically influence its osteoinductive properties
[107,108,117]. CaPs-based biomaterials such as HAP or HAP substituted with
silicon ions are osteoinductive. The osteoinductive effect of CaP-based
materials is most pronounced on ceramic surfaces with a macroporous
structure, where the pores are interconnected rather than forming a flat
surface. Porous synthetic HAP, B-tricalcium phosphate (B-TCP; B-Ca3(POs)2),
and porous BCP are important candidates for bone reconstruction, with
osteoinductive potential classified as BCPs > B-TCP > HAP [67,118]. CaP-
based biomaterials induce osteoinductivity by releasing Ca?>" and PO,* ions
into the local environment, which stimulates stem cells to migrate to the defect
site, influencing their cell cycle progression and mitotic activity [119].

Osteoconductivity. Osteoconduction, unlike osteoinduction, is the
process by which bone tissue grows along the surface or within the internal
pores of an implant influenced by the material properties and the conditions
of the defect site [1,120]. Osteoconductive materials support the development
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of new bone on their surface or within their structure, contributing to the
success of bone implants [121]. Surface modifications such as coating,
gradient coating, grafting, roughening, patterning, and multilayer films
improve osteoconductivity by improving cell adhesion, proliferation and
migration [122]. The osteoconductivity of biomaterials can be assessed
through bone coverage measurements obtained from scanning electron
microscopy (SEM) images, biopsy analysis, microcomputed tomography,
non-calcified histology, and histomorphometry. Increased tissue and bone cell
formation on implant surfaces indicates improved osteoconductivity [1].

1.3.2. Variety of CaP-based bioceramics forms

CaP-based biomaterials are widely synthesized in a variety of forms, including
coatings, cement, scaffolds, and granules [123]. They are commonly used to
repair bone defects, treat fractures, perform total joint replacements, increase
bone, and support various procedures such as orthopedic surgeries,
craniomaxillofacial reconstruction, spinal surgery, otolaryngology,
ophthalmology, and the use of percutaneous devices [ 103]. Additionally, these
biomaterials are applied in dental fillings and periodontal treatments.
Extensive research has been carried out to improve the properties of CaP-
based materials, such as improving their bioactivity through coatings,
increasing biodegradability and mechanical properties in biocomposites and
hybrids, and using them for encapsulating therapeutic agents [16].

Coatings. CaP coatings transform non-osteoconductive, load bearing
implants into strong osteoconductive biomaterials [116]. These coatings are
commonly applied to metallic implants to prevent corrosion and improve
bioactivity [16]. Coatings can be monolayer or multilayer; In multilayer
systems, the top layer ensures rapid reactivity and short immobilization time,
while the bottom layer improves implant stability [103]. The thickness of the
coating is crucial; excess thickness is prone to damage, while thin coatings
dissolve too quickly [124]. Sol-gel and electrodeposition techniques create
homogeneous, well-adherent, biocompatible CaP coatings, even on complex
implant shapes [125]. Magnesium alloys have gained attention in orthopedics
for their excellent mechanical and bioabsorbable properties [126]. However,
their rapid degradation in aqueous and physiological environments limits their
use [127]. CaP coatings in magnesium alloys help improve bioactivity, and
biocompatibility, and control degradation rates [128]. Electrodeposition is
particularly effective in producing CaP coatings that mimic bone structure
while allowing controlled morphologies and compositions [126]. The sol-gel
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method is widely used to apply thin HAP coatings on titanium alloys,
improving fixation and osteointegration [129,130].

CaPs, particularly HAP and tricalcium phosphate (TCP, Ca3(POs),), are
used as bone substitutive materials with antibacterial influence [131]. For
instance, Roy et al. investigated the supply of silver ions, which possess
antimicrobial characteristics, from TCP-coated Ti. The study demonstrated
that Ag ions significantly reduced the growth of Pseudomonas aeruginosa and
Pseudomonas aureus bacterial colonies by 99.99% on the silver ions-
containing CaP surface in contrast to the CaP coating without Ag, without
showing any cytotoxicity [132].

Cement. Calcium phosphate cements (CPCs) have gained scientific
interest for their versatility in bone repair, augmentation, and regeneration,
primarily due to their ease of handling and injectibility [103]. These cements
are used to fill bone defects and stabilize fractures, particularly in cases where
precise molding and minimally invasive techniques are required. CPCs are
formulated by mixing CaP-containing powders with water or aqueous
solutions, forming a paste that hardens through a dissolution-precipitation
mechanism in vivo [131,133]. This low temperature setting allows them to
conform to defect cavities without damaging the surrounding tissues [131].
The reaction products of CPCs depend on factors such as pH, Ca/P ratio, and
solubility of the initial CaPs. Most commercially available CPCs are set in
apatite resembling bone mineral and offer excellent biocompatibility,
osseointegration, and osteoconductivity [134]. The powder-to-liquid ratio
significantly affects the injectability, setting time, and porosity of CPCs, with
lower ratios leading to faster injection and longer setting times, but often
compromising mechanical properties [135,136]. Despite their advantages,
CPCs face challenges in clinical applications, including insufficient
mechanical strength, poor injectability, and premature disintegration in blood
or biological fluids due to weak cohesion [137].

Scaffolds. CaP scaffolds serve as a temporary bone substitute that
promotes new bone formation while gradually biodegrading [138]. The first
biodegradable porous B-TCP scaffolds were introduced in 1971, marking a
key milestone in this field [123]. Effective scaffolds must mimic the
extracellular matrix, supporting cell attachment, proliferation, and
differentiation, while maintaining biodegradability, porosity, and an
appropriate mechanical strength and degradation rate [139]. The degradation
rate of the scaffold should be in sync with the rate of bone regeneration, as
excessively rapid scaffold resorption can alter healing or fusion [140]. An
optimal design features 30-70% porosity and pore diameters of 300-800 wm,
with mechanical properties that match spongy bone (0.5-15 MPa) [141].
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Common materials used for scaffold fabrication include natural and
synthetic polymers such as COLL, GEL, polycaprolactone, and PLGA [16].
Composite scaffolds that combine biodegradable polymers with CaPs are
designed to improve mechanical properties [131]. For example, the
incorporation of CaP particles as whiskers or spherulites within GEL or
mixing CaP with COLL can significantly enhance implant strength [123]. CaP
scaffolds also enable drug delivery, helping to control antibiotic release for
infection prevention [138,142]. Kim et al. employed a dip drying technique to
coat a porous HAP scaffold with a HAP and polycaprolactone composite that
incorporates antibiotic tetracycline hydrochloride, while Zhang et al.
developed a CaP composite scaffold with morphogenetic protein 2 (BMP-2)
and vascular endothelial growth factor loaded on PLGA microspheres
[123,131].

Granules. CaP-based granules are widely utilized in dental applications as
bone fillers and are commercially available, mainly composed of HAP, [3-
TCP, or their BCP mixtures [40]. The effectiveness of a bone substitute
depends not only on its composition but also on its structural properties [32].
Macroporous granules offer a greater advantage over dense granules for rapid
bone ingrowth [143]. The macropores within the granules facilitate both bone
formation and angiogenesis, while micropores enhance osteoconductivity and
support new bone regeneration [144]. For example, microporous BCP
granules, composed of HAP/B-TCP, have been successfully applied in
maxillofacial surgery, implant fixation, drug delivery, anatomical remodeling,
dental procedures, and overall bone repair [145]. Typically, macroporous
granules are produced using gas-forming and sacrificial template methods.
However, these techniques result in granules of varying sizes with
unpredictable macropore distribution. The macropores often remain
unconnected or closed, and their sizes frequently fall outside the optimal range
for effective bone regeneration [143].

Bioceramics, such as HAP in granular form, are conventionally
synthesized via sintering, a process that yields highly crystalline compounds
but reduces their Sger tissue biocompatibility [37]. Additionally, some
bioceramics decompose at high temperatures required for sintering. To
address these challenges, Ishikawa applied a dissolution-precipitation reaction
to produce CHA granules, avoiding the problems associated with high-
temperature processing while achieving excellent bone replacement
outcomes. CHA is an artificial bone substitute currently used in clinical
applications within the dental and maxillofacial fields, available in granular
form as Cytrans® (GC, Tokyo, Japan) [32,146].
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Synthetic CaP-based granules, particularly those in spherical shapes of
various sizes, offer orthopedic and periodontal surgeons an effective solution
to fill irregularly shaped bone defects [31].

To optimize resorption and support bone regeneration, granules should
exhibit higher solubility in vivo. However, certain phases of CaP, such as
Calcium hydrogen phosphate dihydrate (DCPD, CaHPO4-2H,0, brushite) or
calcium hydrogen phosphate anhydrous (DCPA, CaHPO,4, monetite), can
transform into less soluble forms in vivo, potentially slowing their dissolution
[147]. Hydrated magnesium phosphates (MPs), including struvite, K-struvite,
newberyite, and amorphous MPs, have gained interest due to the role of Mg**
in inhibiting HAP formation and phase transitions, resulting in a more
controlled degradation process. Fuchs et al. implanted magnesium phosphate
granules into drilling hole defects in the distal femoral condyle of white rabbits
from New Zealand and observed excellent biocompatibility, rapid and
continuous degradation, and effective bone regeneration [40]. Additionally,
Lee et al. placed porous Mg-WH granules in rat calvarial defects and
demonstrated that these granules significantly promoted new bone formation
while maintaining excellent biocompatibility [33].

1.3.3. Variety of CaP-based bioceramics

Different chemical composition compounds such as HAP, TCP, DCPD and
octacalcium phosphate (OCP; Cas(HPO4)2(POs4)4: 5H20) belong to the class of
CaP-based biomaterials with applications in various fields, due to the
diversities in solubility, stability, and mechanical strength [105]. The selection
of the appropriate CaP biomaterial from this diverse group is crucial for the
effective preparation of bone regeneration materials [3]. The solubility of CaP
generally depends on the stoichiometry (Ca/P ratio) and follows this order at
a physiological pH of 7.4 and 25 °C: DCPD > OCP > Mg-WH > B-TCP >
HAP [148-150]. Among these, HAP, TCP, and biphasic calcium phosphates
(BCPs), which are combinations of two CaPs in varying weight ratios, are the
most commonly used due to their similarity to bone tissue and their ability to
promote bone formation [149].

Hydroxyapatite. Synthetic HAP is chemically and structurally similar to
the inorganic component of bones and teeth [151,152]. The era of HAP in
regenerative medicine began in the 1950s with the introduction of bioceramics
as passive scaffolds for bone defect repair [153]. It is described as non-toxic,
minimally inflammatory, bioactive, osteoconductive, and biocompatible, but
lacks mechanical strength [149,154]. HAP is widely used in various
biomedical applications, including scaffolds, powders, and coatings tailored
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for specific medical purposes [155]. It is used as a bone substitute for complete
or partial bone augmentation, filling bones and dental defects, and coating in
orthopedic and dental implants [156]. Biodegradable and porous on the
surface HAP is effectively applied in chemotherapy and antibiotic supply
systems [157]. When HAP is integrated into polymer materials such as COLL,
CS, and GEL, it enhances mechanical properties [158,159]. Saleem et al.
fabricated a silk fibroin/HAP scaffold, which demonstrated more durable
mechanical properties suitable for tissue engineering [159]. Element doping,
heat treatment, material cladding, and other routes enhance the biological
properties of HAP materials [160]. Among these, element doping stands out
for its positive impact on osseous remodeling, which has been achieved using
ions such as zinc (Zn), strontium (Sr), copper (Cu), Mg, manganese (Mn), and
silicon (Si) [160]. HAP can be derived from both natural and synthetic
sources. Natural sources include mammalian bones (e.g., bovine), marine
materials (e.g., fish bones and scales), shells (e.g., seashells and eggshells),
plants, algae, and minerals such as limestone [161]. Common synthesis
techniques include solid state synthesis, hydrothermal processes, co-
precipitation, sol-gel methods, and mechanochemical synthesis [162].

Tricalcium phosphate (TCP). TCP is a widely studied biomaterial in
biomedicine because of its structural and chemical similarity to the mineral
component of bone. Its excellent biocompatibility and bioresorbability make
it an ideal candidate for applications in bone regeneration and orthopedic
implants [163,164]. TCP exists primarily in two polymorphic forms: a-TCP
and B-TCP, each with distinct properties and medical uses [165]. B-TCP
material is used as an osseous graft substitute, whereas a-tricalcium phosphate
(a-TCP) serves as a key component in the production of CaP bone cements
[165-168]. B-TCP cannot be obtained through aqueous precipitation and
requires heating amorphous calcium phosphate (ACP) between 8§00 and 1000
°C or combining compounds such as CaHPO4 and CaCO; (at 1000 °C for an
hour) [169]. As a high-temperature phase, a-TCP poses challenges in
implantology due to the need for rapid cooling to preserve its structural
integrity [170].

The biphasic calcium phosphates. BCPs were first mentioned in the late
1980s as promising materials for bone grafts, offering customizable resorption
rates to support bone remodeling processes [171]. These materials typically
consist of HAP and B-TCP in varying ratios. HAP is often chosen as the primary
phase due to its chemical similarity to bone and superior mechanical properties,
while B-TCP provides enhanced biodegradability, allowing gradual in vivo
resorption [172]. The combination of these phases creates a balance between
bioactivity and mechanical strength, making BCPs a favorable choice for hard

23


https://www.sciencedirect.com/topics/materials-science/amorphous-material

tissue engineering applications [173]. Their synergy supports the formation of
new bone by releasing calcium and phosphate ions into the surrounding biological
environment, which promotes cell attachment, proliferation, and differentiation
[171,174]. BCPs are typically synthesized by sintering calcium-deficient
hydroxyapatite (CDHA; Cao(HPO4)(PO4)sOH) or by mechanical mixing HAP
and TCP powders [175]. These materials are available in various forms, including
granules, powders, blocks, cements, and custom-made implants, depending on
clinical requirements [176]. Moreover, various composites have been developed
to improve both biological and mechanical properties, further broadening the
clinical applications of BCPs [177].

1.3.3.1. Magnesium whitlockite

Mg-WH is a CaP in which Mg partially substitutes Ca. This biomineral was
mentioned as the second dominant phase in human bone, however, recent
studies have found that this assertion is still unjustified, as it is claimed that
Mg-WH can appear only during pathological processes [23,178]. Although
the presence of Mg-WH in bone tissue remains a subject of debate, its
synthetic analogue is distinguished among CaP substitutes due to the
incorporation of magnesium ions in its structure. Mg ions play a crucial role
in various biological functions, including the regulation of the nervous,
muscular, and skeletal systems [179]. It is the fourth most abundant mineral
in mammals, after sodium, potassium, and calcium [180,181]. Its allocation in
the human body is as follows: 65% is found in the inorganic phase of bone,
34% is detected in the intracellular space, and 1% is in the extracellular space
[182]. Deficiency of magnesium ions causes reduced bone mass, weaker bone
growth, and osteoporosis [26]. Due to its important properties, many studies
have been conducted on the doping of magnesium ions in HAP and TCP,
which is complicated by the disparity in the radii of Mg®" and Ca®" ions
[179,183].

Recent studies have shown that synthetic Mg-WH is superior in
osteoinductivity and bone regeneration compared to HAP [184,185]. It
demonstrates enhanced compressive strength and a higher resorption rate than
HAP, attributed to its lower Ca/P ratio [33,186]. Mg-WH shows greater
stability in the acid microenvironment created by osteoclast activity,
underscoring its potential to promote bone growth and regeneration [187]. In
a recent study, Lee et al. synthesized Mg-WH granules at 700 °C,
demonstrating excellent bone regeneration capabilities without inducing any
inflammatory response, effectively restoring original bone thickness in rat
calvaria defects [33]. In particular, scaffolds composed of CS with
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incorporated Mg-WH have demonstrated significantly enhanced bone
formation compared to HAP in models of rat calvarial defects [188]. Yang et
al. reported in 2020, that Mg-WH plays an inimitable role in improving both
osteogenic and neural activities. Synthetic Mg-WH has a high surface area-
to-volume ratio, enhancing cell attachment and overall biocompatibility
[27,186]. Mg-WH replicates early stage bone regeneration by increasing
extracellular POs*~ and Mg?>" concentrations and preventing osteoclastic
differentiation [189]. During osseous regeneration, Mg-WH transforms into
mechanically stronger HAP-neo bone tissue [190]. In very recent experiments
conducted by Maximiano et al. Mg-WH demonstrated significant anti-
inflammatory properties by reducing key inflammatory markers such as nitric
oxide, tumor necrosis factor-alpha, and interleukin 6, and demonstrated
promise in cancer treatment by impeding the proliferation of MDA-MB-231
breast cancer cells [191].

Mg-WH comprises a rhombohedral crystal structure (R3c), characterized
by lattice parameters a=5b=10.350(5) A, c=37.085(12) A, a ==90°, y=
120° [178,192]. The crystal structure of Mg-WH is presented in Figure 4.

a) ~

B column A column
L
* B, B, B, A, A, A,
! Ca(2) = " weo,
. o * 7 P o m .
% 4 e Ca(3) L 9
LA . calt) G
. Ca(2) 5 weo,
¥ e ca(3) o Mg
caf1) T2 —
i ca(2) ¥ wro,
 P(3) . >
1 ca(3) i ! o Mg
o -,
Caf1) Pz o
ca(2) oo HPO,
. o P .
b P2 Ca(3) £ o Mg
= Cafl) —
[ - Ca(2) g weo,
" T P
Rl i Ca(3) 0 Mg
ca(1) R -
e P(3) Ca(2) . HPO, ’
H . £ oM
i Ca(3) 4 r :l T
: Ca(1) —a—bos
r—y,

; 55 oS 9 @
R 72 5 25 Mgt 1 ®
s o A e
S O ®
‘o fol i 3
.'...o.\.' :ﬁi" ?e ..’o-o\.. / A A v /

Figure 4. Unit cell of Mg-WH (a and c); the arrangement of atoms in
structural columns (b); the arrangement of columns in unit cell (d) [193].

Two periodically arranged columns along the c-axis are identified in its
structure [24]. The Mg*" and HPO4* units alternating with empty spaces fill
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column A, while a recurring combination of Ca(1)-P(3)0O4—P(2)04—Ca(2)—
Ca(3) packs the dense column B [193]. These columns are divided into three
distinct subtypes with identical atomic positions but varying heights relative
to each other along the z-axis (Fig. 4b). Each A column is encircled by six B
columns of two distinct subtypes, and two A columns of different subtypes
surround each B column on opposing sides and four B columns, again of two
diverse subtypes (Fig. 4d). 3 A columns and 9 B columns are present in the
Mg-WH unit cell. The Ca(1) and Ca(2) ions are related to five PO4*~ groups
and one HPO4* group, and the Ca(3) ions are combined with four PO4*
groups. In column A, Mg and P(1) are aligned on a straight line, as their all x
and y atomic coordinates are in the value of zero. However, the B column is
garbled due to the various values of the x and y atomic coordinates of Ca(1),
Ca(2), Ca(3), P(2), and P(3). B-TCP and Mg-WH show an equal column B in
their structures, while column A contains Ca?* ions at the Ca(5) and Ca(4)
sites in B-TCP, which are replaced by Mg and H from HPO4>~ in Mg-WH [35].

1.4. Synthesis of Calcium Phosphates

The synthesis of CaPs can be achieved through various methods, broadly
classified into high-temperature and low-temperature techniques, each of
which offers distinct advantages depending on the desired material properties.
High-temperature methods, such as solid-state reactions, typically involve
heating calcium and phosphate precursors at temperatures ranging from 750
to 1000 °C. These techniques produce highly crystalline phases, which exhibit
excellent mechanical stability but slow dissolution rates, making them suitable
for load-bearing applications [194,195]. For example, sintered HAP has been
a significant advancement in bone defect reconstruction, but it also has
limitations for certain clinical cases. Although its stability and mechanical
strength are beneficial in some situations, these same properties can be a
drawback in others. Specifically, sintered HAP cannot fully replace the
biological functions of bone, and its high Young's modulus can lead to stress
shielding, which may cause bone resorption around the implant.

Moreover, certain CaP phases, such as CHA, OCP, Mg-WH, and
amorphous calcium phosphate, are thermally unstable and cannot be
synthesized using high-temperature methods [35]. On the contrary, low-
temperature synthesis approaches, including precipitation, dissolution-
precipitation, sol-gel, hydrothermal, and biomimetic methods, allow CaP
formation of CaPs under milder conditions [196]. These methods offer better
control over particle size, phase composition, and surface properties, which
can improve bioactivity and resorption rates [197]. Moreover, these processes
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are more energy efficient and environmentally friendly compared to high-
temperature approaches.

By selecting an appropriate synthesis method, researchers can tailor the
physicochemical properties of CaPs to meet specific biomedical requirements,
optimizing their performance for applications such as bone graft substitutes,
implant coatings, and drug delivery systems.

