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During the last years, nanostructured ceramics have been favored for use in the industry due to
their beneficial properties. For example, calcium phosphate ceramics with their biocompatible
and bioactive characteristics are beneficial in biomedicine. On the other hand, silica-based
nanoporous materials with large specific surface areas are efficient in adsorption applications.
In such materials, the structure is the basis for efficiency in the mentioned applications.
This investigation was conducted to understand the structure and its relation to the synthesis
process. Two types of materials were investigated: silica-based nanoporous materials under the
family name of Quartzene® and calcium phosphate ceramics. We have used different analysis
methods, e.g., electron microscopy, nitrogen adsorption, and x-ray diffraction, to characterize
the materials and understand the structure. We observed that similar synthesis processes could
lead to different structures that were efficient for different applications, e.g., adsorption. The
relation between the structure of Quartzene® and its efficiency in the adsorption application is
discussed. Various factors (e.g., cleaning method and the storage time/conditions) influenced
the resulting structures. Calcium phosphates were produced in aqueous solutions, and the
effect of residual ions combined with various reaction temperatures and time was studied. We
observed that the combination of residual ions and varying reaction temperature and time could
influence the formation of the intermediate phase, octacalcium phosphate (OCP), and dicalcium
phosphate dihydrate (DCPD), and particle size when the starting ion concentrations were fixed.
High reaction temperature (60 °C) induced OCP and higher precipitation efficiency. For future
investigation, fine-tuning the synthesis process is recommended to enhance the structure of the
materials suitable for industrial use.
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1 Introduction 

Nanostructured ceramics are advanced ceramic materials with structural 

features at nanometer-scale (1-100 nm). The size and composition can be con-

trolled to create structures with improved properties and functions than their 

bulk form. These materials have unusual properties, such as low thermal con-

ductivity, high absorbance, superplasticity, machinability, strength, tough-

ness, and bioactivity, making them efficient for industrial applications, rang-

ing from insulation to filtration, paints, pigments, bioengineering, and sen-

sors [1–5]. Their properties depend on the synthesis technique and processing 

parameters. There are different ways to synthesize nanostructured materials, 

e.g., solution, solid-solid, solid-gas reactions. Various synthesis processes can 

provide distinct structures that influence the efficiency in mentioned applica-

tions. Also, any transformation in the system during the washing, storage, and 

drying processes can affect the material properties. Thus, understanding its 

structure and relation to efficiency is essential to improve materials synthesis. 

 

In this investigation, we studied two different types of nanostructured ce-

ramics made via solution-based synthesis processes: silica-based nanoporous 

materials and calcium phosphates. The aim was to understand the structure of 

the materials and relate it to the synthesis variables. A portion of this project 

was industry cooperation, where we investigated a commercial silica-based 

material called Quartzene® and tested its efficiency in adsorption applica-

tions. 

A diagram illustrating the general aim of the Research and Development 

(R&D) is presented in Figure 1. The current study was part of this investiga-

tion process to understand relations between synthesis and structure as the first 

step in improving material's synthesis and resulting performance properties. 
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Figure 1 Research diagram: The synthesis method leads to a structure with distinct 

properties efficient for a specific application. The R&D aims to understand these 

processes, find the existing relationships between them and correlate the results, 

providing a model of the structure, which helps to fine-tune the synthesis and im-

prove the structure for optimal efficiency [6]. 

 



 

  13 

2 Scope and objectives of the thesis 

This study investigated nanostructured inorganic materials made by the 

precipitation method to understand the synthesis processes and their proper-

ties. In such materials, the synthesis pathway strongly impacts the resulting 

material’s particle size, phase, and morphology, which may also affect the im-

plementation in a large-scale process. Therefore, we investigated different 

synthesis pathways and resulting structures. We have used two materials for 

this approach: nano/mesoporous silicas and calcium phosphates. Understand-

ing the synthesis and structure of these materials will help fine-tune the design 

for higher efficiency in the applications.  

 

The present thesis focuses on the following specific objectives: 

 

1. First, we investigated silica-based nano/mesoporous materials produced 

by different synthesis pathways. Understanding the connection between 

synthesis, structure, and properties helps improve the synthesis in an iter-

ative approach. In this case, particular focus was given to storage time 

combined with the washing method. We had the opportunity to test the 

material in some applications (e.g., adsorption). 

 

 To characterize the produced materials under advanced analytical 

techniques, e.g., Nitrogen Adsorption, X-ray Diffraction (XRD), 

Electron Microscopy (EM).  

 To get a better understanding of the current material’s structure.  

 To relate properties to the efficiency in the application (e.g., adsorp-

tion in gas/liquid media).  

 To understand the storage/aging effects. 

 

 

2. Second, we studied calcium phosphates synthesized via the precipitation 

process. The synthesis pathway was varied to see the results in the struc-

ture. In this case, particular focus was given to the washing process com-

bined with reaction time and temperature. 
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 To relate the synthesis and resulting structure.  

 To understand the washing effects in combination with reaction time 

and temperature.  
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3 Nanoporous materials and their applications 

Nanoporous materials are advanced materials that have a porous structure 

where the pores are in a nanometer scale (1-100 nm). High porosity results in 

a lower density in such materials. It is also possible to introduce other materi-

als into the pores, making the same physical dimension multi-functional. 

These outstanding properties are practical in many industrial applications such 

as insulation and purification [7] [8]. They are categorized based on their pore 

size, according to the International Union of Pure and Applied Chemistry (IU-

PAC) [9]: 

 Microporous materials: 0.2–2 nm 

 Mesoporous materials: 2–50 nm  

 Macroporous materials: 50–1000 nm 

 

The insulation efficiency of nanoporous materials is owed to their porous 

structure. The heat transfer gets interrupted by pores that hold air/gas, with 

lower thermal conductivity, and therefore, they are efficient for insulation and 

energy applications [10]. Their efficiency as an adsorbent is related to the sur-

face area, pore and particle size, and chemical structure. Activated carbon is a 

nanoporous material with a high surface area [11]. The porous structure of 

carbon elevates when heated and oxygen treated and is called activated car-

bon. It is utilized for water and air purification [12] [13]. Other common ad-

sorbents with a high surface area are silica gel and molecular sieves. Further-

more, in oil purification, nanoporous adsorbents are used to remove oil resi-

dues in the final stages of the filtration process [14].  

 

Therefore, investigating nanoporous materials is necessary to develop new 

products and technologies for industrial use suitable for energy and environ-

mental applications. Table 1 illustrates examples of the nanoporous materials 

utilized in the industry. 
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Table 1 Characterization table of some example nanoporous materials [15]. 

Material Density 

(kg/m3) 

BET sur-

face area 

(m2/g) 

DFT Pore 

size (nm) 

Particle size* 

(µm) 

Porosity 

% 

Quartzene®-CMS 100–150   100–450 2–20 2–14 93-96 

Quartzene®-ND 40–120 350–550 1–10 2–14 95-98 

Quartzene®-Z1 70–100 300–800 1–50 2–14 95-97 

Silica Aerogel [16] 3-350 600-1000 20-40 7-70 95-99% 

Activated carbon 250-650 800-50002 0.5-15 45-180 60-70  

Zeolite  [17]  [18] 700-1100 1-950 0-10 - - 

*Powder particle size.  

3.1 Mesoporous silica  

Mesoporous silica is a synthetic amorphous silica-based material with a 

porous structure. The word mesopore refers to pores 2-50 nm according to  

IUPAC [9]; it belongs to the synthetic amourphous silica (SAS) type of mate-

rials according to European Chemical Industry Council (CEFIC) [19]. Meso-

porous materials are utilized as adsorbents and catalysts in applications like 

healthcare, optical sensing, environmental remediation, catalysis [20–23]. The 

internal and external structures can be functionalized for improved efficiency 

in various applications. Santa barbara amorphous (SBA-15 [24], Hiroshima 

mesoporous material (HMM-33) [25], Mobil composition of matter (MCM-

41) [26], Mesoporous zeolites, Aerogel, and Quartzene® are among the well-

known mesoporous silicas. Such Materials are produced via hydrolysis and 

condensation of the silica source; a surfactant is usually used to create the 

mesoporous structure. Factors such as reagent choice and concentration, pH, 

temperature, and synthesis time should be controlled to obtain the desired 

structure.   

3.1.1 Aerogel 

Aerogel is a synthetic porous material derived from a gel and dried via su-

percritical drying (SCD). It has properties such as low density, transparency, 

very low thermal and sound conductivity [16]. It is efficient in applications 

such as insulation to filtration [27,28]. S. S. Kistler first made aerogel in 

1931 [29], and many other researchers have investigated it. Due to brittleness 

and fragility, and the hazardous silica sources used in aerogels such as Tetra-

ethyl orthosilicate (TEOS) and Tetramethyl orthosilicate (TMOS)   [16] and 
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complex and time-consuming drying process with high costs [30], silica aer-

ogels are limited for industrial production. Researchers investigated methods 

to create flexible aerogels, e.g., polymer doping [31], reducing bond utilizing 

suitable silica sources [32], modifying the drying method such as evaporative 

drying techniques [31]; however, it caused drawbacks such as reduced trans-

parency and increased density and thermal conductivity [33].  

 

3.1.2 Quartzene®  

By the late 1990s, Sjöström et al. at Department of Building Materials 

Technology, Royal Institute of Technology (KTH), Sweden, investigated 

methods to design an environmentally friendly material similar to aerogel but 

made via a less complicated drying technique and hence cost-efficient. They 

investigated low-cost silica sources and drying techniques to synthesize a ma-

terial with similar to silica aerogel properties but cost-efficient and with low 

environmental impact for industrial use. They synthesized calcium-magne-

sium silicate (CMS), a silica-based mesoporous material dried at ambient 

pressure as a porous powder, see Table 1 and [34]. The material was analyzed 

as a molecular adsorbent and demonstrated promising results [35]. It has also 

been impregnated for optimal efficiencies in capturing pollutants originating 

from combustion [36]. The second material produced by Sjöström et al. is 

called Z1 [37], a highly porous material with a wide range of pore sizes, low 

density, low thermal conductivity (24-26 mW/m⸳K), and a high surface area, 

efficient for thermal insulation (Table 1). It has been investigated for insula-

tion of buildings in vacuum insulation panels [37] and utilized in the paint for 

insulating paint and coating. Quartzene® is the commercial name for the men-

tioned family of nanoporous silica-based materials.  

3.2 Motivation and aim of this investigation 

Silica-based nanoporous materials are promising for adsorption applica-

tions. The synthesis process provides the basis for the resulting structure. It is 

essential to understand the material’s structure that leads to efficiency. For this 

reason, we investigated a silica-based nanoporous material structure and dis-

cussed the relation to synthesis. The aim was to understand the connection 

between synthesis, structure, and efficiency and support industrial use in a 

broader context.  

The questions to be answered in a broader context are: 

-How does the current material’s structure look? 

-Why is it efficient in the application? 

-How do additives (e.g., binder and doping agent) affect the structure? 
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In this investigation, we have tried to answer the above first question and 

provide a hypothesis for the second; the information gained here is a basis to 

improve the material’s synthesis in an iterative process, fit for the application. 

See the general aim of the R&D presented in Figure 1. 

3.3 Experimental 

3.3.1 Synthesis of silica-based nanoporous materials 

 

In this investigation, we prepared the materials via a precipitation reaction. 

Different pathways used in the synthesis process can lead to different materi-

als: 

1. A calcium-magnesium silicate called Quartzene® CMS was made as 

follows: the precipitation reaction was initiated by mixing an alkali 

silicate solution (i.e., dilute sodium silicate solution) with a salt solu-

tion containing divalent or polyvalent metal cations (i.e., MgCl₂ and 

CaCl₂), at room temperature. The synthesis process is characterized 

as coagulation described in the patent [38]. The obtained gel was then 

rinsed/washed in water via a vacuum filtration process to remove re-

sidual reaction products/excess ingredients. That led to a paste with 

15% dry content that was dried under an ambient pressure drying 

(APD) technique to achieve approximately 90% dry content. 

2. We prepared nanoporous silicon dioxide via the following synthesis 

pathway: precipitation reaction was initiated by mixing activated so-

dium silicate with sodium chloride at room temperature, followed by 

washing and drying process as explained above. Quartzene® ND and 

Z1 were produced varying the synthesis factors, i.e., silica source ac-

tivation level and salt concentration.  

 

The paste obtained after the washing was mixed with water, spray dried, 

and directed through a nozzle (1.5 mm in diameter) into a hot air chamber. 

The powder particles were collected in the chamber outlet.  

 

All starting chemicals are water-soluble. As mentioned above, it is possible 

to produce several types of nanoporous silica materials with various structures 

if the solutions are: 

 Prepared carefully, considering reagents purity, tap or deionized 

water. 
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 Mixed under controlled conditions, i.e., reaction time, reaction 

temperature, mixing speed, mixing order. 