1.4.1. Dissolution-precipitation synthesis

A low-temperature dissolution-precipitation synthesis method offers a highly
effective approach to the fabrication of materials with low crystallinity, high Sggr,
and a porous structure [37]. These characteristics are essential for optimizing
interactions with biological systems, making synthesized CaPs ideal for various
biomedical applications. The dissolution-precipitation process unfolds in two
distinct stages: first, the dissolution of the reactant occurs, followed by the
precipitation of the final product [198]. This approach is commonly used to
synthesize thermodynamically stable phases, such as CHA and HAP [199-201].
By carefully controlling the reaction conditions (temperature, pH, and reactant
concentration), the dissolution-precipitation method allows the stabilization of
metastable phases [199-202]. One such phase, OCP, is often considered to be a
precursor to more stable phases such as HAP. Compared to these more stable
phases, OCP can exhibit distinct advantages, including enhanced bioactivity and
faster potential for bone mineralization[198].

However, achieving metastable products requires specific conditions to be
met. First, the starting reactant must possess a higher solubility than the
metastable phase, ensuring that the system remains in a state that allows the
formation of OCP. Second, the rate of formation of the metastable phase must
be faster than its transformation into a more stable phase, such as HAP. In
2018, Sugiura et al. published the fabrication of porous OCP foam through a
dissolution-precipitation reaction [202]. In vivo studies demonstrated that
OCP foam elicited an excellent tissue response, promoting bone growth in its
porous structure. Its osteoconductivity and bone replacement rate were
significantly higher compared to those of nonporous OCP. Furthermore, OCP
blocks were successfully synthesized by dissolution-precipitation from DCPD
blocks immersed in a phosphate-rich solution, while maintaining their
macroscopic structure, as well as calcium sulphate hemihydrate (CSH;
CaS04:0.5H,0) blocks [198,203].

A major advantage of the dissolution-precipitation method is its ability to
retain the shape of the initial reactants in the final product, making it particularly
useful for the fabrication of structures with precise geometries [199]. Using this
method, bone substitutes have been produced from various initial materials, such
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as calcite (CaCOs), calcium sulfate (CaSOs), o-TCP, DCPD blocks
[200,204,205]. During the process, consecutive dissolution-precipitation
reactions facilitate the gradual transformation of precursor materials into specific
CaP. As the reaction progresses, newly precipitated apatite crystals interlock at
the microscopic level, creating a dense and cohesive structure. The dissolution-
precipitation method is valued for its ability to retain the shape of the initial
reactant, however, complete shape preservation is not always guaranteed.
Reaction conditions such as pH, temperature, and ion concentration significantly
impact shape retention. Rapid or uneven dissolution can cause deformation before
precipitation restores the structure. Highly porous materials may shrink or
collapse, while phase transitions can lead to slight expansions or contractions.
Uneven nucleation and crystal growth may introduce distortions, and
mechanically weak precursors are susceptible to deformation during handling.
Therefore, careful optimization of reaction parameters enables a high degree of
shape retention while improving the bioactivity and mechanical properties of CaP
materials [199].

In a 2010 study, Ishikawa et al. successfully demonstrated the
transformation of a CaCQOs block into CHA [37]. In this reaction, calcite was
dissolved, releasing Ca** and COs*~ ions, which, in the presence of PO4>~ ions,
led to the formation of CHA due to its significantly lower solubility. The
precipitated CHA was identified as B-type carbonate apatite, naturally found
in bone. CHA granules synthesized via the dissolution-precipitation method
were implanted into bone defects (see Figure 5). They promoted new bone
formation, resembling the behavior of autografts.

Osteoclastic esgf;ption

Carbonate
apatite |

Figure 5. Histological pictures of CHA after implantation in a bone defect
made in the cranial bone of rats (figure adapted from [37]).
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1.4.2. Synthesis Methods and potential application fields of Mg-WH

Due to the complexity of its synthesis, Mg-WH is widely believed to be under-
researched in terms of its properties, functions, and behavior in the human
body [24,27]. Monitoring pH, Mg*" ion concentration, and temperature during
the synthesis process is critical to achieving the successful formation of pure-
phase Mg-WH, as deviations can lead to the formation of intermediate CaP
phases, including DCPD, DCPA, OCP, and HAP [29,34]. A variety of
products can be obtained through different methods of Mg-WH synthesis,
including powders, granules, coatings on p-TCP ceramics, various
composites, and a variety of morphologies and particle sizes [35,206].

The researchers classify the synthesis of CaPs into wet and dry methods
[207]. For Mg-WH fabrication, wet methods include techniques such as
precipitation, hydrothermal processing, microwave-assisted hydrothermal
synthesis,  dissolution-precipitation,  dissolution-precipitation  under
hydrothermal conditions, and solid-liquid-solution (SLS) process
[22,178,188,208-210]. On the other hand, dry synthesis methods mainly
involve the solid-state approach [179,211].

Due to the instability of Mg-WH at high temperatures, wet synthesis,
particularly the precipitation method, remains the most commonly used
fabrication technique [24,35,201]. In 2013, Jang et al. reported the
precipitation synthesis of Mg-WH under acidic conditions in a simple ternary
Ca(OH),-Mg(OH),—H3PO4 aqueous system with a controlled excess of Mg?*
ions. They highlighted the critical role of pH control and the precise addition
of Mg?" ions to prevent the formation of HAP and other intermediate CaP
phases during the synthesis of the Mg-WH phase [24]. To better understand
the transitional phases and clarify the precipitation mechanism of the Mg-WH
compound, the reaction pH was systematically varied from basic to neutral
and then acidic, thereby dividing the process into distinct sequential stages
[34]. During the process, the pH of the system experienced significant
changes, fluctuating from 11.2 to 5.8, then from 5.8 to 4.5, and finally from
4.5 to 3.5. In stage I, HAP and Mg(OH), were the primary phases of the
precipitate, as shown in Figure 6.

29



HAP ¥ DCPD
Mg{OH), ® WH
L MP

]S'.age |

=-Stage Il

| -
[ |
I P | IO, WY E A W N |

Intensity (a.u.)

_f}km-_qj'mm/\..\_ﬂuﬁrw'm_r_h_,ﬁ" -

W 4 T,

o
Stage V

e s e ).IL,_ ,:J‘;u:u o5 o

|I||

. | |
T I
35

20 EIE 30

2 8 (degree)
Figure 6. XRD pattern of intermediate precipitants collected during the
synthesis of Mg-WH. The peaks corresponding to each phase of HAP,
Mg(OH),, MP, DCPD, and Mg-WH in the XRD data are marked as the

green triangle, the cyan arrow, the purple arrow, the navy triangle, and the

red circle, respectively [34].

In stage I, as Ca(OH), was nearly depleted, Mg(OH), began to react with
H3POg, leading to the formation of XRD peaks corresponding to dimagnesium
phosphate (MP, MgHPO,-xH,0). As the system became more acidic in stage
111, partial conversion of HAP to the DCPD phase was observed. When the
total amount of H;PO4 was added, the presence of HAP, DCPD, and MP
phases was confirmed. In stage IV, during aging in the acidic solution at a pH
of 3.3, HAP, DCPD, and MP underwent gradual dissolution, while the XRD
peak intensities of the Mg-WH phase increased during the 5-hour aging
period. Finally, in stage V, after 24 h of aging, only the pure Mg-WH phase
remained.In 2017, Kim ef al. conducted a study examining the conversion of
Mg-WH compounds to HAP synthesized by the precipitation method and its
effect on bone regeneration [29]. They compared the surface characteristics of
Mg-WH and HAP, analyzed the kinetics of ionization, assessed the stability
of resorption, and evaluated other key properties relevant to bone
regeneration. The researchers found that Mg-WH facilitates bone regeneration
by enhancing osteogenic differentiation while inhibiting osteoclast activity,
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which is attributed to the presence of phosphate and magnesium ions in its
structure. As a result, it promotes the formation of denser neobone tissue.

Pillai et al. utilized the precipitation method to synthesize Mg-WH and
develop an Mg-WH compound with CS for hemostasis [208]. Compared to a
standalone CS hydrogel and commercial hemostatic agent, the composite
demonstrated injectability, cytocompatibility, and hemocompatibility. In vitro
(blood clot test) and in vivo (hemostasis tests on rat liver and femoral artery
injuries) studies confirmed its superior hemostatic performance. The authors
concluded that Mg-WH nanoparticles (NPs) improve hemostasis by
promoting rapid and effective coagulation through calcium, magnesium, and
phosphorus ions, forming a stable plug at the injury site.

In 2021, Kaliannagounder et al. synthesized Mg-WH NPs with
piezoelectric properties, essential to enhance osteogenic differentiation and
mimic the bioelectric fields of natural bone, using a modified precipitation
method based on Jang et al. [29,30]. The noncentrosymmetric structure of Mg-
WH enables its piezoelectric properties, allowing it to function as a self-
induced electrical nanogenerator and biosensor. Further experiments showed
that Mg-WH annealed at 750 °C exhibited improved ferroelectric and
dielectric properties. When exposed to low-intensity pulsed ultrasound in a
noninvasive manner, these annealed samples generated electrical signals
similar to those found in natural tissue, reinforcing their potential for enhanced
osteogenic differentiation.

Amirthalingam et al. recently used the precipitation technique to
incorporate Mg-WH or bioglass NPs, along with human fibroblast growth
factor-18 (FGF-18), into an injectable hydrogel [212]. Their study aimed to
evaluate the bioproperties of these formulations compared to a commercial
hydrogel containing HAP NPs with FGF-18. Mg-WH maintained the
injectability of the hydrogel, while FGF-18 slightly reduced its flow. Nano-
Mg-WH stimulated angiogenesis, promoting new blood vessel formation.
Mg-WH with FGF-18 exhibited the strongest osteogenic differentiation
through a synergistic effect. In vivo, implantation studies confirmed its
superior bone regeneration potential, outperforming HAP NPs and bioglass
NPs with FGF-18, as the defect site was nearly filled with new bone tissue.

In 2022, Du et al. synthesized Mg-WH using a precipitation method to
evaluate its potential for bone tissue engineering [213]. The Mg-WH was
incorporated into a polyurethane matrix to fabricate a composite scaffold,
which demonstrated excellent suitability for bone regeneration. The scaffold
was biocompatible, nontoxic, elastic, and porous, with compressive strength
comparable to human spongy bone.
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Awan et al. synthesized Mg-WH powder with various morphologies using
a precipitation method [167]. Morphological diversity was achieved by
adjusting the pH, reactant concentration, temperature, and reaction time. The
pH control produced irregular plate-shaped Mg-WH (121-263 nm), while the
temperature influenced cubic, spherical, and rectangular shapes (76.4-263
nm). Extended reactions led to clustering (516 nm — 1 um). The study
concluded that temperature and pH are key factors in the morphology of Mg-
WH, broadening its potential for bone regeneration materials.

The hydrothermal approach is a crucial method for the synthesis of Mg-WH,
allowing the production of CaPs with diverse morphologies and compositions
under high-temperature and high-pressure conditions [214]. A.C. Tas
manufactured Mg-WH using a hydrothermal method using a DCPD precursor
[215]. Specifically, 0.35 g of DCPD was suspended in 100 ml of 1.5 mM MgCl,,
ultrasonicated for 1 minute, and aged in a controlled oven at 70 °C for 1 day,
150°C for 1 day, and 37 °C for 21 days, resulting in the conversion flat plate
morphology of DCPD to Mg-WH hexahedral crystallites, as confirmed by SEM
and EDX, with additional phases (DCPA, OCP, apatitic CaP, and biphasic
compounds) forming under varying conditions (see Figure 7).

Konishi et al. employed a hydrothermal method to synthesize Mg-WH in
just 3 h, with the reaction conducted in a solution of 1 mol/L HCOOH, 10
mmol/L MgCl,, and 0.8 g DCPD under 2.3 MPa at 220 °C, resulting in a
homogeneous product, while a reduction in the concentration of MgCl,
resulted in a biphasic mixture of DCPA and Mg-WH [214]. Stefanovich ef al.
recently synthesized Mg-WH using a hydrothermal method [216]. High-
quality single crystals (~1 mm) were manufactured using DCPD, NaCl, and
Mg(NOs); in a 4:1:1 ratio.
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Figure 7. (a) SEM image of DCPD crystals, (b) and (c) SEM image of Mg-
WH crystals, (d) EDX spectrum of Mg-WH crystals [215].

Maximiano et al. synthesized Mg-WH NPs using a hydrothermal method
to explore their anti-inflammatory and anticancer potential [191]. Biological
tests showed that Mg-WH NPs reduced inflammatory markers and inhibited
breast cancer cell proliferation.

The microwave-assisted method offers faster synthesis, uniform heating,
improved energy efficiency, and greater effectiveness compared to traditional
heating techniques [217,218]. Qi et al. reported the microwave-assisted
synthesis of porous hollow Mg-WH microspheres [219]. Aqueous solutions
of 100 mM CaCl,, 100 mM MgCl,-6H,0O, and 60 mM creatine phosphate
disodium salt were mixed in deionized water and stirred at room temperature.
The mixture was then microwaved at 120 °C for 10 minutes. A Ca/Mg molar
ratio of 7:3 was required for single-phase Mg-WH; other CaPs formed in
different ratios. The optimal reaction temperature for hollow porous
microspheres was 150 °C; higher temperatures led to larger polyhedral
structures. Mg-WH exhibited high stability in physiological and phosphate
buffered saline, excellent biocompatibility, and enhanced adhesion and
spreading. Its sustained and controlled drug release supports long-term
chemotherapeutic efficacy, suggesting potential use in various biomedical
applications.
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Microwave-assisted hydrothermal synthesis combines traditional
hydrothermal methods with microwave heating, offering advantages such as
faster processing, high efficiency, and economic feasibility, making it
particularly effective in the production of CaP compounds [218,220]. In 2016,
Qi et al. synthesized single-phase Mg-WH hollow microspheres using
fructose 1,6-bisphosphate through conventional and microwave-assisted
hydrothermal methods for comparison [221]. The XRD results showed faster
and higher crystallinity product formation with microwave-assisted synthesis
(see Figure 8). The products exhibited excellent biocompatibility and protein
adsorption capacity, making them suitable for biomedical applications.
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Figure 8. XRD patterns: The left image shows products synthesized using
the microwave-assisted hydrothermal approach under different
circumstances: (a) 120 °C for 10 min; (b) 120 °C for 60 min; (c) 140 °C for
10 min; (d) 160 °C for 10 min; (e) 180 °C for 10 min, while the right image
presents products synthesized employing a conventional hydrothermal
approach at 180 © C for different durations: (a) 1 h; (b) 2 h; (c)4 h; (d) 7 h;
(e) 12 h; (f) 24 h [221].

Zhou et al. used a microwave-assisted hydrothermal method to fabricate
Mg-WH scaffolds with CS for bone restoration and compared their biological
properties [188]. Prepared scaffolds promoted human MSC proliferation,
osteogenic differentiation, and improved biocompatibility in rat calvarial
defects, outperforming scaffolds made of HAP and CS. The Mg-WH scaffold
(macropores of 105 pum) showed better bone repair ability than both
nonporous and porous scaffolds made of HAP and CS. Another instance of
microwave-assisted hydrothermal synthesis to produce Mg-WH microspheres
with nanopores for the investigation of their capacity to adsorb heavy metals
was provided by Lin in 2019 [222]. The low crystallinity, high Sger Mg-WH
with nanopores exhibited strong adsorptive properties for Pb** ions, achieving
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adsorption equilibrium in a 200 mg/L Pb*" solution in 5 min. Additionally,
Mg-WH can selectively adsorb Pb* ions from a mixture of Cd**, Cu**, and
Pb?* ions. These findings indicate that porous Mg-WH microspheres could be
used effectively in the treatment of water contaminated with heavy metals
such as Pb*" ions.

Another promising approach for synthesizing Mg-WH is the dissolution-
precipitation method, which is both cost-effective and time-efficient. This
straightforward technique allows for easy control over the reaction conditions
and the synthesis process. The simplicity of this method reduces the need for
complex equipment, making it an attractive option for the large-scale
production of Mg-WH materials, while also minimizing energy consumption
and reaction time [37,201,223]. A. Afonina et al. used the dissolution-
precipitation method to synthesize Mg-WH powders with varying Ca/Mg
molar ratios (15, 12, 10, 8, 6, and 4). DCPD and magnesium acetate
tetrahydrate (Mg(Ac).) were dissolved in an aqueous solution of phosphoric
acid. After adjustment of pH to 5.6 with ammonia, the reaction mixture was
stirred at 65 © C for 24 h, followed by vacuum filtration, washing, and drying
at 60 ° C. The chemical composition and the morphology of the synthesized
material were adjusted by the Ca/Mg molar ratio in the initial synthesis
solution. Pure samples were obtained in Ca/Mg ratios of 12, 10, 8, 6, and 4,
while a biphasic sample with CDHA was found in Ca/Mg=15.

In 2023 A. Afonina et al. applied the dissolution-precipitation method to
study the formation of Mg-WH from GYP under static and rotating conditions
(see Figure 9) [178]. The target phase was derived from GYP through
intermediate products within 12 h. Rotating conditions favored smaller Mg-
WH crystals (16 nm) compared to static conditions (30 nm). Rietveld
refinement of the 12h and 24h samples showed slight changes in lattice
parameters, magnesium occupancy, and lattice volume. However, the
synthesis conditions (static versus rotating) had a greater impact on crystallite
size, crystallinity, and structural parameters. These findings highlight the
influence of reaction time and conditions on the formation, composition, and
properties of Mg-WH, offering insights into the control of material properties.

35



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

Frf') i .
. |E > > |] L l |

30 nm 30 nm
& 4n 6h 12h 240
DCPD:; CSH Mg-WH: DCPA Mg-WH Mg-WH
Starting
materials 4 "
JJ_ » > »
16 nm 22 nm

Figure 9. Schematic representation of the formation of Mg-WH NPs using the
dissolution-precipitation method under static and rotating conditions [178].

Kizalaite et al. studied the dissolution-precipitation synthesis of Mg-WH
powder under hydrothermal conditions [180], focusing on its thermal
degradation. To synthesize Mg-WH, DCPD and Mg(Ac), were mixed to
achieve a Ca/Mg molar ratio of 9, dissolved in 50 mL deionized water and 5.6
mL 1 M phosphoric acid. The pH was adjusted to 6.4 with ammonia and the
mixture was heated at 160 °C for 3 h. The product was then heated over the
temperature intervals of 400 to 1300 °C (see Figure 10). It was found that Mg-
WH began decomposing at 700 °C, forming -TCP and Ca,P,0O7 polymorphs.
These results highlight that high-temperature methods are not suitable for
producing pure Mg-WH bioceramics.
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Figure 10. XRD patterns of Mg-WH powder heated at variuos temperatures [35].
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The solid-liquid-solution (SLS) method, first described by Wang et al. in
2020, offers precise control over the size, morphology (nanoplates,
nanospheres), and surface properties (hydrophobic, hydrophilic) [22]. This
approach enables the reaction at the liquid-solid-solution interfaces,
improving traditional precipitation methods. For synthesis, oleic acid, ethanol,
and NaOH were mixed, followed by the addition of CaCl,, MgCl,, and
Na,HPOy in varying ratios. The mixture was stirred for 30 min, heated at 200
°C for 12 h, then cooled, washed with ethanol, and vacuum-dried. Reactant
ratios and ethanol concentration influenced crystallinity, morphology, and
diffusion rates. Mg-WH demonstrated potential in osteogenic differentiation
of human MSCs, making it promising for bone tissue engineering.

Later, Lee et al. introduced a fabrication method for interconnected porous
Mg-WH granules, employing vacuum filtration followed by sintering of Mg-
WH synthesized by the SLS method [33]. The authors also conducted a
detailed investigation into its potential to promote the healing of osseous tissue

(Figure 11).