 Monitored during the process, i.e., pH, electrical conductivity, par-

ticle size. 

 

Z1 type was identical to traditional aerogels, while CMS and ND were par-

ticular and tailored for special applications.  

 

The material can be further processed such as: 

 

Functionalization/Impregnation: 

 To enhance the material with specific charge sites and chemical con-

ditions to attract pollutant gas molecules.  

 To produce hydrophobicity by grafting organosilanes onto the free si-

lanol groups, as described in Paper I. 

 

Granulation can also be used depending on the application’s requirements. 

 

Controlling the reactions is challenging when adopting these processes to 

larger scales. The step-wise ramping up of capacities is one of the methods 

used for the larger-scale process.  

 

Figure 2 illustrates the synthesis process in the a) lab and b) large scale (see 

also Paper I). 

 

 

 
(a) Synthesis in the lab 
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(b) Process flow at large scale applications 

Figure 2 Basic scheme for the synthesis process of silica-based nanoporous materi-

als a) Synthesis in the lab, b) Process flow at a large scale [15]. 

3.3.2 Experiments on the effect of cleanliness on the structure 

The salt solution acts as a catalyst to speed up the reaction, which gets 

washed out later; otherwise, the reaction may continue and cause changes in 

the phase composition. Therefore, the washing step is crucial, especially for 

porous materials, to ensure that the pores are free of salt. 

 

In this investigation, we measured the electrical conductivity of the paste 

to confirm the removal of residual ions. To achieve this, we ensured the num-

ber of dissolved ions in solution during the washing step was decreased as 

much as possible.  

 

Depending on the water used in the synthesis (distilled or tap water), and 

the washing process (e.g., centrifuged or filter cleaned), the time of stirring in 

water before filtration or the number of repetitions of the washing step, the 

cleanliness/residual-content of the resulting material may be different.  

 

We prepared the material to analyze the silica-based samples: (1) as usual 

and called it ND, (2) filtered a couple of times using distilled water, called it 

Superclean ND. Both samples were spray-dried and characterized as powders. 
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3.3.3 Experiments on the effect of time/storage condition on the 

porous structure 

 

To investigate the effect of time and storage conditions, we designed the 

following experiments. 

 

Storage in paste form: The paste sample (ND) was washed via vacuum 

filtration and divided into two parts: (1) dried immediately, (2) stored in a 

closed bottle at room temperature and dried after several specific periods. All 

samples were analyzed immediately after drying, see Table 2. 

 

Table 2 Samples of ND type Quartzene® in paste form and storage times [6]. 

Paste Sample Dried after 

ND 6 21 Days 

ND 7 42 Days 

ND 8 70 Days 

 

Storage in powder form: A sample was prepared using deionized water 

and washed a couple of times to reduce impurities and their effects on the 

structure during the storage time (this was confirmed by measuring the con-

ductivity after every wash). The sample was then dried and stored under dif-

ferent conditions, as shown in Table 3, and characterized after 26 days of stor-

age.  

Table 3 Storage conditions of the ND powder [6]. 

Sample Storage condition 

1 1. Heated in oven (150ºC for 24h) to ensure the 100% dryness. 

2. Kept under vacuum degassing (34ºC). 

2 1. Heated in oven (105ºC-for 24h) for 100% dryness. 

2. Stored in closed sample tube inside the fume hood. 

3 1. Stored in closed sample tube, at room temperature. 

4 1. Stored in oven (105ºC) 

3.3.4 Analysis methods for general assessment 

To obtain a general assessment of the materials and confirm the structural 

analysis results, the laser diffraction method was used for particle size meas-

urements [39] [40]; tapped density method for density measurement of pow-

der samples [41]; thermal conductivity analysis was done using guarded hot 

plate and heat flow meter by Karami et al. [42] [43]; and transient plane source 
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(TPS) methods [44]. Via TPS, we placed the powder in a cylindrical holder 

and applied pressure over the material to make it as compact as possible, see 

Figure S1 in the supplementary document and [45]. Adsorption analyses in 

the liquid and gas phase were conducted by Zareh Topalian and Andra Luca 

Tasca as described in Papers I, II, and III.  

3.3.5 Structural analysis methods 

Nanostructured materials are complex systems whose functionality ema-

nates from their multiscale structure. Analyzing the structure is essential to 

understanding the structural properties of these materials, such as phases, pore 

sizes, shapes, morphology, which are essential to understanding their perfor-

mance in different applications. 

 

Silica-based materials in this investigation are highly porous structures that 

contain different pores appearing at different scales (from a few nm to hun-

dreds of µm range). We used different techniques to characterize the material 

to achieve an overview of the porous structure and thoroughly analyze the 

material over the whole range. For this purpose, the material structure was 

characterized using Nitrogen Adsorption and Electron Microscopy (EM) 

methods.  

The objective was to use the information from different methods to de-

scribe the resulting system and enable a correlation between synthesis and 

structure. 

3.3.5.1 Using the nitrogen adsorption method for analysis of the porous 

structure 

Porosity is one of the main properties of porous materials. Having pores in 

the structure increases the sample’s overall surface area, making it efficient in 

many applications. The nitrogen adsorption method was used in this investi-

gation to analyze the porous structure of the silica-based materials prepared, 

as described in section 3.3.1. When using the nitrogen adsorption method, the 

specific surface area is determined by the physical adsorption of a gas on the 

solid surface. Both physical and chemical adsorption can accrue when the gas 

molecules meet the adsorbent. Physical adsorption happens via relatively 

weak forces (van der Waals) between the gas molecules and adsorbents. In 

contrast, chemical adsorption accrues via the chemical reaction between the 

gas and adsorbent molecules; material characteristics combined with analysis 

temperature and pressure influence this process.  

 

When gas molecules enter the pores, they first form a monolayer on the 

surface of the adsorbent material due to physical adsorption. Langmuir’s the-

ory calculates the surface area when monolayer gas adsorption accrues due to 
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physical adsorption [46] [47]. The gas molecules may then continue creating 

more than one layer on top of each other resulting in an interaction between 

the gas molecules that leads to gas condensation to the liquid phase called 

capillary condensation [47].  

 

This study used the nitrogen adsorption method and calculated the specific 

surface area according to Brunauer, Emmet, Teller (BET) theory [48]. BET 

theory assumes a homogeneous surface, with no internal interactions between 

molecules, and an equilibrium between the upper most layer and vapor phase, 

and the number of layers becomes infinite at the saturation pressure; the Lang-

muir equation is used for each layer; the BET equation is as below: 
𝑝/𝑝ₒ

𝑛(1 − 𝑃/𝑃ₒ)
=

1

𝑛ₘ𝐶
+
𝐶 − 1

𝑛ₘ𝐶
(𝑃/𝑃ₒ) 

n: a specific amount of the adsorbed gas at the relative pressure P/Pₒ 

nₘ: monolayer capacity of the adsorbed gas 

P: pressure 

Pₒ: saturation pressure of a substance being adsorbed at the adsorption tem-

perature. 

C: BET constant  

 

According to IUPAC [9], the physisorption isotherms are grouped into six 

types (e.g., Figure 2 in [49] classification of physisorption isotherms by IU-

PAC ). Among these, type IV is standard for mesoporous materials. The nₘ is 

then calculated in the BET equation, considering the recommendations given 

by Rouquerolt et al. [9] The BET specific surface area (as) follows: 

 

as  = nₘ. L. σₘ/m 

 

L: Avogadro constant 

m: Mass of adsorbent 

σₘ: Molecular cross-section area 

 

The nitrogen adsorption analysis was conducted at 77K using a Mi-

cromeritics Tristar 3200. The sample (dried powder) was accurately weighed 

between 0.15 and 0.5 g and added to a sample tube with a known volume. The 

sample tube was then connected to a degassing system applying a vacuum at 

elevated temperatures (150°C) for 24 hours. The analysis started by introduc-

ing N2 to the pores. The adsorbed gas volume was then measured at the boiling 

point of nitrogen (77K). The adsorption-desorption points were collected for 

the isotherm in the relative pressure range 0–0.99. The specific surface area 

was then calculated according to BET theory [48]. 
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Physical adsorption is used for analyzing nanoporous materials. However, 

it has some drawbacks resulting from physical phenomena such as adsorbate 

phase transitions and monolayer formation in combined micro-and mesopo-

rous materials, contributing to the adsorption isotherm that pore size determi-

nation models do not calculate. Researchers investigated the conventional 

models for analyzing the pore size distributions from adsorption isotherm, 

BJH (Brunauer-Joyner-Halenda) [50], HK (Horvath and Kawazoe) [51], SF 

(Saito-Foley)  [52]. They confirmed that the models are useful but only apply 

to a given part of the adsorption isotherm [53]. New models such as (NL) DFT 

(Non-local density functional theory) [54] have been developed for well-or-

dered systems (rigid pores with a well-defined shape). However, they are lim-

ited when analyzing complex systems with multiscale pores and undefined 

shapes, such as nanoporous materials in this investigation. Sing [55] sug-

gested the nitrogen adsorption method for use in quality control of the nanopo-

rous materials as a semi/quantitative evaluation. Therefore, a complementary 

method is needed to fully understand the structure of such materials. 

 

3.3.5.2 Electron microscopy methods for nanostructure 

The electron microscopy (EM) method allows imaging the morphology, 

porous structure, chemical composition and thus analyzing complex systems. 

We have used this method to complement the nitrogen adsorption method and 

understand the structure of the materials. 

Scanning electron microscopy (SEM) 

In a modern SEM, an electron beam emits from an electron source and gets 

focused at the sample surface to a typical beam diameter of about 1 nm. The 

beam electrons interact with the sample atoms and produce signals that are 

detected and turned into a scanning image. According to the received signals, 

different information can be obtained. In the case of detecting secondary elec-

tron signals, the image contains topographic information, and in a backscat-

tered electron image, chemical composition contrast is observed.  

 

Using SEM allows viewing the structure in high magnification, from a few 

nm to µm. We have used a Zeiss Merlin SEM instrument to analyze samples, 

understand the morphology and hierarchy of pores, and measure their size. 

Energy-dispersive X-ray spectroscopy, EDX, was used for elemental analysis. 

This method allows identifying and quantifying the elements in a sample in a 

range from B to U. Gatan Digital Micrograph and ImageJ were used to analyze 

the SEM images. 
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The sample preparation for SEM analysis of the silica-based powder in-

cluded attaching a double-sided carbon tape to the sample holder blowing the 

powder samples to the sample holder via a pipet inside a fume hood. We used 

N2 gas to blow out the excess particles from the sample holder.  

 

Transmission electron microscopy (TEM) 

In TEM, the electron beam is shaped by the condenser lens system to form 

either a parallel electron beam (TEM mode) or, similar to the SEM, a focused 

electron probe (Scanning TEM or STEM mode). In TEM mode, the parallel 

electron beam impinges on the sample and either transmits through the sample 

(transmitted electron beam) or gets scattered due to interaction with the sam-

ple atoms. For thin samples, mainly used in this work, most of the electrons 

get scattered elastically, i.e., without losing energy. In some inelastic scatter-

ing events, X-rays are emitted. An EDX detector allows for chemical compo-

sitional analysis in the TEM. This method was occasionally used in this work.  

 

A CCD camera records the TEM images projected by the objective lens 

and a subsequent projector lens system. When the parallel incident beam is 

directed to the sample, the Fraunhofer diffraction pattern formed on the back 

focal plane of the objective lens provides information concerning the crystal-

line phase of the sample. 

 

Sample preparation for TEM analysis of silica-based powder involved pre-

paring a solution, powder mixed with ethanol, 1 mg/ml. The sample was then 

ultrasound treated for 10 minutes. One drop of it was dried on a carbon grid 

(400 Mesh continuous carbon grid) in RT.  

The samples in this thesis were analyzed using phase contrast and bright 

field imaging modes. 

 

Phase-contrast imaging 

 

Phase-contrast imaging was used to analyze the samples in the TEM. In 

phase-contrast imaging, electrons transmitted directly or scattered elastically, 

coming from one point in the sample, are focused on one point in the image 

plane. The phase changes of the direct and scattered electron beam change 

during the scattering/transmission process and along the trajectory of the elec-

trons through the objective lens. These phase changes determine the intensity 

of a point in the image plane. This contrast mechanism is sensitive to sample 

properties such as thickness, orientation, scattering cross-section of the atoms 

in the sample. 
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Bright-field imaging 

 

When the beam interacts with the sample, the electrons are absorbed/scat-

tered, or transmitted. In the bright-field (BF) mode of the TEM, an aperture is 

placed in the back focal plane of the objective lens, such that only the directly 

transmitted electron beam can pass through the aperture hole. In this case, the 

image results from a weakening of the direct beam by its interaction with the 

sample. Therefore, mass-thickness and diffraction contrast contribute to im-

age formation: dense areas, areas in which heavy atoms are enriched, and crys-

talline areas appear with dark contrast. TEM bright-field images can charac-

terize the sample size, morphology, and crystal structure. Particle mass and 

crystallinity are the most common sources of image contrast.  