A 2weeks 4weeks 8 weeks

NT

WH

100

804 WH
60 4 * ok *

20+

Bone volume fraction (%)

2 weeks 4 weeks 8 weeks

Figure 11. (A) 3D p-CT horizontal images of rat calvaria in nontreated (NT)
and Mg-WH (WH) groups 2—8 weeks after implantation. (B) 3D u-CT image
of the rat calvaria in the NT (left image) and Mg-WH (right image) group at
8 weeks after surgery. (C) New bone formation (left, marked with red arrow)
was observed around the Mg-WH granule. The blue areas in the circles
represent a newly formed bone (right). (D) Bone volume fraction (%) at 2—8
weeks (***P < 0.001) [33].
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This study highlighted the significant bone healing potential of Mg-WH
granules, demonstrating their excellent biocompatibility and osteogenic
capacity. The absence of inflammation or foreign body reactions, along with
the formation of new bone at the original thickness, underscored its suitability
for bone regeneration. Furthermore, Mg-WH granules enhanced osteogenesis
by promoting the expression of key bone-related proteins without the need for
exogenous cells or growth factors. These findings suggested that Mg-WH
holds great promise for applications in bone tissue engineering, particularly in
the regeneration of human bone and the reconstruction of alveolar bone
deficiencies in oral and maxillofacial surgery.
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2. EXPERIMENTAL PART
2.1. Reagents

The following reagents were used in this study: calcium sulphate dihydrate
(gypsum, CaSO42H,O, 99%, Sigma-Aldrich), magnesium acetate
tetrahydrate (Mg(CH3;COO),-4H,O, Mg(Ac),, 98%, Roth), disodium
hydrogen phosphate (Na,HPO4, 98%, Merck), sodium dihydrogen phosphate
(NaH2POs4, 99%, Merck), ammonium dihydrogen phosphate (NH4H>POu,
>99%; Chempur), diammonium hydrogen phosphate ((NH4):HPO4, >99%;
Chempur), magnesium hydrogen phosphate trihydrate (MgHPO4-3H>0, 99%;
Alfa Aesar), and deionized water.

2.2. Synthesis methodology
2.2.1. Large-scale synthesis of Mg-WH powders: influence of reaction time

GYP, Mg(CH3;COO0),'4H,0, Na,HPO,, and NaH,PO, were used as starting
materials for the fabrication of Mg-WH powders via a dissolution-
precipitation reaction. The representation of the main synthesis stages is
shown in Figure 12. To begin the synthesis, 5.00 g of GYP was placed in a
glass bottle, followed by the addition of 31.25 mL of 0.233 M Mg(Ac), and a
mixture of 250.0 mL each of 1.00 M Na,HPO4 and 1.00 M NaH,POj4 solutions.

CaSO,- 2H,0 Mg(CH,CO0), Na,HPO, (1.00 M)
(5.00 g) (0.233 M) NaH,PO, (1.00 M)

m m m 24 h,48 h,72 h

()] (11) (1) (V)

2h
(V) (V1) (Vi)

Figure 12. Scheme of Mg-WH powder synthesis: GYP powder was mixed
with Mg(Ac),, and phosphate solutions (I-III) and placed in an oven (IV).
After synthesis, the product was decanted, washed with hot water (V), rinsed
with water and vacuum-filtered (VI), and dried in an oven (VII).
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The pH of the resulting mixture was determined as 6.2. Such a pH value
promotes the formation of Mg-WH and prevents the formation of other CaPs,
because pH is one of the key factors influencing the precipitation of particular
CaP phases. The sealed bottle was subsequently placed in an oven at 80 °C
for 24 h, 48 h, and 72 h allowing the reaction to progress. After synthesis, the
liquid phase was decanted from the bottle, and the resulting powder was rinsed
with 500 mL of hot (~80 °C) deionized water, followed by several additional
rinses with 250 mL of room-temperature deionized water. Finally, the
vacuum-filtered product was dried at 80 °C for 2 h. This meticulous procedure
ensures precise control and sequential execution of each stage, contributing to
the reproducibility and reliability of Mg-WH powder synthesis.

2.2.2. Large-scale synthesis of Mg-WH granules: the effect of reaction pH
on phase composition

CSH obtained by heating GYP at 150 °C for 5 h, at a speed of 5 °C/min.,
served as the Ca®" source. For the preparation of GYP granules (see schematic
representation in Figure 13a), 20.0 g of CSH was homogenized with 8.00 g of
NH4H>PO4 and mixed with 12.0 mL of deionized water.

12 mL H0 ~200- 355 pm
a 20.0gCaSO,-0.5H,0 Q e
8.00 g NH,H,PO . \
2P0, Zi 1 week® v
0} m (m) (V)
b 0.233M  1.00 M NaH,PO,

Mg(CH,C0Q), 1.00 M Na,HPO, hot H,0

" (n (m (v)
H,0

GE&K

0 =80°c 3\ r

(v) ) (vin

Figure 13. Scheme of Mg-WH granule synthesis: (a) CSH powder are
mixed with NH4H,PO, and water, solidified, crushed, and sieved to obtain
GYP granules (I-1V), and (b) GYP granules are mixed with Mg(Ac)a,
phosphate solutions, and reacted in an oven (I-III). The liquid was decanted,
the granules were washed with hot water, room-temperature water, vacuum-
filtered, dried, and sieved to obtain Mg-WH granules (IV—VII).
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The resulting viscous mass was thoroughly mixed and left at room
temperature for a week. The solidified sample was then broken into small
pieces, crushed in an agate mortar, and sieved to collect granules of the size
of ~200 — 355 um. The final Mg-WH granules were synthesized using a
dissolution-precipitation method, as illustrated in Figure 13b. To synthesize
Mg-WH, in addition to GYP granules, Mg(Ac),, NaH,PO4, and Na,HPO4
were selected as source materials. Specifically, 3.00 g of GYP granules were
placed in a bottle and mixed with 15.00 mL of 0.233 M Mg(Ac), solution.
Subsequently, 3 different types of solutions were added to the bottle: 75.0 mL
0f 1.00 M Na,HPO4 and 225.0 mL of 1.00 M NaH,PO4 (the resulting granules
were named as 1GR); 150.0 mL of 1.00 M Na,HPO4 and 150.0 mL of 1.00 M
NaH,POs (granules were named as 2GR); 225.0 mL of 1.00 M Na,HPO, or
75.0 mL of 1.00 M NaH,PO, (granules were named as 3GR). The sealed
bottles were then placed in an oven and kept at 80 °C for 5 days to facilitate
the progression of the reaction. After the synthesis, the liquid in the bottles
was decanted, and the granules were washed with hot deionized water
(approx. 80 °C; 500 mL), vacuum filtered, again washed with deionized water
(500 mL) at room temperature, and dried in the oven for 12 h at 80 °C. Finally,
the resulting samples were sieved to collect the product of ~200 —355 pum in
size.

2.2.3. Synthesis of Mg-WH granules with different morphology through
variations in precursor compositions

Mg-WH granules were fabricated through a dissolution-precipitation reaction,
as illustrated schematically in Figure 14. Calcium sulphate (CASU; CaSOys),
used as the Ca®" source, was selected as the starting material, which was
prepared by heating GYP at 170 °C for 5 h. Initially, three types of precursor
granules with different chemical compositions were synthesized: monophasic
(R1) and mixed (R2, and R3) granules. Monophasic precursor granules R1
were prepared by thoroughly mixing 20.0 g of CASU with 12 mL of deionized
water. Mixed granules R2 were prepared by homogenizing 20.0 g of CASU
with 8.0 g of (NH4);HPO4 and then mixing with 12 mL of deionized water.
Mixed granules R3 were prepared by homogenizing 20.0 g of CASU with 8.0
g of (NH4),HPOj4 and 4.0 g of MgHPO4-3H,0, then mixing with 12 mL of
deionized water. The R1-R3 samples were kept at room temperature for a
week to allow the solidification process to occur. Then, solidified samples
were crushed in an agate mortar and sieved to obtain granules with a size of
approximately 200 —355 um.
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Figure 14. The following schematic diagram illustrates the preparation
process of the raw R1—R3 granules, which are later converted into the final
product, PR1/24h, PR1/48h, PR2/24h, PR2/48h, PR3/24h, and PR3/48h
granules.

The synthesis of the Mg-WH product granules from R1 and R2 precursor
granules was carried out as follows: 1.0 g of each sample was mixed with a
0.20 M Mg(Ac), solution (0.20 g Mg(Ac), dissolved in 5.0 mL of water) (see
Figure 14). Then, 50 mL of 1.0 M NaH,PO4 and 50 mL of 1.0 M Na,HPO4
solutions were added sequentially. The mixture was placed in a capped bottle
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and kept in a drying oven at 80 °C for 24 h and 48 h. The synthesis of Mg-
WH from R3 granules followed the same procedure, except that adding the
Mg(Ac), solution was omitted. After 24 h and 48 h, all synthesized samples
were filtered, washed several times with deionized water, and dried in the oven
at 80 °C for 1 h. The samples were then sieved to collect granules of
approximately 200 — 355 pm pm in size. Granules synthesized from R1, R2
and R3 granules for 24 h and 48 h were named PR1/24h, PR2/24h, PR3/24h,
PR1/48h, PR2/48h, and PR3/48h granules, respectively.

2.4. Characterization

The prepared samples were characterized by XRD analysis using a Rigaku
MiniFlex II diffractometer (Tokyo, Japan) equipped with CuKa radiation (A =
1.541838 A) over a 20 ranges of 10— 60° or 10 — 70° scanning angles. All
XRD patterns were recorded using the following measurement conditions: a
tube voltage of 30 kV, a tube current of 15mA, and a step scan mode with a
step size of 0.02° at a scan speed of 2°/min. Crystalline phases identification
was achieved through a comparative analysis of the obtained diffraction
patterns with the database standards provided by the International Center for
Diffraction Data (ICDD). The single-phase Mg-WH samples endured Le Bail
structure refinement with FullProf software. Rietveld refinement was applied
to quantitatively determine the phases present in multiphasic samples using
the FullProf software. In addition, some multiphasic compounds were
subjected to a thorough semi-quantitative analysis, a process intricately
executed through the normalized corundum reference intensity ratio (RIR)
method facilitated by the Match! (version 3.13; Dr. Holger Putz, Crystal
Impact, Bonn, Germany). Standard lanthanum hexaborate (LaBs)
measurements were performed to account for instrumental broadening, which
is essential to eliminate its contribution from the width of the experimental
diffraction peak and to ensure an accurate determination of the crystallite size
[224]. To evaluate the crystallinity of the fabricated Mg-WH samples,
considering the presence of both crystalline and amorphous phases in the
experimental XRD pattern, the analysis was carried out using a zero-
background Si sample holder with the assistance of the aforementioned XRD
apparatus and Match! software (https://www.crystalimpact.com/match/).

A Fourier transform infrared spectrometer with attenuated total reflectance
(FT-IR/ATR) (Appha Bruker, Inc., Germany) was used to obtain FT-IR
spectra of the synthesized samples in the ranges of 4000 —400 ¢cm™', 2000 —
400 cm™!, and 1400 —400 cm™'. The deconvolution and fitting of the FT-IR
bands of the 2GR sample into distinct peaks in the range of 1300 —650 cm™!
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was performed using the Peak analyzer procedure in an Origin software
(OriginPro 9, Origin Lab Corporation, Northampton, MA, USA). For the FT-
IR spectrum, the selected region was baseline-linearized before curve fitting.
The Gaussian, Lorentzian, and Voigt functions were assessed and, ultimately,
the Voigt line shape was chosen for the fitting.

The thermal decomposition of the samples was examined through
thermogravimetric analysis and differential scanning calorimetry (TG-DSC)
using a Perkin Elmer STA 6000 Simultaneous Thermal Analyzer (Pittsburgh,
PA, USA). Approximately 10 mg of dried sample was heated from 25 °C to
900 °C at a controlled heating rate of 10 °C/min, all within a dry flowing air
environment (20 mL/min).

The microstructure of the synthesized products was characterized using a
scanning electron microscope SU-70 (Hitachi, Tokyo, Japan) and a scanning
electron microscope equipped with an EDX detector (SEM Hitachi TM 3000,
Tokyo, Japan). The samples underwent imaging, maintaining their original
surfaces or fractured for internal observations. ImageJ analysis software (U.S.,
NIH) was employed for the quantitative evaluation of synthesized Mg-WH
granule size on the base of SEM images. Measurement involved determining
the longest chord-connecting points in the discernible granules.

The Brunauer—Emmet—Teller (BET) method was used to measure the Sger
of synthesised materials [225]. Prior to a measurement, the samples were
degassed at 120 °C for 2 h. The Tristar Il instrument from Norcross, GA, USA,
was used for this purpose. Furthermore, the pore size distribution of the
material produced was determined using the Barrett—Joyner—Halenda (BJH)
method [226]. The Sger and pore size distribution were calculated using the
built-in software of the Tristar Il apparatus. The total volume (V,) was
estimated from the amount of N, adsorbed at a relative pressure (p/po) close
to unity. The T-plot method was used to determine the micropore volume (V)
[227].

Antibacterial tests for pure Mg-WH specimen were conducted by
preparing stock suspensions (2 g/L) in ultrapure water (Direct-Q, MilliQ,
Merck, Germany) with a final volume of ~20 mL. The suspension was probe-
sonicated for 2 min at 40 W (Branson Digital Sonifier®, USA) and stored at
room temperature in the dark. For antibacterial testing, serial dilutions of the
stock suspensions were prepared in ultrapure water. The stock suspension was
probe-sonicated immediately before each experiment. Antibacterial effect
tests were performed using the “spot test” as described in [228]. Briefly,
Escherichia coli (E. coli) MG1655 and Staphylococcus aureus (S. aureus)
RN4220, maintained at —80 °C, were streaked on Luria Bertani agar and
cultivated at 30 °C for 24 h. Several colonies from the agar plate were
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transferred into 3 mL of Luria Bertani medium and grown overnight (16 —18
h) at 30 °C, 200 rpm. Overnight culture (400 pL) was used to inoculate 20 mL
of fresh Luria Bertani medium in a 100-mL conical flask, incubated at 30°C,
200 rpm until mid-exponential growth phase (~1 h 50 minutes for E. coli and
~2 h for S. aureus, optical density at 600 nm, ODsgo, of bacterial cultures was
~0.6). The bacterial cultures were then harvested by centrifugation (5000xg,
7 minutes), washed with ultrapure water twice, and re-suspended in ultrapure
water at ~107 colony forming units or CFU/mL (ODeoo 0.1). Bacterial
exposures to chemicals were performed in 96-well microplates. For that, 100
uL of bacterial suspension in ultrapure water was added to 100 pL of chemical
suspension in a microplate well. The sample was tested at 0.1, 1, 10, 100, and
1000 mg/L in two replicates. Bacteria in ultrapure water were used as a control
for 100% viable bacteria and ZnSO4-exposed bacteria were used as a positive
control for the antibacterial effect. The microplate was incubated at 30 °C for
2 h or 24 h before “spotting” 3 uL from each microplate well on Luria Bertani
agar to evaluate bacterial growth. Bacterial growth on agar plates was assessed
after 24 h of incubation at 30 °C. The minimum bactericidal concentration
(MBC) of the tested sample was determined as the lowest tested concentration
of the chemical that completely inhibited the formation of visible colonies.
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3. RESULTS AND DISCUSSION

The first part of the study will focus on preparing large-scale Mg-WH powders
from gypsum at different reaction durations. The second part of the study will
be devoted to forming the Mg-WH granules from gypsum granules, evaluating
the pH impact on the composition, morphology and surface properties of
products. In the last part of the study a method for synthesising Mg-WH
granules with tailored morphologies and phase compositions will be explored.

3.1. Large-scale synthesis and characterization of Mg-WH powders:
influence of reaction time

To investigate the time required for the formation of the Mg-WH phase, the
reaction time was gradually extended from 24 h to 72 h, maintaining a constant
synthesis temperature of 80 °C. The composition of the obtained samples was
confirmed by analyzing the powder XRD patterns shown in Figure 15.
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Figure 15. XRD patterns were measured for samples synthesized for various
reaction durations, specifically 24 h, 48 h, and 72 h. The vertical lines below
depict reflections from the standard XRD pattern of Mg-WH, according to
ICDD #00-070-2064.
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When examining the XRD patterns of the samples synthesized for
durations of 24 h and 48 h, a mixture of DCPA (ICDD #01-070-1425) and the
Mg-WH phase (ICDD #00-070-2064) were obtained. DCPA, due to its
reactivity and solubility, is a valuable precursor material, allowing for the
synthesis of various phases of CaP, including GYP, CPCs, and HAP [229,230].
DCPA is known to be the most stable CaP phase in solutions with a pH less
than 5 [231]. However, it should be noted that DCPA stability is modulated in
the presence of Mg?" ions [192]. The appearance of the Mg-WH formation
under magnesium-rich and mildly acidic and magnesium-rich pH conditions
confirms the critical influence exerted by Mg?" ions on the stability of DCPA
[192]. This influence establishes the requisite conditions for the successful
realization of the Mg-WH phase from GYP via the DCPA phase within the
synthesis parameters implemented in our study. In particular, the amount of
DCPA diminished over time from 24 h to 48 h with a simultaneous increase
in the Mg-WH content (see Figure 15). To investigate the crystalline phases
present in these samples and to precisely quantify their compositions, the RIR
method was employed. The results obtained are summarized in Table 1.

Table 1. Phase compositions were determined for the samples synthesized
using different synthesis times.

Ph ition (%
Synthesis time (h) ase composition (%)

DCPA Mg-WH
24 35 65
48 22 78
72 - 100

It was revealed that the 24 h sample exhibited a composition of 35 wt.%
DCPA and 65 wt.% Mg-WH, while the 48 h sample demonstrated a distinctive
composition of 22 wt.% DCPA and 78 wt.% Mg-WH. Prolonging the reaction
time to 72 h revealed the disappearance of the DCPA phase in the XRD
patterns, while the peaks associated with Mg-WH prevailed. Importantly, the
discernible absence of any peaks associated with other crystalline phases,
including precursor phases or intermediate compounds, in the XRD pattern
confirmed the high purity of the prepared sample. Therefore, using the
described synthesis procedure, 3.00 g of a single-phase Mg-WH structure
sample was obtained in a single batch. This observation underscores the
efficacy of the described synthesis procedure, demonstrating its capability to
yield a large quantity of single-phase Mg-WH.
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XRD analysis of the 72 h synthesized sample through Le Bail fitting
matched well the standard provided by the ICDD No.: 00-070-2064 and, in
turn, aligned with the rhombohedral Mg-WH crystal structure with the R3c
space group (#161) (see Figure 16) [232].

a, A 10.37772(48)
c, A 37.1377(18)
v, A3 3463.78(28)

Rp 5.28

Rup 5.93
Rexp 3.81

© 2.43

Intensity [arb. units]
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Figure 16. XRD pattern with the fitting curve through Le Bail refinement
(red circles represent experimental points, and the solid line represents
refined data; the blue line shows the difference between experimental and
refined data; the 26 positions marked in green are the allowed Bragg peaks)
of 72 h synthesized Mg-WH.

Here, it should be noted that Mg-WH might be conceptualized as a material
in which magnesium potentially substitutes calcium in the structure of
synthetic B-Cas3(POs),. Despite the apparent similarity in the XRD patterns of
these materials, a profound examination through advanced analytical
techniques of their crystal structures revealed a substantial disparity
[232,233].

The XRD data were further analyzed to determine the lattice parameters.
The refined lattice parameters, a = 10.37772(48) A and ¢ = 37.13776(180) A,
are in good correlation with the values provided in the literature [35].
Furthermore, the observed XRD pattern of the Mg-WH sample aligns closely
with the calculated one (see Figure 16).
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It is important to note that the XRD pattern observed for the Mg-WH
sample exhibited diffraction peaks of notable widths. Furthermore, it was
determined that the synthesized Mg-WH powder was composed of crystallites
with an average size of 34 nm. A comprehensive analysis was conducted to
assess the crystallinity, considering the coexistence of the crystalline and
amorphous phases in the XRD pattern. The evaluation revealed a degree of
crystallinity of 78%. It is well known that the crystallinity of CaPs
significantly influences the dissolution behavior of a material [234]. Typically,
more crystalline regions exhibit slower dissolution rates than their amorphous
counterparts, affecting the performance of the material in biological or
environmental settings. This understanding is crucial for predicting the long-
term stability and potential applications of synthesized materials.

FT-IR spectroscopy is a widely utilized analytical technique because of its
capability to discern the presence of structural units within inorganic materials.
FT-IR analysis was performed to confirm the structure of our 72 h synthesized
Mg-WH sample (see Figure 17). The observed spectral characteristics are
indicative of distinct vibrational modes associated with the POs*~ and HPO,*
groups. A set of vibrations at 1171 em™, 1134 em™, 1064 cm™, 1013 cm™!, and
954 cm™! were associated with the stretching vibrations of the P—O bonds, denoted
as v; and v, respectively [235]. A wide absorption band centered at 861 cm ™! was
observed, indicating the stretching of the P-O(H) bond intrinsic to the crystal
structure of Mg-WH [235]. The bands observed at 601 cm™, 542 cm ™, and 459
cm ! were associated with the bending vibrations vs4 of the P-O and v,(O-P-0O)
vibrations, respectively [236].