3.4 Results 

Silica-based nanoporous materials, with different synthesis pathways, un-

der the family name of Quartzene® were synthesized and characterized in this 

study. We characterized the material’s structure using different analysis tech-

niques described in section 3.3 and investigated its influence on the structure 

of the resulting material, e.g., the effect of storage condition and washing pro-

cess. Paper-I, II, and III discuss the relation between the silica-based mate-

rial’s structures and efficiency in the application, e.g., liquid filtration. 

3.4.1 General assessment of silica-based materials 

In this investigation, we produced three different silica-based materials us-

ing different synthesis pathways (Quartzene® CMS, ND, and Z1) and charac-

terized them with different analysis techniques as described in section 3.3.  

 

Table 4 Characterization table of the produced silica-based materials [15]. 

Material 

Density 

(kg/m3) 

BET sur-

face area 

(m2/g) 

DFT 

Pore size 

(nm) 

Particle 

size (µm) 

Porosity 

% 

Quartzene® CMS* 100–150 100–450 2–20 2–14 93-96 

Quartzene® ND* 40–120 350–550 1–10 2–14 95-98 

Quartzene® Z1* 70–100 300–800 1–50 2–14 95-97 

*CMS, ND, and Z1 are various types of Quartzene® material synthesized as described 

in section 3.3 and Paper I. 
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According to Table 4, the density of the materials is between 40-150 kg/m3 

ND is the lightest. All three materials were highly porous with a surface area 

range between 100-800 m2/g. CMS (100-450 m2/g) covered the lower part, 

and Z1 (300-800 m2/g) covered the upper part of this range. The observed 

variation was due to the susceptible synthesis process (mixing, washing, and 

drying). The materials’ pore size varied between 1-50 nm, classified as a na-

noporous material by IUPAC [49]. All three materials had pores in the meso-

porous range (2-50 nm). However, ND and Z1 also had micropores (0-2 nm). 

All three types were highly porous materials with 94-96% porosity. The par-

ticle size was between 2-14 µm for all three materials. The analysis method 

was described in [40,56]. Figure 3 illustrates the results for a sample of each 

type (Quartzene® ND, CMS, Z1). There is a slight increase in the sizes ob-

served, respectively ND, Z1, and CMS, see D90 in Figure 3, which is in good 

agreement with the density values reported in Table 4, CMS with bigger par-

ticle size has a higher density than ND and Z1. EM methods can also measure 

the particle size, see section 3.4.3.1. 

 

 

Figure 3 Laser diffraction analysis results for one example sample of CMS, Z1, and 

ND type Quartzene®. Dx is the diameter representing the intercepts for 10%, 50%, 

and 90% of the cumulative mass [6]. 

Z1 has a broad pore size (1-50 nm according to BET) and is the best thermal 

insulator compared to ND and CMS. The thermal conductivity of Z1 is 30-33 
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W/m∙K when measured as powder and 29-31 W/m∙K when condensed to half, 

indicating that the compaction decreased the material’s thermal conductivity. 

Karami et al. [37] reported 24-26 W/m∙K for Z1 measured via guarded hot 

plate, indicating that the measurement method can impact the results. CMS 

and ND had significantly higher thermal conductivity than Z1. 

3.4.2 Porous structure of the silica-based materials 

The porous structure is the leading property of mesoporous materials such 

as the silica-based materials in this study. Surface area and pore size are usu-

ally calculated by physical adsorption analysis on the material. The nitrogen 

adsorption method was used to analyze the porous structure in this investiga-

tion. We used BET and DFT theories to calculate the surface area and the pore 

size and classified the material according to the physical adsorption/desorp-

tion isotherms recommended by IUPAC  [49]. The BET surface area and pore 

size of materials are provided in Table 4. A range of values was reported in 

Table 4 for each material, indicating the analysis method is sensitive, e.g., 

operator dependent. Table 5 illustrates the nitrogen adsorption results for an 

example sample of CMS, ND, and Z1. 

 

Table 5 Nitrogen adsorption analysis results for example samples of Quartzene® [6] 

Sample BET surface 

area (m2/g) 

DFT Pore 

width (nm) 

Pore volume * 

(cm3/g) 

CMS-04,24 322 5.8 0.51 

Z1-F01 834 - 0.80 

ND-lab 02 558 1.3 0.35 

*Single point adsorption total pore volume of pores less than 195 nm width at 

p/po=0.99 

 

According to Table 5, the surface area of all three samples was relatively 

high, and the higher surface area corresponded to a material with smaller pore 

size.  

The adsorption/desorption and relative pressure data plotted isotherms in 

Figures 4a, b, and c, are for CMS, ND, and Z1, respectively. According to the 

six types of isotherms defined by IUPAC [57], type IV corresponding to mes-

oporous materials is the most similar to Figure 4. 
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Figure 4 Physisorption isotherms for a) CMS, b) ND c) Z1 [6] 

According to Figure 5, Z1 has a broad pore size distribution with pores 3-

100 nm; a couple of peak points were observed in this sample of Z1, indicating 

the pore size variations. ND has pores of 1-10 nm, with a peak at 1-3 nm in 

this particular sample. CMS with pores between 3 -100 nm has a broad size 

range with a broad peak around 20 nm in this sample. 

Figure 5 DFT plots for CMS, ND, and Z1 types of silica-based materials [6]. 

 When analyzing the adsorption isotherms, we tried to choose an adsorption 

model that best fits the experimental results. The standard deviation of the fit 

was negligible. 

3.4.3 Structural analysis of silica-based samples 

The electron microscopy method analyzed pores and particles in the mate-

rial’s nanostructure. This method has been utilized to complement the nitrogen 

adsorption results and better understand the nanoporous structure. 

3.4.3.1 Scanning electron microscopy results 

We analyzed the morphology and particle size using SEM. Figure 6 illustrates 

the SEM results. One of the challenges during the analysis was the charging 

effect due to the insulating framework in the highly porous silica materials. 

Therefore, we have varied the acceleration voltage to find the point of iso-
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electricity, i.e., where equal numbers of electrons penetrate and leave the sam-

ple. An acceleration voltage of 1 kV was optimal to image the nanoparticles 

with high resolution. A gas compensator was used when analyzed in 5 kV. 