Transmittance [arb. units]
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Figure 17. FT-IR spectrum of the 72 h synthesized Mg-WH.
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The thermal decomposition behavior of the 72 h sample was investigated
through simultaneous TG-DTG measurements. The TG-DTG curves of the
analyzed sample are shown in Figure 18. In particular, Mg-WH was predicted
to undergo dehydration and condensation of the HPO4*~ group at around 600
°C, resulting in the formation of magnesium-substituted B-TCP
((Ca,Mg)3(P0O4),), CasP207 (calcium pyrophosphate), and water, according to
the predicted chemical pathway elucidated in a previous study [210]. This
process is associated with a theoretical weight loss of less than 1 wt.%.
Notably, the synthesized Mg-WH was quite stable up to 500 °C. Upon gradual
heating of the 72 h synthesized sample, a continuous weight loss was
observed, reaching completion at approximately 750 °C, with a total mass loss
of approximately 3 wt.%. The observed disparity in weight loss implies the
existence of absorbed water in the as-prepared material, which is likely the
result of the physically captured water on the sample surface during the
synthesis process.
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Figure 18. TG/DTG curves of the 72 h synthesized Mg-WH.

The microstructure and surface morphology of the 72 h synthesized Mg-
WH were investigated through SEM. Figure 19a,b show the SEM images of
the sample. It can be seen that the surface of the sample is composed of
uniform, rhombohedrally shaped crystals, featuring pointed tops, sharp edges,
and dimensions within the range of approximately 75 to 150 nm. In particular,
the observed particle growth mechanism appears to align with Ostwald
ripening rather than with continuous nucleation. The ripening of Ostwald
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facilitates the dissolution of smaller particles upon synthesis, leading to the
growth of larger rhombohedral crystals [178,237]. A small number of pores
also formed during synthesis, as shown in Figure 19a. On closer examination
at higher magnifications, as shown in Figure 19b, the flat surfaces of each
particle were apparent, and no discernible impurities were observed. The well-
defined rhombohedral shape is characteristic of WH crystals and agrees well
with previously reported studies [34,193].

Figure 19. (a,b) SEM images of the 72 h synthesized Mg-WH.

The elemental composition of the 72 h synthesized sample was examined
using EDX spectroscopy to validate the homogeneity of the elemental
distribution within the fabricated sample [238]. The EDX of the elemental
analysis results showed the presence of calcium (Ca), magnesium (Mg),
phosphorus (P), and oxygen (O) in the Mg-WH sample (see Figure 20). The
quantitative analysis yielded atomic concentrations of Ca:Mg:P:O as
21.44:1.53:15.61:61.42 in the Mg-WH sample, closely aligned with the
atomic concentration values for stoichiometric Mg-WH, which are
20.00:2.22:15.55:62.22. According to Afonina et al., the inherent flexibility of
the Mg-WH structure allows for variation in the calcium-to-magnesium ratio
[206]. Consequently, our synthesized sample exhibited a slightly reduced
magnesium content compared to that of the stoichiometric Mg-WH, reflecting
the adaptability of the Mg-WH structure to accommodate subtle
compositional variations. Notably, the absence of sulfur (S) in the EDX
spectrum served as a distinctive indicator, confirming the absence of precursor
GYP in the final sample. This absence underscores not only the purity of the
Mg-WH phase, but also the effectiveness of the chosen synthesis route.
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Figure 20. (a) Hitachi SEM image acquired with an SEM 3000 and (b)
output of EDX spectra and atomic concentration of Ca, Mg, P, and O of the
72 h synthesized Mg-WH.

Elemental mappings of Ca, Mg, and P are illustrated in Figure 21a—d. The
results obtained depicted a consistent and uniform distribution of elements
throughout the entire sample. In particular, there were no observable
indications of segregation or the formation of additional phases, signifying a
high level of homogeneity in the elemental composition.

Figure 21. (a) SEM image acquired with a SEM Hitachi TM 3000 and
corresponding elemental distribution EDX mapping of Ca (b), Mg (¢), and P
(d) of the 72 h synthesized Mg-WH.
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Figure 22 shows the N, adsorption-desorption isotherm of the 72 h
synthesized Mg-WH sample.
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Figure 22. N, adsorption-desorption isotherms of 72 h synthesized Mg-WH
sample. The inset shows the pore size distributions obtained through the BJH
method.

In the very low relative pressure range, the adsorption curve demonstrates
concavity relative to the p/po axis, transitioning into a semi-linear segment in
the middle section and increasing rapidly at p/po > 0.6. At a high relative
pressure region of the isotherm, the adsorption curve exhibits convexity
toward the p/po axis, with the amount of adsorbed N, capable of increasing
without limits when p/po equals 1. In particular, adsorption did not reach
saturation (even when reduced to a mere inflection point), which is due to the
presence of macropores in the sample [239]. In the course of the analysis, the
disparity between the N, adsorption and desorption curves becomes visible.
This is particularly evident as a narrow gap between the adsorption and
desorption branches, accompanied by a discernible hysteresis loop upon
reduction of pressure [239]. The curves illustrated in Figure 22 show mixed
types of I and IV isotherms characterized by a distinctive H3 hysteresis loop
[239,240]. Typically, non-porous and macroporous adsorbents (i.e., materials
in which the pores are greater than 50 nm) show type Il isotherms, while type
IV irreversible isotherms are specified by mesoporous adsorbents (i.e.,
materials with pores of widths between 2 nm and 50 nm) [239]. Loops of the
H3 type are formed by non-rigid aggregates of platy particles that give rise to
slit-shaped pores that arise from the stacking of crystal particles [239]. The
pore size distribution curve (see inset in Figure 22) reveals a relatively narrow
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distribution of pore sizes, with a predominant peak reaching ~4 nm,
corresponding to the mesopores [240]. The Sger calculated using the BET
equation was 10 m*/g for the 72 h synthesized Mg-WH sample.

3.2. Large-Scale synthesis and characterization of Mg-WH granules: the
effect of reaction pH on phase composition

To investigate the optimal pH conditions necessary for the precipitation of the
Mg-WH phase for the selected synthesis method, various volume
combinations of 1 M NaH;PO4 and 1 M Na,HPO, solutions were tested.
During the synthesis, the GYP granules were mixed with a magnesium-
containing solution and subsequently combined with a mixture of varying
volumes of Na,HPO4 and NaH,PO4 solutions, resulting in pH values of 5.7
(1GR), 6.2 (2GR), and 6.7 (3GR). Throughout these experiments, a consistent
synthesis time (5 days) and a temperature of 80 °C were rigorously
maintained. Figure 23 shows the XRD patterns of the samples synthesized by
the dissolution-precipitation reactions at varying pH levels.
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Figure 23. XRD patterns of 1GR, 2GR, and 3GR samples synthesized at
different pH. The obtained diffraction peaks were identified by standard
references for the DCPD, Mg-WH, and CDHA phases.

The pH level during the synthesis process exerts a significant influence on the
dissolution-precipitation mechanisms that govern the formation of particular CaP
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phases. This influence is achieved by affecting the solubility of precursors and the
availability of ions, thereby regulating the processes of nucleation and growth
pathways. The 1GR sample synthesized at pH=5.7 consisted of the DCPD (ICDD
#00-009-0077) phase, also known as the brushite mineral. DCPD is characterized
as a metastable phase, which typically emerges as the predominant crystalline entity
when CaPs precipitate in moderately acidic conditions [241]. As many researchers
have previously reported, the inclusion of magnesium ions in the reaction solution
could impede DCPD transformation into thermodynamically stable CaP phases,
such as DCPA, OCP, CDHA, and HAP, even under conditions of elevated pH
[215,241]. A.C. Tas showed that the formation of Mg-doped calcium phosphate on
the surfaces of DCPD crystals is likely to reduce the solubility of these crystals, thus
inhibiting conversion to other phases of CaP phases [215].

A thorough analysis of the XRD pattern of 2GR sample was conducted,
revealing that the product synthesized at pH=6.2 corresponds to a rhombohedral
Mg-WH phase (ICDD #00-070-2064) with a space group of R3¢ (#161) [178]. No
XRD peaks associated with reactants or other crystalline phases were discerned,
indicating the single-phase nature of the 2GR sample. As illustrated in Figure 24,
the XRD pattern of the 2GR sample is presented, along with the fit curve obtained
from Le Bail refinement, a well-established method for determining lattice
parameters, especially for low-crystallinity samples or poorly resolved peaks.
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Figure 24. XRD pattern with the fitting curve by Le Bail refinement of the

synthesized 2GR sample. Red circles represent experimental points and the

solid line represents refined data, the blue line shows the difference between

experimental and refined data of the synthesized 2GR sample, and the green
marks in 20 positions are the allowed Bragg peaks.
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The refined cell parameters were a= b=10.357(74) A, c=37.15(275) A,
o=PB=90°, and y= 120°. The volume of the unit cell was 3451.15(433) A>.
The 2GR granules were synthesized in a solution containing sodium salts,
which could potentially lead to sodium adsorption or intercalation into the
structure. To minimize possible sodium adsorption, the synthesized products
were thoroughly washed with hot water. The refined lattice parameters were
consistent with those reported in the literature for Mg-WH, and no systematic
XRD peak shifts were observed, suggesting that sodium intercalation did not
occur [35,242]. Determining structural parameters is key to identifying
crystalline phases. Comparing these with reference data confirms the
crystallographic phase, while monitoring lattice parameters during synthesis
ensures uniformity, quality control, and reproducibility.

As demonstrated by the XRD pattern acquired for the 2GR sample, the
presence of broad diffraction peaks is indicative of a certain degree of
structural disorder and/or small crystallite size within the material. On further
examination, it was determined that the synthesised Mg-WH powder
consisted of crystallites with an average size of 16 nm. A thorough analysis
was conducted to assess the crystallinity comprehensively, considering the
coexistence of crystalline and amorphous phases in the XRD pattern. This
evaluation revealed a degree of crystallinity of 60%. Crystallinity of CaPs
significantly affects their dissolution behaviour, with more crystalline regions
typically exhibiting slower dissolution rates compared to their amorphous
counterpart [234]. The low crystallinity of the 2GR sample presents a
significant challenge in the acquisition of high-resolution structural data,
particularly in accurately determining both the position and quantity of
magnesium within the Mg-WH structure.

The discernible presence of the rhombohedral Mg-WH was also confirmed
in the 3GR sample, synthesized at a pH of 6.7 [23]. In addition to the
diffraction peaks corresponding to the Mg-WH phase, the 3GR sample
showed diffraction peaks corresponding to the crystalline CDHA (ICDD #00-
046-0905). As the pH approaches neutrality, the stabilizing effect of Mg*" ions
diminishes, creating conditions more favorable for the crystallization of
apatite, which is thermodynamically stable at neutral pH. This transition
underscores the pivotal role of pH in modulating the formation of discrete CaP
phases, with Mg?* ions exerting a stabilizing influence on the Mg-WH phase
at lower pH levels, while higher pH values promote the crystallization of more
thermodynamically stable CaPs. To determine the phase composition of the
3GR sample, Rietveld refinement was used (see Figure 25). The refinement
results were in agreement with the measured diffraction profiles, affirming the
presence of only the Mg-WH and CDHA phases within the sample. The
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refinement revealed that the 3GR sample possesses 37 wt.% of Mg-WH and
63 wt.% of CDHA. In aqueous solutions, undoped CaPs subjected to pH
conditions that exceed 4.5 are recognized to undergo a gradual transformation
into CDHA [243]. The possibility of the formation of biphasic material should
be considered as an advantage of the suggested synthetic approach, since
BCPs are also widely used in medicine. The co-existence of 2 phases allows
for the adjustment of some physical properties of the materials, such as
resorption rate. The most popular BCPs are the composites of HAP and j-
TCP, which is closely related to Mg-WH.
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Figure 25. The Rietveld refinement plot of the 3GR sample. Vertical red
bars represent the peak positions of the Mg-WH phase (ICDD #00-070-

2064), while light green ones represent the peak positions of the CDHA
phase (ICDD #00-046-0905).

FT-IR spectroscopy was conducted as a supplementary method to XRD to
study functional groups. The FT-IR spectrum of the synthesized 2GR sample
is shown in Figure 26, while the spectra of 1GR and 3GR are depicted in
Figure 27. The crystal structure of Mg-WH contains the phosphate ion
(PO+*), which exhibits four IR-active vibrational modes: v1, v2, v3, and va. The
bands observed at low wavenumbers 603 cm™!, 544 cm™!, and 464 cm™!,
correspond well to the v4(PO4*") and vo(PO4*") bending modes [232]. The band
at 1187 cm™' corresponds to the bending mode of the P-O(H) bond, while the
broad peak at 869 cm™! is attributed to the P-O(H) stretching vibration within
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the Mg-WH structure [24,232,244]. In the spectra examined, it is noteworthy
that the discernible band intrinsic to the crystal structure of Mg-WH, centered
at 920 cm™!, which corresponds to the P-O(H) stretching mode of the HPO4>
groups, is notably absent [24,219]. This absence might be attributable to the
substantial overlap observed in the region, which is a consequence of the
limited atomic arrangement exhibited by the 2GR sample.
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Figure 26. FT-IR spectrum of the 2GR sample. Insertion: experimental data
are depicted alongside deconvoluted and fitted curves in the 1300 —650 ¢cm™!
range.

To extract individual components of the overlapped bands from the
experimental FT-IR spectrum, we performed a deconvolution analysis within
the spectral range of 1300—650 cm™!. To obtain a reconstituted curve as close
as possible to the original spectra, we derived eight sub-bands within the
examined spectral range. Through this process, a previously indiscernible

narrow band centered approximately at 931 cm™!

emerged as distinguishable
within the deconvoluted spectrum. The observed deviation at the peak position
can be attributed to a disorder of the crystal structure, resulting from various
factors, including alterations in the bonding environment or the introduction

of defects within the material [232].
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Figure 27. The FT-IR spectra of the IGR and 3GR samples.

A spectral examination of the 1GR sample reveals the presence of PO4*
and HPO4* groups (see Figure 27). Furthermore, the distinctive band
observed at 1646 cm™! corresponds to the bending mode of structural water
molecules found within the DCPD structure, further affirming the composition
of the 1GR sample elucidated through XRD analysis [245]. The results from
FT-IR analysis of the single-phase Mg-WH (2GR) sample and the 3GR
sample, comprising both the Mg-WH and CDHA phases, reveal some
alterations. In particular, an increase in the intensity of the 1071 cm™' band,
associated with the Mg-WH phase, is evident in the 3GR sample. Furthermore,
the peak corresponding to the P—O asymmetric stretching, located at 1011
cm™! for the 2GR sample, undergoes a notable shift toward higher
wavenumbers, specifically at 1019 c¢cm™, indicative of the presence of the
CDHA phase within the 3GR sample.

The morphology of GYP and the synthesized 2GR granules was
thoroughly investigated using SEM (the results are presented in Figure 28).
Following the mixing of CSH powder with water, hydration ensued, resulting
in the formation of a solid GYP block through the interlocking of its crystals.
The block was then subjected to crushing and sieving to yield the targeted
granules. The SEM images of the resulting GYP granules reveal a clustered
arrangement of particles on their surface, which is attributed to the
crystallization and interlocking of GYP during the hydration process (see
Figure 28a). Furthermore, the surface also exhibits microporosity, with tiny
pores or voids distributed throughout the material. In Figure 28b, the
morphology of 2GR granules is supported by a corresponding granule size
distribution histogram, providing a quantitative representation of the sizes of
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the Mg-WH granules. It is important to note that the particles observed at low
magnification are not randomly formed clusters, but well-structured granules
resulting from the selected synthesis process. The SEM images clearly show
that granules, rather than a fine powder, of specific sizes have been
successfully synthesized. The irregularly shaped granules of the 2GR sample
show a wide size distribution (210 — 450 pm), with an average size of
approximately 329 um (measured for more than 100 granules). Regarding the
surface of the granules, it is composed of interlocked rod-like particles (as
seen in Figures 28c and 28d), which consist of fine crystals. The higher
magnification SEM micrograph (see Figure 28e) elucidates that the 2GR
granules are comprised of a stack of rhombohedral particles, exhibiting a
homogeneous size distribution. As aforementioned, the thombohedral shape
is characteristic of Mg-WH crystals and is in good agreement with previously
reported studies [34]. The micrograph also elucidates that the sample
comprises small particles with an average size of approximately 70 nm.
Furthermore, for a detailed SEM examination of the internal structure of the
granule, the 2GR sample was intentionally fractured (see Figure 28f). On
closer examination, the SEM image reveals the presence of rhombohedral
monodisperse particles of approximately 90 nm, consistent with those
observed on the exterior surfaces of the granules.

Figure 28. SEM images of GYP and the 2GR granules: (a) a micrograph of
GYP granule; (b) a micrograph accompanied by the corresponding 2GR
granule length distribution histogram; (c), (d), (¢) micrographs of the 2GR
sample captured at different magnifications, while (f) micrograph of a cross-
section of 2GR granule.
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This observation suggests a uniform distribution of the crystalline structure
throughout the granules, indicating a successful synthesis process. As the
dissolution-precipitation reaction progresses from the surface to the interior of
the granule, precipitation kinetics favor faster nucleation and growth rates at
the surface, forming numerous small grains [246]. This occurrence arises
because of the higher availability of reactants on the surface of the precursor
granule. Concurrently, within the bulk of the granule, the reaction progresses
at a slower rate, facilitating the dissolution of smaller Mg-WH particles and
the selective growth of larger crystals. This is evidenced by SEM images,
which reveal an increase in the size of interior Mg-WH crystals. This
phenomenon can be attributed to Ostwald ripening, a process observed in
certain systems where small particles dissolve while larger ones grow over
time [247]. This dynamic interplay between dissolution and precipitation
processes contributes to the nuanced evolution of the crystal size distribution
within the granule.

Morphological analysis of the 1GR and 3GR granules by SEM revealed
distinct characteristics (see Figure 29).

Figure 29. SEM images of 1GR and 3GR granules are presented: (a), (b)
and (c¢) depict micrographs of the 1 GR sample captured at different
magnifications; (d) displays an image of a fractured 1GR granule; (e), (f) and
(g) depict micrographs of the 3GR sample captured at varying
magnifications; (h) displays an image of a fractured 3GR granule.

The synthesized 1GR granules exhibited smooth volumetric crystals with
irregular shapes. On the contrary, the 3GR sample displayed rhombohedral
Mg-WH crystals varying in size from approximately 100 to 250 nm along with
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cloud-like agglomerates, which can be attributed to the CDHA phase [194].
The co-existence of particles of different morphology correlates very well
with the biphasic composition of 3GR, as revealed by XRD analysis.

N> adsorption-desorption measurements were performed to assess the
surface properties of the synthesized 1GR —3GR samples (see Figure 30 for
the 2GR sample).
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Figure 30. N, adsorption-desorption isotherm of the 2GR sample. The inset
shows the pore size distributions obtained by the BJH method based on the
desorption branch of the isotherm.

In the low relative pressure regime, the adsorption isotherm exhibits
concavity relative to the p/po axis, indicative of micropore filling, which
transitions into a moderate adsorption process. At higher relative pressures,
the isotherm exhibits a convex curve toward the p/po axis, followed by a rapid
increase in N adsorption as p/po approaches unity, lacking a distinct inflection
point, as discussed in the previous section, mainly due to the presence of
macropores in the sample pore structure [239]. In particular, during the
analysis, a distinct disparity becomes apparent between the N, adsorption and
desorption curves, evidenced by a narrow gap between the branches upon
pressure reduction, suggesting that mesopores were present in the samples
[239]. All of these observations strongly suggest the presence of a diverse
range of pore sizes within the analyzed sample, with a certain number of
micropores and macropores along with mesopores, which appear to be
particularly prominent. The N, adsorption-desorption curve illustrated in
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Figure 30 exhibits characteristics of both type II and type IV isotherms, with
a distinctive H3 hysteresis loop. Type Il isotherms are typical of nonporous or
macroporous materials, while type IV isotherms indicate mesoporous
structures. The H3 loop is indicative of pores that are slit, probably resulting
from the assembly of Mg-WH particles or a macropore network [248]. The
inset of Figure 30 shows the pore size distribution in the 2GR sample,
calculated from the desorption branch using the BJH method. The analysis of
the pore size distribution revealed a relatively wide range of pore sizes, with
a prominent peak observed around 4.1 nm, providing additional confirmation
of the predominantly mesoporous nature of the material (as defined by the
International Union of Pure and Applied Chemistry, [UPAC [247].

Information on Sggr, V) (micropore volume), and V, (total pore volume)
of the IGR —3GR samples is given in Table 2. It is noteworthy that the 2GR
granule, comprising the Mg-WH phase, exhibits a significantly larger Sger
compared to the powdered form [201]. This increased Sger confers several
advantages, including increased reactivity and enhanced interaction with
surrounding biological tissues, which can lead to improved integration and
healing outcomes [249]. Sample 2GR exhibits the highest V,, and V,, values
among the materials analysed. However, the contribution of micropores to the
overall porosity of this sample is minimal. These results indicate that the 2GR
sample has a porous structure, primarily mesoporous in nature, as supported
by the BJH pore size distribution analysis.

Table 2. Data derived from N, adsorption-desorption measurements: Sger, V,
and V; of the 1IGR —-3GR samples.

Sample 1GR 2GR 3GR
Sgetr (M?/g) 3 40 25
V. (cm®/g) 0.0017 0.0026 0.0019
V, (cm?/g) < than 0.010 0.095 0.073

To the best of our knowledge, the antibacterial properties of Mg-WH have
not been previously studied. In order to investigate this aspect, we conducted
measurements to assess the antibacterial efficacy of Mg-WH. The 2GR
sample was not bactericidal for two common bacterial species: E. coli (gram-
negative bacterium) or S. aureus (gram-positive bacterium). Both bacteria
were viable and grew on Luria Bertani agar after exposure to chemical
suspensions even at 1000 mg/L. No antibacterial effects appeared after 2-h or
24-h exposure to chemicals.
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3.3. Synthesis of Mg-WH granules with different morphology through
variations in precursor compositions

The XRD patterns of synthesised R1-R3, PR1/24h—PR3/24h, and
PR1/48h—PR3/48h granules are presented in Figure 31(a-c). The results reveal
that the synthesis of the R1-R3 granules predominantly led to the formation
of GYP as the major crystalline phase. This observation indicates that the
CASU powder utilized as a precursor underwent a hydration reaction during
synthesis in an aqueous environment, resulting in its transformation into the
dihydrate form of calcium sulfate. This hydration-induced phase
transformation facilitated the transition from a loose powder to a consolidated
solid through crystal growth and interlocking, which was subsequently
processed into granules [250].
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Figure 31. XRD patterns of R1-R3 (a), PR1/24h—PR3/24h (b), and
PR1/48h—PR3/48h (c) granules synthesised via a dissolution-precipitation
reaction. The obtained diffraction peaks were identified by standard
references for the GYP, CDHA, DCPA, and Mg-WH phases.

The XRD patterns of the reaction products, obtained after the R1-R3
precursor granules were immersed in a solution containing Mg?', H,PO4*",
HPO4*, and PO4* ions for a period of 24 h, are shown in Figure 31b. These
include PR1/24h, PR2/24h, and PR3/24h, which are derived from the
monophasic R1 granules and the mixed R2 and R3 granules, respectively,
along with the standard Mg-WH diffractogram. The XRD patterns of
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PR1/24h, PR2/24h, and PR3/24h granules revealed the formation of biphasic
materials, with PR1/24h consisting of Mg-WH and CDHA phases, while
PR2/24h and PR3/24h were composed of Mg-WH and DCPA phases.
Notably, the amount of DCPA in the PR2/24h sample was significantly higher
compared to PR3/24h. The formation of the CDHA phase is commonly
observed at higher pH values, as Mg-WH is thermodynamically more stable
than apatite under moderately low pH conditions. In this study, however, all
syntheses were performed under nearly identical pH conditions, suggesting
that the appearance of CDHA is influenced by variations in the Ca/Mg ratio
within the reaction solution, as previously reported in [251]. The presence of
the DCPA phase in the PR2/24h and PR3/24h samples can be ascribed to its
function as a transient intermediate in the formation pathway of Mg-WH. It is
known that DCPA undergoes a gradual conversion into Mg-WH over time, a
transformation that is promoted by magnesium-rich conditions and
moderately acidic pH. This observation is consistent with previous findings
and underscores the pivotal role of reaction time, precursor composition, and
solution composition on the resulting phase [201]. In contrast, the XRD
patterns of the products synthesised for 48 h (PR1/48h, PR2/48h, and PR3/48h
granules) demonstrated the formation of single-phase materials, as no
diffraction peaks corresponding to CDHA, DCPA, or any other secondary
phases were observed (see Figure 31c). The broad and low-intensity
diffraction peaks indicate the formation of nanocrystallites with moderate
crystallinity [252]. The reflection positions identified in the XRD analysis
were subjected to careful indexing and were found to correspond with the
standard diffractogram for rhombohedral Mg-WH [00-070-2064]. The
diffraction peaks observed at 20 values of 10.92°, 13.72°, 17.14°, 28.02°,
31.28°, and 34.70° can be attributed to the (0 1 2), (1 04), (11 0), (214), (02
10), and (2 2 0) crystallographic planes of the Mg-WH phase, respectively.
Additionally, smaller peaks align with the reference data. A 48 h synthesis
duration was sufficient for the complete phase transformation of the raw
granules into Mg-WH. The resulting products exhibited consistent
composition, irrespective of whether the starting granules contained
magnesium salts or were synthesised using magnesium-containing or
magnesium-free solutions.

In order to ascertain the structural parameters of the synthesised single-
phase PR1/48h—PR3/48h samples, a Le Bail refinement of the XRD data was
conducted. The XRD patterns, together with the fitting curves derived from
the Le Bail refinement, are displayed in Figure 32. The Le Bail refinement
plots demonstrate an excellent correlation between the observed XRD patterns
(red circles) and the calculated patterns (black line), which correspond to the
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Bragg reflections (green ticks). This confirms the successful formation of the
Mg-WH phase with a rhombohedral structure and space group R3c. The
structural parameters of the Mg-WH phase synthesized from various starting
compositions of raw granules during the 48 h synthesis process are presented
in Table 3. The resulting products exhibited consistent structural
characteristics, both within the set of samples and when compared to
previously published data [242].

Intensity [arb. units]

[V SO A I CF T WU ORT N || |
b . bt . el
10 20 30 40 50 60 10 20 30 40 50 60 10 20 30 40 50 60

20 [deg.]

Figure 32. XRD patterns with the fitting curve by Le Bail refinement of the
synthesized PR1/48h (a), PR2/48h (b), and PR3/48h (c) granules. The red
circles represent the experimental data points, while the solid black lines

correspond to the refined data. The blue lines indicate the discrepancy
between the experimental and refined data for the synthesised samples, while
the green markers at the 20 positions represent the allowed Bragg peaks.

Table 3. Structural, R-values, %%, and microstructural data elucidated from
XRD for PR1/48h, PR2/48h, and PR3/48h samples.

Sample PR1/48h PR2/48h PR3/48h

a, A 10.38042(44)  10.36717(46)  10.33965(92)

¢, A 37.1445(17)  37.1087(17)  37.1038(35)

Cell volume, A3 3466.21(26)  3454.0427)  3435.27(54)
Ry 2.01 1.82 1.72
Rup 2.68 2.38 2.19
1 1.74 1.39 1.19
Crystallite size, nm 46 52 17
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The granules synthesised by a dissolution-precipitation reaction were
subjected to analysis by FT-IR spectroscopy. Figure 33(a-c) illustrates the FT-
IR spectra of the materials obtained under varying conditions. The FT-IR
spectra of the R1-R3 raw granules display absorption bands centred at 1110
cm!, 669 cm™!' and 598 ¢cm!, which are attributed to the stretching and
bending modes of the sulfate (SO4>") ion (see Figure 33a) [253]. A weak
absorption band centered at 869 cm™ is attributed to the stretching vibration
of hydrogen phosphate (P-O(H)) groups, originating from the precursor salts
(NH4)2HPO4 and MgHPO4'3H20.

The FT-IR spectra of the granules PR1/24h-PR3/24h display the presence
of absorption bands corresponding to PO4*~ and HPO4>~ functional groups (see
Figure 33b). The absence of SO4* -related absorption bands suggests that the
sulphate-containing precursors were completely dissolved and subsequently
transformed into CaP materials during the 24 h synthesis process. These
findings are corroborated by the XRD analysis, which identified specific CaP
phases: the PR1/24h sample exhibited the presence of CDHA and Mg-WH,
the PR2/24h and PR3/24h samples displayed the presence of DCPA and Mg-
WH phases (see Figure 31b). The observed absorption bands at 1180 ¢cm™',
1065 cm ™!, 1011 cm™' and 954 cm™! are attributed to the P-O and P-O(H)
stretching vibrations associated with the PO4*>~ and HPO4*~ groups, which are
integral to the crystal structures of the CDHA, DCPA and Mg-WH phases, are
present to different extents in the synthesised granules. The differences in the
intensity of the absorption band at 1065 cm™' between the PR1/24h and
PR2/24h samples provide further insight into the phase composition. In the
case of PR1/24h, which comprises CDHA in conjunction with the Mg-WH
phase, the increased intensity of the 1065 cm™ band can be attributed to the
absence of a notable contribution from CDHA, given that this phase does not
exhibit a pronounced absorption at this wavenumber [254]. In contrast, the
1065 cm™! band is prominent in the PR2/24h sample and barely noticeable in
the PR3/24h sample, where it corresponds to the P—-O stretching vibration
characteristic of the DCPA phase, resulting in a smaller intensity for this
absorption band [255]. Furthermore, the PR1/24h and PR2/24h samples
display a relatively broad absorption band with a maximum at 863 cm™!, which
is attributed to the stretching vibration of the P-O(H) bond. The broadness of
this band indicates the coexistence of two distinct crystallographic
environments for hydrogen phosphate ions, which are likely the result of the
presence of two different calcium phosphate phases in the samples. At lower
wavenumbers, the absorption bands at 601 cm™, 545 cm™!, and 465 cm™! are
primarily associated with the Mg-WH phase and correspond to the bending
modes of P-O and O—P-O bonds [35]. In the case of the PR1/24h sample, the
peak at 545 cm™! displays a slight degree of broadening due to the presence of
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CDHA, which exhibits an absorption band in the vicinity of 560 cm™. The
FT-IR spectra of PR1/48h—PR3/48h granules display a series of absorption
bands at 1180 cm™!, 1065 cm ™', 1011 cm™!, 954 cm ™!, 865 cm™!, and within
the 600460 cm ™! range (see Figure 33c). These bands are ascribed to the P—
O and P-O(H) stretching and deformation vibrations of the POs*~ and HPO,*
groups, which are distinctive of the crystal structure of the Mg-WH phase.
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Figure 33. FT-IR spectra of R1-R3 (a), PR1/24h—PR3/24h (b), and
PR1/48h—PR3/48h (c) granules synthesised via a dissolution-precipitation reaction.

Figure 34, Figure 35, and Figure 36 present the SEM micrographs of the
synthesized R1-R3 raw granules, the PR1/24h—PR3/24h granules, and the
PR1/48h—PR3/48h granules, respectively. A thorough inspection of the
surface of 200 —400 um rough-edged raw granules discloses the presence of
rod-like crystals, which are indicative of calcium sulfate dihydrate (see Figure
34a, d, g; surface views in Figure 34b, e, h). These crystals are accompanied
by randomly oriented plate-shaped crystals, as observed in the higher-
magnification images (see Figure 34c, f, i). The surface morphology of the
irregularly shaped PR1/24h to PR3/24h granules shows notable variation,
influenced by both the type of raw granules used and possible differences in
local reaction environments during synthesis (see Figure 35a, d, g; surface
views in Figure 35b, e, h). A thorough inspection of the surface of the
PR1/48h—PR3/48h granules reveals that they are composed of interlocked
spherical and rod-like particles, which are composed of fine crystals (see
Figure 36a, d, g; surface views in Figure 36b, e, h). The higher magnification
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SEM micrograph provides a detailed analysis of the granules, revealing their
composition as a stack of characteristic Mg-WH rhombohedral crystals with
an average size of approximately 150 —200 nm (see Figure 36c¢, f) [35]. As
illustrated in Figure 36i, the PR3/48h specimen displays a well-developed
porous microstructure, which is composed of an assembly of plate-like
crystallites with an approximate diameter of 200 nm.

Figure 34. SEM images of raw granules R1 (a-c), R2 (d-f),
and R3 (g-1).
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Figure 36. SEM images of PR1/48h (a-c), PR2/48h (d

Figure 35. SEM images of PR1/24h (a-c), PR2/24h (d-f),

1) granules.

and PR3/48h (g

and PR3/24h (g-1) granules.
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A thorough examination of the textural characteristics of samples PR1/24h,
PR2/24h, PR3/24h, PR1/48h, PR2/48h and PR3/48h, as determined by N>
adsorption-desorption measurements, reveals significant differences in
surface area and porosity characteristics (see Table 4).

Table 4. Data derived from N, adsorption-desorption measurements: Sget, Sext
(external surface area), V,,, and V, of all synthesized product samples.

Sample PR1/24h  PR2/24h  PR3/24h PR1/48h PR2/48h PR3/48h

Sper (m?/g) 35 4 30 9 11 38
Sex (M?/g) 30 3 27 7 8 35

Vu(em¥g)  0.0020  0.00050  0.0013  0.0011  0.0012  0.0011
V, (em/g)  0.13 0.010 0.069 0.025  0.027 0.077

PR1/24h, consisting of a biphasic mixture of Mg-WH and CDHA, exhibits
the highest BET surface area (35 m?%/g) and total pore volume (0.13 cm?/g),
indicating a highly porous structure with significant external surface exposure.
In contrast, PR2/24h, composed mainly of Mg-WH and a significant amount
of monetite, has a much lower surface area (4 m*/g) and pore volume (0.010
cm?/g), reflecting a denser microstructure. PR3/24h, which contains Mg-WH
and only a small amount of monetite, has intermediate properties with a
relatively high surface area (30 m?/g) and moderate porosity (0.069 cm®/g).
The PR1/48h, PR2/48h, and PR3/48h samples, each composed solely of the
Mg-WH phase, were derived from three chemically distinct precursor
granules. These samples exhibit marked differences in textural features as a
result of their initial composition and synthesis conditions. Specifically,
PR3/48h exhibited a substantially higher BET surface area (38 m?/g) in
comparison to PR1/48h and PR2/48h, which registered values of 9 m?/g and
11 m?%g, respectively. The lower surface areas of PR1/48h and PR2/48h
suggest denser, less permeable structures with reduced surface exposure,
which may limit their bioactivity and hinder effective tissue integration. The
samples display Sex (7 m*/g, 8 m?g, and 35 m?%g for samples PR1/48h,
PR2/48h, and PR3/48h, respectively) values that closely correspond to their
Sger, indicating that the surface is predominantly external. Micropores
account for a mere 12%, 17%, and 8%, respectively, of the total surface area
for these specimens, indicating the mesoporous nature of the materials. This
assertion is further substantiated by the uniformity in micropore volumes
across all samples (V, = 0.0011 — 0.0012 cm?/g), thereby confirming the
predominance of meso- to macroporous characteristics in the material. A
significant disparity in total pore volume is evident among the samples, with
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PR1/48h exhibiting a value of 0.025 cm?/g, PR2/48h measuring 0.027 cm?/g,
and PR3/48h reaching 0.077 cm?/g. The significantly higher pore volume of
PR3/48h indicates a more open and accessible structure, likely enhancing its
interaction with biological environments, such as proteins, cells, and ions, and
can be attributed to its finer particle morphology. In contrast, PR1/48h and
PR2/48h exhibit markedly denser microstructures, characterized by
diminished surface areas and pore volumes, as well as underdeveloped
mesoporous architecture. This may have a deleterious effect on their
performance in surface-driven biological or chemical processes.
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4. CONCLUSIONS

1. Large-scale synthesis (3.00 g per synthesis) of Mg-WH powder was
successfully achieved with a 89% vyield via a simple, cost-effective,
environmentally benign dissolution-precipitation method starting from
gypsum. Controlled formation of the pure Mg-WH phase was achieved by
systematically varying the reaction duration. XRD analysis revealed a
phase transition from DCPA to Mg-WH over 72 h. FT-IR analysis
confirmed the presence of the PO4*~ and HPO4*~ groups in the Mg-WH
phase obtained. The average crystallite size was determined to be 34 nm,
with a degree of crystallinity of 78%. SEM-EDX analysis confirmed the
formation of rhombohedral Mg-WH crystals ranging from 75 to 150 nm in
size with a homogeneous distribution of the Ca, Mg, P, and O elements.
The Sger of the 72-hour Mg-WH sample was calculated to be 10 m?/g.

2. Mg-WH granules were formed using a scalable dissolution-precipitation
synthesis process starting with gypsum-based granules. Each synthesis
using 3.00 g of precursor granules resulted in 1.75 g of Mg-WH granules.
The impact of pH on product composition was assessed, revealing that pure
Mg-WH was obtained at a pH of 6.2. Phase purity was confirmed by XRD,
LeBail refinement, and FT-IR spectroscopy. Synthesized Mg-WH granules
exhibited a crystallinity degree of 60%. SEM analysis demonstrated that
the granules had an average size of ~329 pum and were composed of
rhombohedral particles averaging 70 nm in size. BET analysis revealed
that the Mg-WH granules had a mesoporous structure and Sger of 40 m?/g.
Synthesis performed at a pH of 6.7 produced a biphasic sample containing
37 wt.% Mg-WH and 63 wt.% CDHA, as verified through XRD analysis
and refinement. A significant advantage of this synthesis method is its
ability to produce monophasic or biphasic materials, allowing selection of
the most suitable option for applications.

3. Mg-WH granules were successfully fabricated through a tunable
dissolution-precipitation procedure from three distinct precursor granules
with chemical compositions modified by varying the proportions of
diammonium hydrogen phosphate, magnesium hydrogen phosphate, and
gypsum. The influence of reaction duration on product composition,
morphology, and surface properties was investigated. The biphasic
granules (Mg-WH with CDHA or Mg-WH with DCPA) formed within 24
h, while single-phase Mg-WH granules were achieved after 48 h of
synthesis. FT-IR analysis confirmed the presence of characteristic
functional groups of Mg-WH, CDHA, and DCPA in the intermediate
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products, which were absent in the final products. SEM analyses revealed
notable morphological transformations from the raw granules to the
product granules, with the latter exhibiting interlocked spherical and rod-
like agglomerates composed of fine Mg-WH crystals with an average size
of approximately 150 —200 nm. The study demonstrated that the surface
area and porosity of Mg-WH-based granules are highly dependent on the
composition of the precursor and the duration of the synthesis.
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[VADAS

Visame pasaulyje jvairios traumos jtakoja zmoniy gyvenimo kokybe ir kelia
vir§ija natiiraly jy gijimo pajéguma ir reikalauja iSorinés intervencijos. Dél
senéjancios visuomenés ir augancios populiacijos didéja sutrikimy, susijusiy
su kauly defektais, paplitimas, o kartu ir kauly implanty poreikis. Yra sukurtos
jvairios sintetinés kalcio fosfaty (CaP) pakaitinés medziagos, skatinancios
naujo kaulinio audinio formavimasi kauly defekty vietose. Sie junginiai yra
placiai pritaikyti medicinoje ir odontologijoje, ypa¢ danty implanty, alveoliy
kaulo augmentacijos, ortopedijos ir vaisty pernasos sistemy srityse. CaP
sulauké daug démesio dél savo iSskirtinio biologinio suderinamumo,
kontroliuojamo biologinio skaidumo, osteolaidumo ir sugebéjimo integruotis
i kaula. Siuo metu sintetinés kaulo pakaitinés medZiagos gaminamos milteliy,
granuliy, tankiy arba poréty karkasy, bioaktyviy dangy ant metaliniy protezy
pavidalu.

Mokslinés bendruomenés yra priimta, kad kaulinio audinio neorganine dalj
sudaro karbonatinis apatitas (Caio-a(PO4)s-(CO3).(OH)2-q). Pastaruoju metu
aktyviai  vyksta  tyrimai dél  magnio  vitlokito = (Mg-WH:
Ca;sMgr(HPO4)2(PO4)12) vaidmens, svarbos ir egzistavimo kauliniame
audinyje. Kai kurios mokslinés studijos atskleidzia, kad Mg-WH yra vienas i§
pagrindiniy neorganiniy kaulinio audinio komponenty, sudarantis mazdaug
25-35 masés % kietyjy audiniy. Tuo tarpu kiti tyrimai rodo, kad Mg-WH
pirmiausia yra susijes su kalcifikacijos procesais, susijusiais su patologinémis
biklémis arba mineralizacija tam tikromis sglygomis, pavyzdZiui,
kalcifikuoto tendinito arba kalcifikuoty ateroskleroziniy ploksteliy
susidarymo atvejais. Nors Mg-WH buvimas kauliniame audinyje tebéra
diskutuotinas, taciau jo sintetiné forma iSsiskiria tarp kity CaP pakaitaly dél
magnio (Mg*") jony struktiiroje, kurie yra butini jvairioms fiziologinéms
zmogaus organizmo funkcijoms. Be to, fiziologinémis sglygomis i§ kaulo
pakaitiniy medziagy i3siskiriantys Mg®" jonai, skatina osteogenine
diferenciacijg ir spartina kaulo susidarymg aplink implantus. Ankstesni
tyrimai pabrézé poreikj kurti didelio kiekio Mg-WH sintezés metodus,
siekiant uztikrinti jo taikyma kauly regeneracijoje ir biomedziagy tyrimuose.

Odontologijoje ir ortopedijoje daZnai naudojamos sintetinés CaP
pakaitinés medziagos granuliy pavidalu, siekiant regeneruoti kietuosius
audinius, uzpildyti netaisyklingos formos kauly defektus ar jvairiy formy
tuStumas. Granulés lengvai panaudojimos, efektyviai uzpildo defekto vieta.