The images in Figure 6 were monitored in fast scan mode, and line averaging 

was used for noise reduction.  

 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 6 SEM image of powder samples (a,b) ND, (c,d) Z1, and (e,f) CMS con-
ducted at low voltages in the following magnifications ND (a: 2.85kx, b: 253.66kx), 

Z1(c: 3.63kx, d: 14.27kx), CMS (e: 7kx, f: 26.97kx) [15] [6]. 

 

According to Figure 6, agglomerates were observed in the SEM images. 

The smallest agglomeration size, which is probably secondary and tertiary 
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particle size, observed in each sample was different: ∼10-17 µm in CMS and 

∼2-4 µm in Z1, and ∼50-200 nm in ND. We observed pores between the par-

ticles. ND was the most challenging sample to examine under the SEM due to 

the compact structure. We analyzed the images using Gatan Digital Micro-

graph, see Figure S2 in the supplementary information and  [6] for more in-

formation on the analyzed SEM images. 

 

3.4.3.2 Transmission electron microscopy results 

We utilized the TEM technique to complement SEM with the aim of ob-

serving the primary particles. The sample preparation for TEM analysis is de-

scribed in section 3.3.6.2. A JEOL 2000FX TEM that operates with a LaB6 

based gun and a CCD camera was used for this investigation. 

 

Figure 7 TEM images of an ND sample, a) Different particle/agglomerates are 
marked in yellow as 1, 2, and 3. b) High magnification image of part 3 in Figure 7a. 

c) High magnification image of Figure 7b [6]. 

We observed agglomerates of particles in TEM images of the ND sample, 

Figure 7. The size of that agglomerates differed from one area to another in 

one TEM image, see 1-3 in Figure 7a and  Figure S4 in the supplementary 

information. 

Figure 8 TEM images of a) CMS, b) Z1, and c) ND, type Quartzene®, with magni-

fications of 4kx (ND), 12kx (Z1), 2kx (CMS). Conducted in bright-field mode [6]. 
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Figure 9 Histogram of the particle size measurements of a) CMS, b) ND, and c) Z1, 

according to TEM images in Figure 8 [6]. 

The particles were observed in TEM images of ND, CMS, and Z1 are prob-

ably primary or secondary particles; see Figure 8. According to Figures 8 and 

9, primary particle size varies between 1-20 nm for ND, 5-20 nm for Z1, and 

30-70 nm for CMS, with a peak at 10 nm in ND, between 10-12 nm in Z1, and 

30-50 nm in CMS for the example samples in Figure 8. Comparing the SEM 

and TEM results for ND, Figures 6 and 8, agglomerates of 50-200 nm in SEM 

and 1-10 nm in TEM were measured.  

 

We used phase-contrast imaging to analyze ND material under TEM. The 

two different phases in porous materials, the silica and vacuum phase of the 

pores, caused Fresnel fringes to form as a bright and dark line, at the border 

of these two phases, in under or over-focused images, respectively. In this 

investigation, the Fresnel fringes were used to define the edge between the 

pores and particles when measuring sizes. In Figure 10, we have slowly over 

and under focused the image in small steps to observe the creation of Fresnel 

fringes. The minor observed contrast changes from dark and bright contrast 

were ∼ 5-15 nm for ND, indicating the measured size of particles as a first 

step that needs to get developed with many analyses for a representative value.  
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Figure 10 TEM images of an ND sample, a) under-focused b) over-focused. The 
bright and dark fringes around the particles in a and b are Frensel fringes. High-reso-

lution imaging at magnification 60kx, no image processing was used [6]. 

3.4.4 Effect of cleanliness/filtration on the porous structure 

Washing is one of the critical stages in the synthesis process used to clean 

the pores from impurities. The analysis outcome for the two types of ND, syn-

thesized with different cleanliness levels, is illustrated in Table 6 and Figure 

11. 

Table 6 Characterization results for ND-19 (super-clean) and ND-lab 02 [6]. 

Sample BET surface 

area (m2/g) 

DFT Pore 

width (nm) 

Pore volume *  

(cm3/g) 

ND-19 superclean 677 7.37 0.81 

ND-lab 02 558 1.3 0.35 

*Single point adsorption total volume of pores less than 195 nm width at P/Po = 

0.99000000 

According to Table 6 and Figure 11, the extra washing process resulted in 

a higher surface area and a bigger volume and width of the pores in ND super-

clean. These results indicate that washing the pores created bigger pores that 

increased the pore size and smaller pores that contributed to higher BET sur-

face area.  

 

   
(a)                                           (b) 
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Figure 11 DFT pore size and volume graph (pore volume vs. pore width) for ND-

lab02 and ND-19 Superclean [6]. 

3.4.5 Effect of time/storage conditions on the porous structure 

As mentioned in section 3.4.4, the structure can be affected at any stage of 

the synthesis process. The storage condition/time before and after drying is 

one of these stages that can influence the resulting structure. To investigate 

such parameters, the experiments below were prepared as in section 3.3. 

 

Storage of paste 

 

The characterization results for stored paste samples are illustrated in Table 

7. To examine the effect of washing on the stored sample, we washed the paste 

sample after 70 days of storage and characterized it as mentioned above. 

Table 7 Characterization results for samples stored in paste form, subsequently 

spray-dried and then immediately analyzed [6]. 

Sample 

No  

Aging time of 

paste when spray- 

dried 

(days) 

Paste  

conductivity 

(µS/cm) 

Density 

 (g/ml) 

Surface  

area 

(m2/g) 

Pore  

size 

(nm) 

1 0  200 0.104 558 1.3 

6 21  - 0,106 319 5.7 

7 42  600 0,115 285 6.0 

8 70  600 washed to 150 0,111 361 6.6 
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According to Table 7, the density of the dried sample slightly increased 

from 0.104 g/ml to 0.115 g/ml after 42days of storage. However, it slightly 

decreased when washed before drying, 0.111 g/ml after 70 days of storage. 

The specific surface area decreased by 48% during the storage time of 42 days; 

however, the reduction was minor, 35%, when the sample was washed before 

drying, even after a prolonged storage time of 70 days. The pore size increased 

from 1.3 to 6.0 during 42 days of storage, which agrees with the decrease of 

surface area, as the smaller pores have a higher contribution to the surface area 

and vice versa. The electrical conductivity of the paste increased during stor-

age, from 200 to 600 µS/cm, indicating that there were more ions released in 

the sample. The creation of bigger pores during storage combined with in-

creased conductivity indicates that some reactions were going on during the 

storage, e.g., the salts were released from the pores or reacted with the sample 

leading to bigger pores. It is observed that washing the paste after storage was 

beneficial as the results were less affected. 