Nepaisant daug zadancio Mg-WH granuliy potencialo kaulinio audinio
inzinerijoje, Sios formos Mg-WH tyrimy kol kas yra labai nedaug. Dauguma
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moksliniy tyrimy orientuoti ] Mg-WH milteliy sinteze ir tyrimus, ir, galbiit,

tik vienoje mokslinéje publikacijoje nagrinéta granuliuota jo forma.

Lee kartu su bendraautoriais neseniai apras¢ Mg-WH granuliy sinteze i§
Mg-WH nanodaleliy, kurios buvo gautos panaudojant trijy tirpikliy sistema.
Gautos granulés pasiZzyméjo puikiomis kaulo regeneracinémis savybémis
ziurkiy kauliniuose defektuose, veiksmingai atkurdamos kaulo storj,
nesukeliant jokiy uzdegiminiy procesy. Sintetinis Mg-WH yra laikomas
biomedziaga, kuri potencialiai galéty biiti panaudota implantalogijoje, taciau
del sudétingos jo grynos fazés sintezés, Sios medziagos savybiy ir elgsenos
tyrimy truksta. Mg-WH sintezé vykdoma siaurame pH ir temperatiiros
intervale. Be to, Mg-WH yra termiSkai nestabili fazé (Mg-WH suyra vir§ ~
600 °C, susidarant Mg pakeisto B-Ca3;(POs), ir Ca,P,O; miSiniui bei
vandeniui), todél ja sudétinga susintetinti taikant jprastus aukstos
temperattros metodus. Be to, yra zinoma, kad jprastiniai aukStatemperatiiriai
sintezés metodai daznai padidina galutiniy produkty kristaliSkumag, o tai
sumazina jy suderinamumg su biologiniais audiniais. PrieSingai, mazo
kristaliSkumo porétos CaP granulés skatina kaulinio audinio gijima, nes
porétumas yra biitinas bioaktyvumui ir osteolaidumui, o jo stoka gali turéti
neigiamg poveikj Sioms savybéms.

Sprendziant Sias problemas, galima pritaikyti tirpinimo-nusodinimo
reakcijas gaminti Zemo kristaliSkumo ir didelio specifinio pavirSiaus porétai
keramikai. Pagrindinis $io metodo privalumas yra labai panasios pirmtako
medziagos formos i§laikymas galutiniame produkte. Be to, §is sintezés biidas
leidzia gaminti granules — produkta, kuris gali buti tiesiogiai naudojamas
kauly augmentacijos procediirose. Tirpinimo-nusodinimo metodas yra
paprastas ir ekonomiskas, nereikalaujantis brangios, specializuotos jrangos,
tokios kaip hidroterminiai reaktoriai ar auks$tos temperattros krosnys. Jis taip
pat sumazina veiklos sanaudas, nes nebereikia nuolat stebéti esminiy
parametry, tokiy kaip temperatiira ir pH, lemianciy Mg-WH sintezés
efektyvuma.

Sios daktaro disertacijos tikslas — idtirti tirpimo-nusodinimo metodu
sintetinamy Mg-WH milteliy ir granuliy fazinius virsmus, bei optimizuoti
didelio produkto kiekiui gauti tinkamas sintezés salygas, uztikrinant Mg-WH
milteliy ir granuliy grynuma.

Tyrimo uZdaviniai yra Sie:

e iStirti Mg-WH produkto, gauto i§ aplinkai nekenksmingo pirmtako — gipso
milteliy susidaryma, priklausomai nuo sintezes laiko, ir jvertinti Mg-WH
milteliy fazing sudétj ir grynuma, kristalografinius parametrus, funkcines
grupes, terminj stabiluma, pavirSiaus morfologija, elementine sudétj ir
pavirsiaus savybes;
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e nustatyti optimalias pH sglygas Mg-WH granuliy gavimui i$ gipso
granuliy, jvertinti pH jtaka susidaranciy faziy sudéciai, nustatyti Mg-WH
granuliy grynuma, kristalografinius parametrus, funkcines grupes,
granuliy dydj ir morfologija, pavirSiaus ir antibakterines savybes;

e sukurti jvairios cheminés sudéties pirmtaky granules, keic¢iant diamonio
vandenilio fosfato, magnio vandenilio fosfato ir kalcio sulfato kiekius;
i8tirti jy transformacija i bifazes arba vienfazes Mg-WH granules, jvertinti
gauty granuliy fazing sudétj ir grynumg, kristalografinius parametrus,
funkcines grupes, granuliy morfologija ir pavirSiaus savybes.

DISERTACIJIOS NAUJUMAS

Siame tyrime pristatoma inovatyvi Mg-WH sintezé, naudojant tirpimo-
nusodinimo sintezés metoda, lenkiancia jprastus metodus reikSmingais
pranasumais. Priesingai nei tradiciniai sintezés budai, reikalaujantys brangios
jrangos, ir nuolatinio kritiniy parametry, tokiy kaip pH ir temperatiira,
stebéjimo, sililomas metodas supaprastina procesa, nemazinant sintetinamos
medziagos kokybés. Siame tyrime pirma karta Mg-WH granuliy sintezei
pirmtaku naudojamas gipsas - nattraliai gausi, ir aplinkai nekenksminga
medziaga, todél sintezés tampa tvaresné ir prieinamesné. Svarbu ir tai, kad
Siame darbe pirma karta pasiiilyta didelio masto Mg-WH milteliy ir granuliy
pavidalo sintezés strategija, parodanti, kad metodas praktiskai pritaikomas
pramoninei gamybai. Be to, keiCiant pirmtaky sudétj ir reakcijos salygas,
galima kontroliuoti Mg-WH fazine sudétj, daleliy morfologija ir struktiirines
savybes, kurios yra itin svarbios potencialiam pritaikymui. Tyrimo rezultatai
atskleidzia sitilomo sintezés metodo universaluma, nes jis leidzia sintetinti
tiek vienfazes, tiek bifazes kalcio fosfaty (BCP) medziagas.

GINAMIEJI TEIGINIAI

1. Didelio kiekio Mg-WH milteliy ir granuliy sintezé, atlikta paprastu,
ekonomisku ir aplinkai draugiS$ku tirpinimo-nusodinimo metodu,
naudojant gipso pirmtaka, leidzia kontroliuoti fazine produkto sudétj, o
struktiiriné, morfologiné ir fazinés sudéties analizé¢ patvirtina sintezes
salygy optimizavima.

2. Faziniai virsmai, vykstantys sintetinant Mg-WH miltelius gali biiti tiriami
keiciant reakcijos laikg. Mg-WH milteliai susideda i§ romboedriniy
kristaly, pasizymi homogeniniu Ca, Mg, P elementy pasiskirstymu ir
kristalinés gardelés parametrais, atitinkanciais literattiroje pateiktas vertes.
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3. Tirpinimo-nusodinimo metodu gauty granuliy faziné sudétis gali bati
kontroliuojama reakcijos miSinio pH. Sitlomas sintezés biuidas yra
universalus, nes jis leidzia sintetinti tiek vienfazes Mg-WH, DCPD, tiek
BCP (Mg-WH su CDHA) granules.

4. Skirtingos morfologijos, pavirSiaus savybiy ir fazinés sudéties granulés
gali buti susintetintos taikant darbe optimizuota tirpimo-nusodinimo
sintezg. KeiCiant pirmtako granuliy sudét] ir reakcijos laika, galima gauti
tiek bifazes (Mg-WH su CDHA arba Mg-WH su DCPA), tiek vienfazes
Mg-WH granules.
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DISERTACIJOS SANDARA

Disertacija parasyta angly kalba ir susideda i§ Siy daliy: jvado, santrumpy,
literattiros apzvalgos, eksperimentinés dalies, tyrimy rezultaty bei jy aptarimo,
iSvady, santraukos lietuviy kalba, cituojamy literatiiros Saltiniy saraso,
publikacijy saraso, konferencijy sgraso, padékos. Darbe pateikiamos 4 lentelés
ir 36 paveikslai. Bendra disertacijos apimtis 136 lapai. Darbe cituojami 255
literattiros Saltiniai.

1. LITERATUROS APZVALGA

Literatiros apzvalgoje poskyryje 1.1. pateikiama informacija apie kaulinj
audinj, jo strukttira, remodeliavimo eiga. Kitoje dalyje aptariamas sintetiniy
pakaitiniy medziagy poreikis (poskyris 1.2.). Poskyryje 1.3 apzvelgiamos
kalcio fosfatinés (CaP) sintetinés pakaitinés biomedZziagos, aprasomos jy
pagrindinés savybés, dazniausiai medicinos praktikoje naudojamos formos
bei Mg-WH savybés. Paskutiniajame poskyryje pristatomi pagrindiniai kalcio
fosfaty gavimo budai, i§samiau aptariamas Siame darbe taikytas tirpinimo-
nusodinimo sintezés metodas bei apzvelgiami Mg-WH sintezés biidai ir
galimos jo taikymo sritys.

2. EKSPERIMENTO METODIKA

Sia dalj sudaro trys pagrindiniai poskyriai, i§ kuriy antrasis padalintas j tris
skyrelius. Pirmajame poskyryje iSvardyti cheminiai reagentai, panaudoti
medziagy sintezei ir iStyrimui, pateikti jy grynumai ir gamintojai. Sintezés
metodikos poskyryje aprasyti skirtingos formos Mg-WH sintezés bidai.
Skyrelyje 2.2.1. pateiktos didelio kiekio Mg-WH milteliy skirtingos trukmés
sintezés i§ gipso pirmtako. Skyrelyje 2.2.2 aprasyta Mg-WH granuliy gamyba,
jvertinant reakcijos miSinio tirpalo pH jtaka galutiniy produkty sudéciai.
Paskutiniame 2.2.3 skyrelyje pateikta skirtingos morfologijos Mg-WH
granuliy sintezé i§ vieniniy ir misriy pirmtako granuliy. Paskutiniame
poskyryje apraSomi susintetinty méginiy tyrimo ir apibidinimo metodai, jy
specifinés atlikimo sglygos ir naudoti prietaisai.
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3. REZULTATAI IR JU APTARIMAS
3.1. Didelio kiekio Mg-WH milteliy sintez¢ ir apibiidinimas

Tirpinimo-nusodinimo metodu i§ gipso (kalcio sulfato dihidrato,
CaS0s4-2H,0, GYP) milteliy, magnio acetato tetrahidrato
(Mg(CH3COO),-4H,0), natrio divandenilio fosfato (NaH.POs) ir dinatrio
vandenilio fosfato (Na;HPO,) buvo susintetinti Mg-WH milteliai. Tyrime
jvertinti faziniai virsmai, priklausomai nuo reakcijos trukmés. Gauty produkty
fazinés ir cheminés sudéties nustatymas, morfologijos, terminio stabilumo,
pavirSiaus savybiy tyrimai buvo atlikti jvairiais analizés metodais. Siekiant
nustatyti optimaly reakcijos laikg didelio kiekio grynos Mg-WH fazés
susidarymui, sintezés trukmé buvo keista nuo 24 iki 72 val., i§laikant pastovig
80 °C sintezés temperatiirg (zitiréti 1 paveiksla).
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1 pav. Mg-WH milteliy, sinteze vykdant 24-72 h, XRD. Apacioje esancios
vertikalios linijos zymi standartinius Mg-WH XRD atspindzius (ICDD #00-
070-2064).

Susintetinty méginiy XRD rezultatai atskleidé, kad po 24 ir 48 val. susidaré
bifaziai miSiniai, susidedantys i§ monetito (CaHPO4; DCPA; ICDD #01-070-
1425) ir Mg-WH. Yra zinoma, kad DCPA yra stabiliausia kalcio fosfato (CaP)
fazé, kai reakcijos terpés pH yra mazesnis nei 5. Taciau yra Zinoma, kad
DCPA stabiluma jtakoja tirpale esantys Mg** jonai. Dél Mg?* jony poveikio
silpnai rugsciame tirpale DCPA formavimasis yra slopinamas, o tai skatina
Mg-WH fazés susidaryma i§ GYP per tarping DCPA faze. 1 paveiksle matyti,
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kad DCPA kiekis sumazéjo, o Mg-WH padidéjo, kai reakcijos trukmé pailgéjo
nuo 24 iki 48 val. Nustatyta, kad po 24 val. méginj sudaré 35 masés % DCPA
ir 65 masés % Mg-WH, o po 48 val. méginys susid¢jo i§ ty paciy sudedamyjy
daliy, tadiau Mg-WH fazé¢ buvo pagrindiné (78 masés %), DCPA
komponentas sudareé tik 22 masés %. Ilginant reakcijos laikg iki 78 val., XRD
matomos tik Mg-WH fazei biidingos smailés. Pazymeétina, kad darbe iSvystyta
sintezés metodika leidzia viename reakcijos indelyje i§ 5,00 g GYP milteliy
susintetinti 3,00 g Mg-WH milteliy.

Siekiant papildomai jvertinti susidariusio produkto grynumga ir nustatyti jo
strukttrinius parametrus, 72 val. sintetinto méginio i§ XRD duomeny buvo
atliktas Le Bail metodu tikslinimas, naudojant FullProf programa.
Eksperimentiniai XRD duomenys atitko Mg-WH junginiui biidingus
standartinés difraktogramos smailiy atspindzius, patvirtino tiping Mg-WH
romboedring kristaling struktiira (R3c (#161) erdviné grupé), o nustatyti
struktiriniai gardelés parametrai sutapo su atitinkamais mokslinés literattiros
duomenimis (zitréti 2 paveikslag). Patikslinimo rezultatai gerai atitiko
eksperimentiSkai iSmatuotus difrakcijos profilius, o tai patvirtino, kad
meéginyje yra vienfazis Mg-WH. Nustatyta, kad susintetinti Mg-WH milteliai
buvo sudaryti i§ 34 nm kristality, kristaliSkumo laipsnis sieké 78 %.
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2 pav. Mg-WH milteliy, gauty sintez¢ vykdant 72 val., XRD su Le Bail
tikslinimo konttiru (raudoni apkritimai Zymi eksperimentinius duomenis;
iStisiné juoda linija rodo patikslintus duomenis; mélyna linija vaizduoja
skirtumg tarp eksperimentiniy ir patikslinty duomeny; zalios spalvos
vertikaliis briikSneliai nurodo Brego padétis).
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Siekiant identifikuoti 72 wval. sintetinto Mg-WH méginio struktiiroje
esancias funkcines grupes, buvo atlikta milteliy FT-IR analizé (Zitréti 3
paveikslg). Spektre stebimi virpesiai, susije su PO4s*~ ir HPO,*~ funkcinémis
grupémis. Virpesiy rinkinys ties 1171 cm™!, 1134 cm ™!, 1064 cm ™!, 1013 cm™!
ir 954 cm™! atitinka P—O ryS$io tempimo vs ir v; virpesius. Plati absorbcijos
juosta, kurios centras yra ties 861 cm™!, zymi P-O(H) rySio, budingo Mg-WH
kristalinei struktiirai, tempimg. Juostos ties 601 cm™!, 542 cm ™! ir 459 ¢cm™!,
yra susijusios su P-O rySio ir O-P—O lenkimo virpesiais, atitinkamai
paZymétais v; ir va.

HPQOy4
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3 pav. Mg-WH milteliy, gauty sintezg vykdant 72 val., FT-IR spektras.

Siekiant nustatyti 72 val. sintetinto Mg-WH méginio terminio skilimo eiga,
buvo atliktas TG-DTG tyrimas. 4 paveiksle pateiktos analizuojamo méginio
TG-DTG kreivés. IS mokslinés literatiiros Saltiniy zinoma, kad Mg-WH
struktiiroje esan¢ios HPO4*~ grupés kondensacija vyksta mazdaug 600 °C
temperattroje. Skilimo metu susidaro Mg jonais pakeistas B-trikalcio fosfatas
(B-Cas(POs4)2), kalcio pirofosfatas (Ca,P,O7) bei vanduo, o teoriné mases
netektis yra mazesné nei 1 %. Palaipsniui kaitinant tiriamg méginj, jo masé
mazejo iki 750 °C ir bendra masés netektis sieké mazdaug 3 masés %. Masés
netekties skirtumas, palyginti su mokslingje literatliroje pateiktais
duomenimis, greiciausiai atsirado dél terminio apdorojimo metu nuo
susintetintos medziagos pavirSiaus pasiSalinusio absorbuoto vandens.
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4 pav. Mg-WH milteliy, gauty sinteze¢ vykdant 72 val., TG/DTG kreivés.

Susintetinto Mg-WH milteliy méginio pavirSiaus morfologija buvo tirta
SEM metodu (zitiréti 5 paveikslg). Gauti SEM vaizdai atskleidé, kad méginio
pavirs$iy sudaro Mg-WH budingi romboedro formos kristalai su smailiomis
vir§tinémis ir astriomis krastinémis, kuriy dydis svyruoja nuo 75 iki 150 nm.
Be to, pastebéta, kad milteliy méginio pavirSius yra Siek tiek porétas (5a
paveikslas), o tai gali biiti naudinga biomedicininiam taikymui, nes porétumas
gali skatinti Igsteliy adhezijg bei biologiniy skys¢iy patekima j sintetinj CaP.
Didesnio didinimo SEM vaizdas (5b paveikslo nuotrauka) parodé
homogeniskas, lygaus pavirSiaus produkto daleles, kas papildomai patvirtina,
jog meginys yra vienfazis ir neturi jokiy kity kristaliniy intarpy ar priemaisy.
Sis rezultatas atitinka XRD analizés duomenis, rodanéius vienfazés Mg-WH
struktiiros susidaryma.

5 pav. Mg-WH milteliy, gauty sinteze vykdant 72 val., skirtingo didinimo
SEM nuotraukos.
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Norint jvertinti cheminiy elementy pasiskirstymo tolygumg bei nustatyti
susintetinto Mg-WH méginio sudétj, buvo atlikta jo EDX spektroskopijos
analizé. Sis tyrimo metodas leido identifikuoti méginyje esanéius cheminius
elementus ir jy kiekybinius santykius. Kaip matyti 6 paveiksle, galutinis
produktas susideda i$ kalcio (Ca), magnio (Mg), fosforo (P) ir deguonies (O)
atomy, biidingy Mg-WH fazei.

2 6

. . keV |
Atomic %
21.44

1.53
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61.42

6 pav. Mg-WH milteliy, gauty sinteze vykdant 72 val., (a) SEM nuotrauka ir
(b) EDX spektras bei nustatytos Ca, Mg, P, O elementy atominés
koncentracijos procentais.

7a—d paveiksle pavaizduotas Ca, Mg ir P elementy pasiskirstymas.
Rezultatai atskleidé, kad Sie elementai yra tolygiai i§sidéste visame méginyje.
Svarbu paminéti, kad nebuvo pastebéta jokiy segregacijos ar papildomy faziy
susidarymo poZymiy, o tai patvirtina aukSta méginio elementy sudéties
homogeniskumo lygj.

7 pav. Mg-WH milteliy, gauty sinteze vykdant 72 val., (a) SEM nuotrauka ir
(b) Ca, (c) Mg, ir (d) P elementy pasiskirstymo EDX zemélapiai.
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8 paveiksle pavaizduota Mg-WH milteliy, gauty sinteze vykdant 72 val.,
N, adsorbcijos-desorbcijos kreivé. Esant labai Zemam santykiniam slégiui,
adsorbcijos kreive yra jdubusi p/po asies atzvilgiu, pereinanti j pusiau linijinj
segmenty vidurinéje atkarpoje ir sparciai didéjanti, kai p/po > 0,6. Esant
aukStam santykiniam slégiui méginio adsorbuoto N» kiekis gali didéti be
apribojimy, kai p/po artéja prie 1. Kadangi adsorbcija nepasieké soties,
nustatyta, kad méginyje yra makropory. Atliekant analize, stebimas N
adsorbcijos ir desorbcijos kreiviy nesutapimas: siauras tarpas tarp adsorbcijos
ir desorbcijos Saky bei histerezés kilpa, atsirandanti mazéjant slégiui. N»
adsorbcijos ir desorbcijos kreives atitinka misry II ir IV izotermy tipg su H3
tipo histerezés kilpa. Paprastai neporétiems ir makroporétiems adsorbentams
(kai pory skersmuo yra didesnis nei 50 nm) budingos II tipo izotermos, o
mezoporiniams adsorbentams (kai pory skersmuo yra nuo 2 nm iki 50 nm) —
IV tipo izotermos. H3 tipo kilpos biidingos nestandziy ploksteliy formos
daleliy sankaupoms, dél kuriy susidaro plysio pavidalo poros, atsirandancios
dél kristaly sankaupy. 8 Paveikslo intarpe pavaizduota tirto méginio pory
dydziy pasiskirstymo kreivé, o vyraujanti smailé (vir$iiné ties 4 nm) zZymi
mezoporas. Mg-WH méginio specifinis pavirSiaus plotas (Sger), apskai¢iuotas
naudojant Brunauer-Emmet-Teller (BET) lygtj, lygus 10 m?/g.
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8 pav. Mg-WH milteliy, gauty sintez¢ vykdant 72 val., N, adsorbcijos-
desorbcijos bei pory dydziy pasiskirstymo kreivés.
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3.2. Didelio kiekio Mg-WH granuliy sintezé ir apibiidinimas

Tirpinimo-nusodinimo sintezés metodu i§ anksciau susintetinty GYP granuliy
buvo gautos Mg-WH granulés. Norint pasirinkti optimaly pH, reikalinga Mg-
WH fazés susidarymui, sintezé buvo vykdoma pirmtako GYP granules
atskirai merkiant j trijy skirtingy moliniy santykiy NaH,PO, ir Na,HPO,
tirpaly miSinius, j kuriuos papildomai buvo pridétas tam tikros koncentracijos
Mg(CH;COO), tirpalas. Siame tyrime buvo jvertinta gauty produkty faziné
sudétis, priklausomai nuo skirtingo fosfatiniy tirpaly santykio, kuris nulémé
reakcijos misinio pH ir jtakojo galuting produkty fazing sudétj. Tyrimas buvo
vykdomas prie skirtingy pH: 5,7 (susintetintos 1GR granulés), 6,2
(susintetintos 2GR granulés) ir 6,8 (susintetintos 3GR granulés).
Eksperimentai buvo vykdomi 80 °C temperatiiroje ir truko 5 dienas. 9
paveiksle pavaizduotos susintetinty méginiy XRD. Kai reakcijos misinio pH
= 5,7, susintetintas méginys buvo sudarytas i§ kalcio vandenilio fosfato
dihidrato (CaHPO4-2H,O; DCPD; ICDD #00-009-0077) fazés. DCPD
apibudinamas kaip metastabili fazé¢, dominuojanti esant vidutiniSkai rigs¢iam
tirpalui. Pagal mokslinés literatiros duomenis zinoma, kad magnio jonai
reakcijos tirpale apsunkina DCPD transformacijai j termodinamiskai stabilias
CaP fazes, tokias kaip oktakalcio fosfatas (Cag(HPO4).(PO4)4-5H,0), kalcio
deficitinis  hidroksiapatitas (CDHA; Cas(HPO4)(PO4)sOH) ir kalcio
hidroksiapatitas (HAP; Caio(PO4s)s(OH),), net esant padidintoms reakcijos
terpés pH vertéms. Nustatyta, kad DCPD kristalai virsta ] Mg-WH, kai tirpalo
pH yra 4,5, esant magnio jonams. Taciau, atliekant tirpinimo-nusodinimo
sintez¢ pasirinktomis salygomis, Mg-WH nesusidaré. Kai reakcijos misinio
pH buvo 6,2, susintetintas 2GR produktas kristalizavosi, sudarydamas Mg-
WH budinga romboedrine kristaling struktiira, o difrakcijos smailés buvo
priskirtos R3¢ (#161) erdvinei grupei (ICDD #00-070-2064). Difraktogramoje
nebuvo pastebéta jokiy smailiy, kurios biity susijusios su reagentais ar
priemais$inémis CaP fazémis, kas patvirtina, kad gautas 2GR produktas yra
vienfazis. 2GR méginio XRD difraktograma su Le Bail tikslinimo
difraktogramos kontiiru pateikta 10 paveiksle. Patikslinus gardelés
parametrus, buvo gauta: a = b =10,357(74) A, ¢ = 37,15(275) A, a = = 90°
ir y = 120°. Elementariojo narvelio tiiris sudaré 3451,15(433) A3. Gauti
struktiiriniai parametrai puikiai atitinka literatiiroje pateiktas reikSmes.
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9 pav. IGR, 2GR ir 3GR méginiy, susintetinty esant skirtingiems reakcijos
misinio pH, XRD. Difraktogramy smailés identifikuotos pagal standartines
DCPD, Mg-WH ir CDHA faziy korteles.

a A 10.35732(74)
c. A 37.1507(28)
v, A2 3451.38(43)
Rp 5.74
Rup 5.93
g Rain 4.83
{ 1.51

Santykinis intensyvumas
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10 pav. 2GR méginio XRD difraktograma su Le Bail tikslinimo konttiru
(raudoni apkritimai nurodo eksperimentinius duomenis; istisiné juoda linija
zymi patikslintus duomenis; mélyna linija vaizduoja skirtuma tarp
eksperimentiniy ir patikslinty duomeny; Zalios spalvos vertikaliis briik$neliai
nurodo Brego padétis).
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Pazymétina, kad 2GR méginio difrakcinés smailés buvo Siek tiek
i8siplétusios. Tokio pobiuidzio difrakcinés smailés daznai susidaro, kai
medziaga turi ne tik kristaliniy, bet ir amorfiniy strukttriniy daliy, taip pat kai
medziagg sudarantys kristalitai yra labai mazo dydzio. Skai¢iavimais buvo
nustatyta, kad susintetintos Mg-WH granulés sudarytos i§ kristality, kuriy
vidutinis dydis yra apie 16 nm, kas rodo, kad medziaga yra nanometrinio
dydzio. Be to, medziagos kristaliSkumo laipsnis sieké 60 %, kas patvirtina,
jog medziaga turi tam tikrg amorfinj komponenta.

Kai reakcijos miSinio pH = 6,7, méginyje buvo identifikuotos
romboedrinés kristalinés Mg-WH struktiiros smailés bei papildomos mazo
intensyvumo smailés ties 26 = 31.73° ir 20 = 32.20°, priklausancios kalcio
deficitinio hidroksiapatito (Cao(HPO4)(PO4)sOH; CDHA; ICDD #00-046-
0905) fazei. 3GR méginio kiekybinei sudéciai nustatyti atliktas Rietveld
strukttros patikslinimas (zitréti 11 paveiksla).

Santykinis intensyvumas
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11 pav. 3GR méginio XRD difraktograma su Rietveld tikslinimo kontiiru.
Raudonos spalvos vertikalts britk$neliai nurodo Mg-WH fazés smailiy
padétis [ICDD #00-070-2064], o $viesiai zali — CDHA fazés smailiy Brego
padétis [ICDD #00-046-0905].

Patikslinimo rezultatai atitiko eksperimenti§kai iSmatuotus difrakcijos
profilius, o tai patvirtino, kad méginyje yra tik Mg-WH ir CDHA fazés.
Nustatyta, kad 3GR méginys sudarytas i§ 37 masés % Mg-WH ir 63 masés %
CDHA. Kai reakcijos misinyje pH yra didesnis nei 4,5, Mg?" jonais nepakeisti
CaP laipsniskai virsta CDHA. Todél esant didesnéms pH vertéms (Siuo atveju
pH = 6,7), net ir esant Mg**, susidaré termodinamiskai stabilesné CDHA fazé.
Siame darbe pasiiilytu sintezés metodu ir taikytomis salygomis gautas BCP
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pabrézia metodo pranaSumus, nes $ios medziagos yra placiai naudojamos
medicininéje praktikoje, ypa¢ kaip kaulo pakaitalai ir regeneraciniai
implantai. Dviejy faziy buvimas Siose medziagose yra itin svarbus, nes jis
lemia tam tikras fizines ir biologines savybes, jskaitant rezorbcijos greitj,
mechaninj stabilumg ir biologinj suderinamumg. Sis BCP susidarymas
parodo, kad taikytas sintezés metodas yra perspektyvus kuriant medziagas,
kuriy degradacijos savybés gali buti kontroliuojamos pagal biomedicininius
poreikius.

Norint nustatyti susintetinty granuliy struktirose esancias funkcines
grupes, buvo atlikta 1GR-3GR granuliy FT-IR analizé. Susintetinto 2GR
meéginio FT-IR spektras pateiktas 12 paveiksle, o 1GR ir 3GR granuliy
spektrai pateikti 13 paveiksle. Mg-WH kristalinéje struktiiroje esantis fosfato
jonas (PO4>") turi keturis IR aktyvius virpesio rezimus: vi, v2, v3 ir v4. Smailés
ties mazdaug 603 cm™!, 544 cm™! ir 464 cm™! atitinka v4(PO4*") ir v2(PO4*")
lenkimo rezimus. 1180 cm™!, 1071 cm™!, 1011 cm™ ir 956 ¢cm™! virpesiy
rinkinys yra susijes su vi(POs") ir vi(POs) tempimo reZimais. Plati
absorbcijos smailé, esanti ties 869 cm™!, priskirta P-O(H) rysio, esan¢io Mg-
WH strukttiroje, tempimo virpesiui. 12 paveiksle pavaizduotame FT-IR
spektre nematyti Mg-WH kristalinei struktiirai budingos juostos ties 920 cm ™,
kuri atitinka HPO4>~ grupés P-O(H) ry8$io tempimo reZzimg. Taip galéjo nutikti
dél juosty persiklojimo, kuris galimai susijgs ribotu atominiu i$sidéstymu
(Zemu kristaliSkumu) tiriamajame 2GR méginyje.

2GR

Pralaidumas (s.v.)

T v,(P0)
v4(P-0)
— P-O-(H)

1300 1200 41100 1000 800 800 700

[
v4:va (POy)
VvV 4
v3.v4(POy)
T T T T T T T
2000 1800 1600 1400 1200 1000 800 600 400

Bangos skaicius (cm’1)

12 pav. 2 GR méginio FT-IR spektras. Intarpe pavaizduoti eksperimentiniai
duomenys pavaizduoti kartu su i§skaidytomis ir sutapatintomis kreivémis
1300-650 cm™" intervale.
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Spektro intervale nuo 1300 iki 650 cm™' atliktas spektriniy juosty
iSskaidymas, siekiant i§ eksperimentinio FT-IR spektro isskirti atskirus
persiklojanciy juosty komponentus. Spektro i§skleidimo metu Siame intervale
buvo isskirtos astuonios subjuostos, atkuriant spektrg taip, kad gauta kreivé
bty kuo artimesné pradinei eksperimentiskai gautai spektrinei kreivei. Tai
uztikrino tikslesnj vibraciniy juosty padéciy nustatymg ir leido aptikti
smulkesnius  spektrinius komponentus. I[Sskaidytame spektre buvo
identifikuota nepastebéta siaura absorbcijos juosta, kurios centriné padétis
nustatyta ties 931 cm™!. Sios smailés spektrinés padéties nuokrypis nuo 920
cm! gali buti siejamas su defektais kristalinéje struktiiroje.

. T . T . T . T . T : T ) T
1GR

3GR

Pralaidumas (s.v.)

' I W 1 v I ' I v 1 v I i I
4000 3500 3000 2500 2000 1500 1000 500
Bangos skaicius (cm’1)

13 pav. 1GR ir 3GR méginiy FT-IR spektrai.

1GR méginio FT-IR spektre buvo identifikuotos fosfaty grupéms (PO4* ir
HPO4*) budingos absorbcijos juostos (ziaréti 13 paveiksla). Taip pat
identifikuota juosta ties 1646 c¢m™', kuri atitinka struktiiriniy vandens
molekuliy, esanc¢iy DCPD fazéje, nustatytoje ir XRD tyrimo metu, lenkimo
virpesius. Lyginant vienfazio Mg-WH (2GR) méginio ir bifazio 3GR méginio,
sudaryto i§ Mg-WH ir CDHA faziy, FT-IR spektrus, iSrySkéjo tam tikri
skirtumai. Visy pirma, 3GR méginyje juostos, susijusios su Mg-WH faze,
ypac ties 1071 cm™!, pasizymi padidéjusiu intensyvumu, kas rodo $ios fazés
kiekio maz¢jima bifaziame méginyje. Be to, reikSmingas pokytis pastebimas
P-0 asimetrinio tempimo juostoje: jei 2GR méginyje §i smailé buvo ties 1011
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cm!, tai 3GR méginyje ji pasislinko j didesnius bangos skaiius ir yra ties
1019 cm™. Toks poslinkis patvirtina CDHA fazés susidarymg 3GR méginyje,
nes Sios fazés pasizymi skirtingomis fosfaty grupiy vibracinémis savybémis.

Pradinio pirmtako GYP granuliy ir susintetinty 1GR-3GR granuliy
morfologija buvo istirta atlickant SEM analize (zitiréti 14, 15 paveikslus).
GYP granuliy pavir§ius pasiZzymi nevienalyte strukttira, sudaryta i§ daleliy
klasteriy, kurie suformuoja nevienalytj reljefa. Be to, granulés pavirsius
pasizymi mikroporétumu — jame tolygiai pasiskirsCiusios smulkios poros ir
tuStumos (zidiréti 14a paveikslg). 14b Paveiksle matyti neapibréztos formos
2GR granulés kartu su jy ilgio pasiskirstymo histograma. 2GR méginio
granuliy ilgis svyruoja nuo 210 iki 450 pm, o vidutinis granulés ilgis, gautas
iSmatavus daugiau nei 100 granuliy, yra apie 329 pm. 2GR Granuliy pavirsius
sudarytas i$ susipynusiy strypelio pavidalo kristaly (zitréti 14c ir 14d
paveikslus), kuriuos formuoja smulkiis daleliy aglomeratai. Didelio didinimo
SEM nuotraukoje (zitréti 14e paveikslg) aiskiai matyti, kad 2GR granulés
susideda i§ vienaly¢iy, romboedriniy, Mg-WH biidingos formos daleliy, kas
papildomai patvirtina, jog méginys yra vienfazis ir neturi jokiy kity kristaliniy
intarpy ar priemaiSy. Méginyje yra mazy daleliy, kuriy vidutinis dydis yra
mazdaug 70 nm, zymiai didesnis nei kristalito dydis, nustatytas pagal XRD
duomenis. Kiekviena dalelé, matoma SEM, sudaryta i§ daugybés daug
mazesniy kristality. Norint atlikti i§samy granulés vidinés struktiiros SEM
tyrima, 2GR méginys buvo perskeltas (zitréti 14f paveikslg). Granulés vidaus
SEM nuotraukoje matyti romboedriniy, monodispersiniy, mazdaug 90 nm
dydzio daleliy, forma atitinkanciy tas, kurios aptiktos granuliy pavirSiuje.
Skerspjiivio vaizdas atskleidzia tolygia granuliy sudétj visame turyje,
patvirtindamas sékmingg sintezés procesa.
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14 pav. Pradiniy GYP ir 2GR granuliy SEM nuotraukos: (a) GYP granulé;
(b) 2GR granulés kartu su jy ilgio pasiskirstymo histograma; (c), (d), (e)
2GR meéginio skirtingy didinimy nuotraukos; (f) 2GR granulés skerspjtvis,
atskleidziantis granulés viding struktiirg.

Tirpinimo-nusodinimo reakcija prasideda nuo granulés pavirsiaus ir vyksta
link jos wvidaus. De¢l geresnio reagenty pasiekiamumo pirmiausia
intensyviausias nusédimas vyksta pavirSiuje, kur susiformuoja daug smulkiy
griideliy. Tuo paciu metu vidinéje granulés dalyje reakcija vyksta 1éciau,
sudarydama palankias sglygas selektyviam didesniy kristaly formavimuisi.
Dél sio augimo mechanizmo SEM nuotraukose stebimas Mg-WH kristaly
dydzio skirtumas granulés viduje ir iSoréje. Sis reiskinys gali biiti sicjamas su
Ostwaldo brendimu - procesu, kai mazesnés dalelés istirpsta, o didesnés
ilgainiui auga. Si dinamiska tirpimo ir nuosédy susidarymo procesy saveika
itakoja kristaly dydzio pasiskirstyma granuléje.

Susintetinty 1GR ir 3GR méginiy pavirSiaus morfologija buvo tirta SEM
metodu (zilréti 15 paveikslg). Atliktas granuliy pavirSiaus ir skerspjtvio
tyrimas atskleidé reikSmingus skirtumus tarp §iy dviejy méginiy. 1GR
granulés suformuotos i§ lygaus pavirSiaus, netaisyklingos formos tiiriniy
kristaly (15 paveikslo a—d), tuo tarpu 3GR méginio pavirSiuje matyti
romboedriniai Mg-WH kristalai, kuriy dydis svyruoja nuo mazdaug 100 iki
250 nm (ziuréti 15 e-h). Be to, Siame méginyje matyti debeséliy formos
daleliy aglomeratai, priskirti CDHA fazei. Morfologiskai skirtingy daleliy
susidarymas koreliuoja su bifaze 3GR granuliy sudétimi, anksciau nustatyta
XRD, FT-IR tyrimy metu.
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15 pav. 1GR ir 3GR granuliy SEM vaizdai: (a), (b) ir (¢) 1GR méginio
skirtingy didinimy vaizdai; (d) 1GR granulés skerspjuvis; (e), (f), (g) 3GR
méginio skirtingy didinimy vaizdai; (h) 3GR granulés skerspjuivis.

IGR-3GR méginiy pavirSiaus savybéms jvertinti buvo atlikti N>
adsorbcijos-desorbcijos matavimai (16 paveiksle pateiktos 2GR meéginio N
adsorbcijos-desorbcijos bei pory dydziy pasiskirstymo kreivés).
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16 pav. 2 GR méginio N, adsorbcijos-desorbcijos bei pory dydziy
pasiskirstymo kreivés.
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Esant Zemam santykiniam slégiui, adsorbcijos izoterma yra jdubusi p/po
asies atzvilgiu, o tai rodo mikropory uzpildyma, pereinantj i pusiau linijinj
segmentg viduringje atkarpoje ir sparciai did¢janti iki p/po artéja prie 1.
Kadangi adsorbcijos sotis taip ir nebuvo pasiekta, tai siejama su makropory
buvimu. Be to méginyje yra ir mezopory, nes aiSkiai matomas ryskéjantis
siauras tarpas tarp N> adsorbcijos ir desorbcijos kreiviy, atsirandantis
mazinant slégj. Sie stebéjimai aiskiai patvirtina, kad analizuojamame
meéginyje yra jvairiy pory dydziy: tam tikras mikropory ir makropory kiekis,
dominuojant mezoporoms. N> adsorbcijos ir desorbceijos kreivés atitinka misry
ITir IV izotermy tipa su H3 tipo histerezés kilpa. Kaip jau minéta, neporétiems
ir makroporiams adsorbentams biidingos II tipo izotermos, mezoporiy
adsorbenty N> adsorbcijos ir desorbcijos kreivés priskiriamos IV tipui, o H3
tipo histerezés kilpas formuoja nestandziy ploksciy daleliy agregatai,
sudarantys ply$io formos poras, kurios, musy atveju, gali atsirasti dél Mg-WH
daleliy sankaupy arba dél makropory sudaryto pory tinklo méginyje buvimo.
16 paveikslo intarpas vaizduoja pory dydzio pasiskirstymg 2GR méginyje,
apskaiciuotg i§ desorbcijos kreivés, naudojant Barrett—Joyner—Halenda (BJH)
metoda. Méginio pory dydzio pasiskirstymas yra gana platus, o vyraujanti
smailé (vir§iiné ties 4,1 nm) Zymi mezoporas.

1 lenteléje pateikti 1GR-3GR pavyzdziy Sger, mikropory turis (V) ir
bendras pory tiiris (V) dydziai. Pazymeétina, kad 2GR granulés, sudarytos i$
Mg-WH fazés, pasizymi gerokai didesniu Sger, palyginti su milteliais
(Seer=10 m?/g). Didesnis Sger suteikia keletg privalumy, jskaitant didesnj
reaktinguma ir implantavus tokig granulg — geresn¢ saveika su biologiniais
audiniais, o tai gali lemti geresn¢ granulés integracijg ir geresnius gijimo
rezultatus. 2GR pavyzdzio V, ir V, vertés didziausios i$ visy tirty medziagy,
o mikropory tiirio indélis j bendrg Sio bandinio porétumg yra minimalus.

1 lentelé. 1GR-3GR méginiy Sper, V, ir V), nustatyti i§ N adsorbceijos-
desorbcijos matavimy.

Méginys 1GR 2GR 3GR
SgeT (M?/g) 3 40 25
V. (em®/g) 0,0017 0,0026 0,0019
V, (cm?®/g) <nei 0,010 0,095 0,073

Buvo atlikti matavimai Mg-WH antibakterinio veiksmingumo jvertinimui,
nes misy zZiniomis, antibakterinés Mg-WH savybés anks¢iau nebuvo istirtos.
2GR meéginys nebuvo baktericidinis dviem jprastoms bakterijy rusims: E. coli
(gramneigiama bakterija) arba S. aureus (gramteigiama bakterija). Abi
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bakterijos iSliko gyvybingos ir augo ant Luria Bertani agaro, veikiant
cheminémis suspensijomis, net kai jy koncentracija siek¢ 1000 mg/l.
Antibakterinis poveikis nepasireiSké nei po 2 valandy, nei po 24 valandy.
Palyginimui, ZnSO4 buvo baktericidinis E. coli esant 1000 mg Zn/l ir S.
aureus - 10 mg Zn/l po 24 valandy poveikio.