 

Storage of Powder 

 

 To eliminate/decrease the negative effect of impurities in the structure, we 

prepared the ND sample as clean as possible and washed it many times until 

conductivity was as low as possible. The material was then dried and stored 

for 26 days, with three different conditions:  

 Stored as usual in a closed jar at room temperature, 

 Stored under vacuum (heated for 24h at 105°C) 

 Stored in the oven (at 105°C) 

Table 8 Nitrogen adsorption results for ND stored under different conditions for 26 

days. The pore volume was ~ 0.6 (cm3/g) for all samples [6]. 

Storage 

time 

(days) 

Storage condition  Surface 

area 

(m2/g) 

Pore 

size 

(nm) 

Change  

0 - 559 9.74 - 

26 Under vacuum 479 9.74 14% 

26 In oven (105ᵒC) 443 9.70 21% 

26  As usual in a 

closed jar at RT 

392 9.80 30% 

 

According to Table 8, the BET surface area decreased over the storage 

time. The reduction was varied, 14%-30%, depending on the storage condi-

tion. The lowest change was on the sample stored at vacuum, 14%. This de-

crease indicates that a combination of factors, e.g., air, humidity, and impuri-

ties, caused an ongoing reaction during the storage that affected the surface 

area. The sample reported in Table 8 is one example sample of Quartzene® 
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ND; we observed different reduction levels in other ND samples. The men-

tioned sample in Table 8 was prepared as clean as possible to decrease/elimi-

nate impurities and their effects during the storage. The sample’s pore size 

analyzed when first made was (9.74 nm), which is more significant than the 

size typically measured for ND (1-3 nm), see Figure 5. This variation is due 

to the cleaning process, see section 3.4.4; cleaning the pores from impurities 

led to larger pore size. The dry content and density of the material did not 

change significantly during storage. 

3.4.6 Gas adsorption (Paper I) 

Quartzene® CMS has been examined for formaldehyde adsorption and 

compared to two other materials (Jacobi Carbon and Campure 4) commer-

cially used for this application. In this investigation, three types of CMS: hy-

drophilic, hydrophobic, and doped with several types of polymers in different 

concentrations, were used. We normalized the level of formaldehyde uptake 

by weight for a better comparison. See Table 9. 

   

Table 9 Formaldehyde uptake of adsorbent samples and their surface area [15]. 

*commercially available materials used for formaldehyde adsorptions. **CMS type 

Quartzene® material. ***CMS type Quartzene® material containing the reported % 

of different polymers (triisopropanol amine (TIPA), (3-Aminopropyl) triethoxysilane 

(APTES), carbamide (UREA) and polyethyleneimine (PEI)). 

 

According to Table9, CMS doped with 20% PEI with the lowest surface 

area value 89 m2/g has the highest uptake of 97.06 mg/g, whereas other mate-

rials in the table with higher surface area values did not have higher uptake.  

 

Sample 

Surface area 

(m2/g) 

Formaldehyde 

uptake (mg/g) 

Formaldehyde 

uptake (mg/m2) 

Jacobi Carbon* 933 47.79 0.05 

Campure 4* 275 22.06 0.08 

CMS (Hydrophilic)** 591 5.88 0.01 

CMS (Hydrophobic)** 420 4.41 0.01 

CMS-10%TIPA)*** 468 11.62 0.02 

CMS-10%APTES*** 446 14.71 0.03 

CMS-10%UREA*** 506 12.94 0.03 

CMS-5%PEI*** 327 64.71 0.20 

CMS-20%PEI*** 89 97.06 1.09 
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3.4.7 Organics adsorption (Papers II and III) 

Nanoporous materials with high porosity and surface area are valuable for 

adsorption applications. In Paper II, we investigated the adsorption capacity 

of Quartzene® in adsorbing aqueous phase organics, i.e., benzene and toluene, 

at concentrations below their solubility limits, 1g/L and 0.33 g/L, respectively, 

which is a required final step during water filtration in oil platforms [58]. 

 

The concentrations of organic species in the aqueous systems were ana-

lyzed using gas chromatography as described in Paper II. According to Table 

10, Quartzene® ND has the highest adsorption capacity. It was observed that 

hydrophobization is beneficial in Z1, leading to increased benzene adsorption 

from aqueous phase concentrations >50 ppm.  

Table 10 Maximum uptake for adsorption of toluene and benzene by samples used 

in this study, according to the Freundlich adsorption model, measured at 293 K. 

Maximum uptakes are determined from extrapolative interpolation to either a ben-

zene solubility of 1.763 g/L or a toluene solubility of 0.57 g/L, for more infor-

mation [58]. 

 

 

 

 

 

 

According to Table 10, Quartzene® ND has the highest adsorption capacity 

among other types of Quartzene®. Comparing the structural characteristics of 

the ND with Z1 and CMS samples used in this analysis, Table1 in Paper II, 

ND contained the nominal average pore width, 3.3 nm, with a high surface 

area (597 m2/g). In contrast, CMS and Z1 had larger pore sizes and lower 

surface area values (CMS: 14.6nm, 158 m2/g, and Z1: 20.3nm, 325 m2/g). This 

information confirmed that smaller pore width and higher surface area are fa-

vorable for efficiency in such applications. Quartzene® was suggested as a 

promising family of sorbents for the final stages of water filtration in this pa-

per [58]. However, the full capabilities need to be investigated to choose the 

most beneficial material type. 

 

Paper III investigated the adsorption capacities of hydrophobized ND 

(NDH) and silica xerogel for the adsorption of benzene in the liquid phase. 

The experiment was conducted as described in [59] to evaluate their operative 

Adsorbate adsorbent Max uptake/mg g—1 

Benzene Z1 53.25 

Benzene ND 264.03 

Benzene CMS 110.48 

Toluene Z1 46.91 

Toluene ND 78.82 

Toluene CMS 51.36 
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feasibility under conditions typically used in water treatment facilities. The 

NDH and Silica xerogels were prepared in this study as described in [59]. The 

analysis results are as in Table 11. 

 

Table 11 Adsorption capacity of NDH and Silica xerogel (Rsc: particle size and as-

suming 0.050 mm as the particle size of the large column) [59]. 