3.3. Skirtingos morfologinés sudéties magnio vitlokito granuliy sintezé i$
skirtingos sudéties pradiniy granuliy

17(a—) paveiksluose pateiktos susintetinty R1—R3, PR1/24h—PR3/24h ir
PR1/48h—PR3/48h granuliy XRD. I§ 17a paveiksle pavaizduoty XRD matyti,
kad vieninése R1 granulése, gautose i§ kalcio sulfato (CS) ir vandens,
misriose R2 granulése, papildomai naudojant (NH4),HPOs, bei R3 granulése
su MgHPO4-3H,0, dominuoja GYP fazé. Tai patvirtina, kad pirmtako CS
milteliai sintezés metu vandeninéje aplinkoje hidratavosi, susidarant GYP
produktui. Augant ir susijungiant kristalams, biriis milteliai sukietéjo j vientisg
bloka, i§ kurio véliau buvo suformuotos granulés. 17b paveiksle pateiktos
PR1/24h, PR2/24h ir PR3/24h granuliy XRD difraktogramos, atitinkamai
gautos i§ vieniniy R1 granuliy ir miSriy R2 bei R3 granuliy, kartu su
standartine Mg-WH difraktograma. Gauti rezultatai atskleidé bifaziy produkty
susidaryma: PR1/24h sudaré Mg-WH ir CDHA fazés, o PR2/24h ir PR3/24h
- Mg-WH ir DCPA fazés. PR2/24h méginyje DCPA kiekis buvo zymiai
didesnis nei PR3/24h. CDHA fazé dazniausiai susiformuoja, esant
aukStesnéms pH reikSmeéms, o Mg-WH - vidutiniskai Zemose pH terpése.
Taciau Siame tyrime visos sintezés buvo atliktos beveik vienodomis pH
sglygomis, o tai rodo, kad CDHA susidarimg méginyje nulémé Ca/Mg
santykis reakcijos tirpale. DCPA fazés buvimas PR2/24h ir PR3/24h
méginiuose rodo, kad Mg-WH, minétyjy méginiy sintezés salygomis, susidaro
palaipsniui per tarpine DCPA fazg. Sj virsma skatina pakankamas magnio
kiekis ir vidutiniskai riigitus pH reakcijos tirpale. Sie eksperimentiniai
rezultatai leidZia teigti, kad reakcijos laikas, pirmtaky ir tirpalo sudéties daro
reikSminga jtaka galutinio produkto sudéciai. PrieSingai, po 48 wval.
susintetinty granuliy (PR1/48h, PR2/48h ir PR3/48h) XRD analiz¢ atskleidé
vienfaziy medZziagy susidaryma (zitiréti 17¢ paveikslg).
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17 pav. Tirpimo-nusodinimo metodu susintetinty R1-R3 (a),
PR1/24h—PR3/24h (b) ir PR1/48h—PR3/48h (c) granuliy XRD.
Difraktogramy smailés identifikuotos pagal standartines GYP, CDHA,
DCPA ir Mg-WH faziy korteles.

Siekiant nustatyti susintetinty vienfaziy PR1/48h—PR3/48h méginiy
struktirinius parametrus, buvo atliktas XRD duomeny patikslinimas,
naudojant Le Bail metodg. Granuliy XRD difraktogramos kartu su Le Bail
tikslinimo difraktogramos kontiiru pateiktos 18 paveiksle. Rezultatai parodé
puikia koreliacija tarp iSmatuoto XRD profilio (raudoni apskritimai) ir
apskai¢iuoto profilio (juoda linija), kurie atitinka Brego padétis (zali
briik$neliai). 2 lenteléje pateikti Mg-WH faziy, susintetinty po 48 val. i$
jvairios sudéties pradiniy granuliy, struktiiriniai parametrai. Gauty produkty
struktiriniai rodikliai buvo tarpusavyje panasis ir gerai atitiko mokslinéje
literatiiroje skelbiamus rezultatus.
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18 pav. PR1/48h (a), PR2/48h (b), and PR3/48h (c) granuliy XRD
difraktogramos su Le Bail tikslinimo konttiru (raudoni apkritimai nurodo
eksperimentinius duomenis; iStisiné juoda linija zymi patikslintus duomenis;
mélyna linija vaizduoja skirtumg tarp eksperimentiniy ir patikslinty
duomeny; Zalios spalvos vertikaliis britk§neliai nurodo Brego padétis).

2 lentelé. Struktiiriniai PR1/48h, PR2/48h, and PR3/48h granuliy parametrai.

Meéginys PR1/48h PR2/48h PR3/48h

a, A 10,38042(44)  10,36717(46)  10,33965(92)

c, A 37,1445(17) 37,1087(17) 37,1038(35)

Gardelés tiiris, A3 3466,21(26) 3454,04(27) 3435,27(54)
R, 2,01 1,82 1,72
Rup 2,68 2,38 2,19
x 1,74 1,39 1,19

Kristality dydis, nm 46 52 17

Siekiant identifikuoti funkcines grupes granulése, buvo atlikta jy FT-IR
analizé. 19(a—c) paveiksle pavaizduoti jvairiomis salygomis gauty produkty
FT-IR spektrai. R1-R3 pirmtako granuliy FT-IR spektruose yra matomos
vibracijos juostos ties 1110 cm™!, 669 cm™' ir 598 ¢m™!, kurios priskiriamos
SO4*” jono tempimo ir lenkimo virpesiams (Zziaréti 19a paveikslg). Silpna
absorbcijos juosta ties 869 c¢cm™! priskiriama vandenilio fosfato (P—O(H))
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grupei, atsirandanciai dél pirmtaky druskose ((NH4).HPO4 ir MgHPO4-3H,0)
esancios P—O(H) grupés absorbcijos.

Granuliy PR1/24h-PR3/24h FT-IR spektruose matomos POs*~ ir HPO4*
funkciniy grupiy absorbcijos juostos (zitiréti 19b paveikslg). Su SO4*~ grupe
susijusiy vibracijos smailiy iSnykimas rodo, kad sulfaty turintys pirmtakai
visiskai iStirpo ir per 24 val. sintezés procesa virto CaP medziagomis. Siuos
rezultatus patvirtina XRD analiz¢, kurios metu nustatytos Sios CaP fazés:
PR1/24h méginyje buvo CDHA ir Mg-WH, PR2/24h ir PR3/24h méginiuose
— DCPA ir Mg-WH fazés (zitiréti 19b paveiksla). Stebimos absorbcijos
juostos ties 1180 cm ™!, 1065 cm ™!, 1011 cm ™! ir 954 cm ™! priskiriamos P-O ir
P-O(H) tempimo virpesiams, susijusiomis su PO,*~ ir HPO4*~ grupémis,
esanciomis CDHA, DCPA ir Mg-WH faziy kristalinése strukttirose.

R1 a ||Pr1/24h b ||pr1/48h c
=[R2 PR2/24h PR2/48h
“
w
(1]
e
>
X
©
©
& [|R3 PR3/24h PR3/48h
| | | | | |
v3.v1(S04) vq.va(S04) vav1(POy) v4v2(POy) v3.v1(POy4) v4.v2(POy)
12’00 10100 350 Séﬂ 1 2’00 10‘00 BII)O 660 TZ‘OD 10’00 BE']O E[IJD

Bangos skaitius cm™)

19 pav. Tirpimo-nusodinimo metodu susintetinty R1-R3 (a),
PR1/24h—PR3/24h (b) ir PR1/48h—PR3/48h (c) granuliy FT-IR spektras.

Méginiy PR1/24h ir PR2/24h virpesiy juosty ties 1065 cm™! intensyvumo
skirtumai padeda nustatyti fazine sudétj. PR1/24h atveju, kurj sudaro CDHA
kartu su Mg-WH faze, padidéjes 1065 cm™' juostos intensyvumas gali bati
siejamas su CDHA faze, nes ji nepasizymi ryskia absorbcija ties Siuo bangos
skai¢iumi. PrieSingai, 1065 cm™! absorbcijos juosta yra ry$ki PR2/24h
méginyje ir vos pastebima PR3/24h meéginyje, kuri atitinka DCPA fazei
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biidingg P-O tempimo vibracijg ir dél Sios sugerties juostos intensyvumas yra
mazesnis. Be to, PR1/24h ir PR2/24h méginiuose yra gana plati sugerties
juosta, kurios maksimumas yra ties 863 cm™!, priskiriama P-O(H) jungties
tempimo vibracijai. Sios juostos isplatéjimas rodo, kad vandenilio fosfato
jonai egzistuoja dviejose skirtingose kristalografinése aplinkose — galimai
dviejose skirtingose CaP fazése. Sugerties juostos ties 601 cm™', 545 cm™' ir
465 cm™! siejamos su Mg-WH faze ir atitinka P-O ir O-P—O junggiy lenkimo
modas. PR1/24h méginio atveju juosta ties 545 cm™! Siek tiek iSplatéja dél
CDHA buvimo ir spektriné juosta pasistiimia ties 560 cm™!. PR1/48h—
PR3/48h granuliy FT-IR spektruose matomos vibracijos juostos ties 1180
cm !, 1065 cm™!, 1011 cm™!, 954 cm ™!, 865 cm ™! ir 600460 cm ™! (zitiréti 19¢
paveikslg). Sios juostos priskiriamos PO4*~ ir HPO4>~ grupiy P-O ir P-O(H)
tempimo ir deformacijos vibracijoms, biidingoms Mg-WH fazés kristalinei
struktiirai.

20, 21 ir 22 paveiksluose pateiktos susintetinty pirmtako R1-R3, produkty
PR1/24h—PR3/24h ir PR1/48h—PR3/48h granuliy SEM nuotraukos. 200—-400
um dydzio pradiniy granuliy su Siurksciais krastais pavir$iy sudaro strypo
formos kristalai, budingi GYP (ziiiréti 20a, b, d, e, g, h paveikslus). Didesnio
didinimo vaizduose matyti, kad granules sudaro atsitiktinai iSsidéste
plokstelés formos kristalai (zitréti 20c, f, i paveikslus). PR1/24h—PR3/24h
netaisyklingos formos granuliy pavirSiaus morfologija pasizymi pastebima
jvairove, kurig lemia tiek pirmtako granuliy sudétis, tick sintezés metu
naudojamos reakcijos tirpalo skirtumai (zitréti 21a, b, d, e, g, h paveikslus).
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20 pav. Pirmtako R1 (a—c), R2 (d—f) ir R3 (g—i) granuliy SEM nuotraukos.

Produkty PR1/48h—PR3/48h granuliy pavir§iy sudaro susipynusios
sferinés ir strypo formos dalelés, suformuotos i§ smulkiy kristaly (zitréti 22a,
b, d, e, g, h paveikslus). Didesnio didinimo SEM mikrografijose Mg-WH
pavirSiuje pastebimi romboedriniai kristality aglomeratai, kuriy vidutinis
dydis yra mazdaug 150-200 nm (zitréti 22¢ ir f paveikslus). 221 paveiksle
matyti, kad PR3/48h meéginys pasiZzymi tankia poréta mikrostrukttira, kurig
sudaro mazdaug 200 nm skersmens ploksteliniy kristaly sankaupos.
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21 pav. Granuliy PR1/24h (a-c), PR2/24h (d-f) ir PR3/24h 22 pav. Granuliy PR1/48h (a—c), PR2/48h (d—f) ir PR3/48h
(g-1), gauty tirpinimo-nusodinimo metodu po 24 val. sintezés, (g—1), gauty tirpinimo-nusodinimo metodu po 48 val.
SEM nuotraukos. sintezés, SEM nuotraukos.
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PR1/24h, PR2/24h, PR3/24h, PR1/48h, PR2/48h ir PR3/48h méginiy
pavirSiaus savybiy tyrimas, atliktas naudojant N> adsorbcijos-desorbcijos
matavimus, atskleidé reikSmingus pavirSiaus ploto ir porétumo skirtumus
(ziuréti 3 lentele).

3 lentelé. Duomenys, gauti i§ N, adsorbcijos-desorbcijos matavimy: Sger, Sext
(iSorinis pavirsiaus plotas), V,, and V,, visy susintetinty produkty meéginiy.

Meéginys PR1/24h PR2/24h  PR3/24h PR1/48h PR2/48h PR3/48h

Sper (mg) 35 4 30 9 11 38
Sext (M?/g) 30 3 27 7 8 35

V,(em¥/g) 0,0020  0,00050 0,0013 0,001l  0,0012  0,0011
V, (em’/g) 0,13 0,010 0,069 0,025 0,027 0,077

Bifazis PR1/24h produktas, sudarytas i§ Mg-WH ir CDHA, pasizymi
didziausiu BET pavirSiaus plotu (35 m?/g) ir bendru pory tiiriu (0,13 cm?/g).
Priesingai, PR2/24h, sudarytas i§ Mg-WH ir reik§Smingo kiekio DCPA, turi
daug mazesnj pavirSiaus plotg (4 m*/g) ir pory tirj (0,010 cm?/g), kas atspindi
tankesng jo pavirSiaus mikrostruktiirg. PR3/24h, kuriame vyrauja Mg-WH ir
tik nedidelis kiekis DCPA, pasizymi tarpinémis savybémis — santykinai
dideliu pavirSiaus plotu (30 m?/g) ir vidutiniu porétumu (0,069 cm’/g).
Vienfazés PR1/48h, PR2/48h ir PR3/48h Mg-WH granulés pasizymi ryskiais
pavirSiaus savybiy skirtumais, atsirandanciais dél skirtingos pirmtaky
granuliy cheminés sudéties ir sintezés salygy. PR3/48h pasizyméjo gerokai
didesniu BET pavirsiaus plotu (38 m?/g), palyginti su PR1/48h (9 m?/g) ir
PR2/48h (11 m?g). Méginiy PR1/48h, PR2/48h ir PR3/48h Sex vertés
atitinkamai yra 7 m?/g, 8 m*/g ir 35 m*g ir gerai koreliuoja su jy specifiniais
pavirSiaus plotais, kas rodo, kad didzioji pavirSiaus ploto dalis yra granulés
iSor¢je. Mikroporos atitinkamai sudaro tik 12 %, 17 % ir 8 % viso $iy méginiy
pavirSiaus ploto, todél akivaizdu, kad juose dominuoja mezoporos. Vienodi
mikropory tiriai visuose méginiuose (V, = 0,0011-0,0012 cm?/g) papildomai
patvirtina, kad medziagoje vyrauja mezoporos. Méginiai taip pat labai skiriasi
bendru pory tariu: PR1/48h V, yra 0,025 cm?/g, PR2/48h — 0,027 cm®/g, o
PR3/48h — 0,077 cm’/g. Zymiai didesnis PR3/48h pory tiris atskleidzia
produkto palyginti labiau pasiekiamg pavirSiy ir gali biiti susijusi su granuliy
pavirsiy sudaranciy daleliy dydziu. PrieSingai, PR1/48h ir PR2/48h pasizymi
daug tankesnémis pavirSiaus mikrostruktiiromis, kurioms biidingas mazesnis
pavirsiaus plotas ir pory turis.
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4. ISVADOS

1. Paprastas, ekonomiSkas ir aplinkai draugiSkas tirpinimo-nusodinimo
metodas leido vienos sintezés metu gauti didelj kieki Mg-WH milteliy
(3,00 g; 89 % iseiga). Mg-WH susidarymas buvo valdomas keiciant
reakcijos trukme, o XRD analizé atskleidé fazinj virsma i§ tarpinés DCPA
1 galuting Mg-WH faze per 72 sintezés valandas. Apskai¢iuota, kad Mg-
WH milteliy vidutinis kristality dydis sieké 34 nm, o kristaliSkumo laipsnis
78 %. FT-IR analiz¢é patvirtino fosfatiniy (PO4*~ ir HPO4*") grupiy buvimg
Mg-WH struktiroje. SEM-EDX analizé atskleidé, kad susiformavo
romboedriniai Mg-WH kristalai, kuriy dydis sieké apie 75—150 nm, o Ca,
Mg, P ir O elementai buvo tolygiai pasiskirste méginyje. Mg-WH méginio
Sger sieké 10 m?/g.

2. Tirpinimo-nusodinimo sintezés metodu i$ pradiniy gipso granuliy vienos
sintezés metu buvo gauta 1,75 g Mg-WH granuliy, naudojant 3,00 g
pirmtako. Jvertinus pH jtaka produkto sudéciai, nustatyta, kad grynas Mg-
WH susidaro esant pH 6,2, o fazés grynumg patvirtino XRD, Le Bail
strukttiros patikslinimas ir FT-IR spektroskopija. Susintetinty Mg-WH
granuliy kristaliSkumo laipsnis sieké 60 %. SEM analizé atskleidé, kad
granuliy vidutinis dydis buvo apie 329 um, o jos sudarytos i§ romboedriniy
daleliy, kuriy vidutinis dydis sieké apie 70 nm. BET analizé parodé¢, kad
Mg-WH granulése vyrauja mezoporos, o jy Sger lygus 40 m%g. XRD ir
Rietveldo struktiiros patikslinimas patvirtino bifazio meéginio,
susidedancio i§ 37 masés % Mg-WH ir 63 masés % CDHA faziy
susidaryma esant reakcijos pH 6,7. Svarbus optimizuoto sintezés metodo
privalumas yra galimybé gauti vienfazes arba bifazes medziagas.

3. Mg-WH granulés buvo pagamintos, naudojant tirpimo-nusodinimo
metoda i$ trijy skirtingy pradiniy granuliy, susidedanciy i$ skirtingy kiekiy
diamonio vandenilio fosfato, magnio vandenilio fosfato ir gipso. Buvo tirta
reakcijos trukmés jtaka produkto sudéciai, morfologijai ir pavirSiaus
savybéms. XRD analizés rezultatai parodé, kad bifazés granulés (Mg-WH
su CDHA arba Mg-WH su DCPA) susidaré po 24 valandy, o vienfazés Mg-
WH granulés buvo gautos po 48 sintezés valandy. FT-IR analizé patvirtino,
kad tarpiniuose produktuose yra Mg-WH, CDHA ir DCPA budingy
funkciniy grupiy, taciau galutinése Mg-WH granulése Sios grupés jau
nebuvo aptiktos. SEM analiz¢ atskleidé, kad pradiniy ir produkty granuliy
morfologija akivaizdziai skiriasi, pastaryjy pavirSius suformuotas i
susipynusiy sferiniy ir strypeliy formos aglomeraty, sudaryty i§ smulkiy
Mg-WH kristaly, kuriy vidutinis dydis sieké apie 150-200 nm. Tyrimas
atskleide, kad Mg-WH granuliy pavirSiaus plotas ir porétumas priklauso
nuo pradiniy medziagy sudéties ir sintezés trukmés.
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Statusas

Pagrindinés veiklos
ir atsakomybés

Darbovietés
pavadinimas ir
adresas

Darbovietés veiklos
sritis arba ukio Saka

ISsilavinimas
Laikotarpis
Kvalifikacija
Istaigos, kurioje
igytas issilavinimas,
pavadinimas
Laikotarpis
Kvalifikacija
Istaigos, kurioje
igytas issilavinimas,
pavadinimas
Laikotarpis
Kvalifikacija

Istaigos, kurioje
jgytas $silavinimas,
pavadinimas

Kalbiniai jgudziai
Gimtoji kalba
Kitos kalbos

Praktikanté

Augaliniy eteriniy aliejy cheminé¢ analizé. Dirbau
su dujy chromatografu, spec. distiliavimo jranga.

Chemijos Institutas, A. Gostauto g. 9, Vilnius

Chemijos mokslo ir technologijy plétra, siekiant
padidinti chemijos bei jai giminingy sri¢iy Ziniy
fonda ir taikyti ji visuomenés gyvenimo kokybei
gerinti.

Nuo 2019 m. iki dabar
Chemijos doktoranté

Vilniaus universitetas, Chemijos ir geomoksly
fakultetas, Naugarduko g. 24, LT — 03225, Vilnius

2007 — 2009 m.
Chemijos magistro laipsnis

Vilniaus universitetas, Chemijos fakultetas,
Naugarduko g. 24, LT — 03225, Vilnius

2003 —2007 m.
Chemijos bakalauro laipsnis

Vilniaus universitetas, Chemijos fakultetas,
Naugarduko g. 24, LT — 03225, Vilnius

Lietuviy

Angly: Bl lygis
Rusy: A2 lygis

135



Vilniaus universiteto leidykla
Saulétekio al. 9, III rimai, LT-10222 Vilnius
El p. info@leidykla.vu.It, www.leidykla.vu.lt

bookshop.vu.lt, journals.vu.lt

Tirazas 20 egz.


http://www.leidykla.vu.lt/
https://bookshop.vu.lt/
https://journals.vu.lt/