* Rsc: average particle size. 

 

According to Table 11, silica xerogel has exhibited higher adsorption ca-

pacity than the hydrophobic version of Quartzene® ND. In Paper III, we sug-

gested both materials are promising for removing dissolved oil in filtration 

vessels of oil/gas plants or filling cartridges. However, in the case of NDH, 

the flow rate needed to be slow (1 ml/min) for the maximum uptake. 

3.5 Discussion 

3.5.1 The relation between synthesis type and the resulting 

structure 

We investigated three types of Quartzene®. ND and Z1 are pure silicon 

dioxide synthesized via varied activation levels of silica, whereas CMS is 

made by the precipitation method and consists of calcium, magnesium, and 

silica. The resulting structures were different and led to different levels of ef-

ficiency in the examined applications.  

 

The density is measured via tapped density method on the powder. All are 

considered low density (40-120 kg/m3); see Table 4, ND is the lightest. They 

are highly porous (94-96%) materials with a high surface area (∼100-800 

m2/g). The adsorption/desorption isotherms correspond to mesoporous mate-

rials, class IV according to IUPAC classification [57]. However, ND with 

pores 1-10 nm and a peak at 1-3 nm displays some microporosity (Figure 5). 

Z1 has the highest surface area (the highest measured value is 834 m2/g), with 

an extensive pore size distribution, from a few nm to several hundreds of nm, 

as observed in the DFT graph, see Figure 5. As mentioned, ND and Z1 differed 

only in the first stage of the synthesis process. The varied structures observed 

Adsorbent Pollutant Concentration 

mg/L 

*Rsc 

mm 

Flowrate 

mL/min 

Uptake 

Mg/g 

NDH Benzene 73.3 0.14 1 5.85 

 Silica Xerogel Benzene 105.1 0.1 0.6 22.62 
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in Z1 and ND indicate that first stage importance. According to the laser dif-

fraction method, the particle size of Quartzene® powder is between 1-14 µm, 

see Figure 3, and the SEM images confirm the mentioned agglomeration size. 

  

EM methods were utilized to complement the BET method when analyzing 

the pores and particles. The studied material is a highly porous powder where 

the pores and particle size vary from a few nm to hundreds of µm. We adapted 

the sample preparation method for the EM analysis, and the analytical condi-

tions needed to be custom-made for this particular class of materials to exam-

ine all different sizes in the structure in one session. The charging effect was 

a challenge in the EM analysis of the silica-based materials. It was observed 

as bright lines in the sample edges due to the material being both a thermal 

insulator and an electrical isolator. We used a gas compensator to reduce the 

charging effect during the SEM analysis.  

 

The observed particles/agglomerates in the EM images were quantitatively 

analyzed and reported. According to SEM results, the agglomeration size 

(probably secondary and tertiary particle size) differed from 10–17 µm in 

CMS, 2–4 µm in Z1, to 100–200 nm in ND, see Figure 6. The ND sample with 

the smallest agglomeration and pore size and a high surface area, see Table 4, 

is an outstanding material with promising adsorption application results (see 

section 3.5.2).  

 

TEM was utilized to observe pores/particles of a few nm. The observed 

particles were between 30-50 nm in CMS, 5-20 nm in Z1, and 1-20 nm for 

ND (Figure 9). However, the peak value was different in different samples. 

To obtain a representative value corresponding to the material, we need a large 

amount of data and a method to correlate the data in different length scales, as 

mentioned above.  

3.5.2 Comparison/correlation of the BET with EM results and 

relation to efficiency in the application 

 

The TEM images in Figure 8 indicate that Quartzene® ND comprises com-

pact agglomerations consisting of small particles (<20 nm) with smaller pores 

inside. BET results confirmed that most pores are between 1-10 nm, with a 

peak at 1-3 nm. According to Paper II, ND was efficient for adsorption in the 

aqueous phase, and this is related to the tiny pores in the structure. However, 

the fact that we could not observe hitherto tiny pores with TEM but measured 

a high surface area on ND is not a contradiction. So far, our Fresnel fringe-

based observations in TEM images are limited to the width of those fringes, 

which, in our first studies, was of the order of 5-15nm.  
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On the other hand, observing tiny pores and measuring a high surface area 

on ND via BET does not deny the existence of bigger pores in the structure. 

Bigger pores (>200 nm) are not considered when using the BET method as 

their contribution to surface area is negligible. However, the bigger pores 

found by SEM and TEM may relate to the efficiency in the adsorption appli-

cation and play an important part in gas and liquid transport inside these ag-

glomerates composed of pore size distributions spanning over several orders 

of magnitude. It has also been observed that hydrophobization improved the 

adsorption capacity in Z1 material. However, hydrophobized ND, examined 

via column test in Paper III, showed deteriorated adsorption capacity com-

pared to previous results, probably related to the smaller pore size in ND.  

 

Quartzene® Z1 is a less compact material, see Figure 8, with a broad pore size 

distribution (1-100 nm) according to DFT and particle size range (5-20 nm) 

according to TEM. It has a low thermal conductivity (24-26 W/m∙K (34)) re-

lated to the structure, as the air inside the pores would conduct less heat. Most 

pores are in the mesoporous range, enhancing the Knudsen effect [60]. This 

means that when the pores are smaller than 70 nm, the gas/air molecules col-

lide with the pore walls more frequently than with each other and contribute 

to the insulation efficiency. In addition, compression may contribute to that 

effect by creating more small pores. However, this does not happen in the case 

of Quartzene® ND; compressing a compact material such as ND with tiny 

pores (1-10 nm) destroys the pores, and in this case, the thermal conductivity 

increases. 

 

According to TEM images in Figure 8, CMS contains more dispersed par-

ticles than others, 30-70 nm and a pore size range of 2-20 nm with more pores 

in the higher end of this range according to DFT. We observed tiny pores in-

side every particle in the TEM image of CMS, and bigger pores are the void 

between the particles or agglomerates. The material is efficient in molecular 

filtration according to gas adsorption results. This efficiency is related to the 

bigger pore size of CMS and the possibility to impregnate capturing agents 

inside. However, it also depends on the particle size of the contaminants.  

3.5.3 Effect of cleanliness level on the porous structure  

To examine the effect of the impurities in the structure, two samples of 

Quartzene® ND were prepared in the laboratory and: (1) washed as usual, (2) 

washed a couple of times, with deionized water, to ensure removal of impuri-

ties as much as possible (labeled as Superclean). According to the nitrogen 

adsorption results, the pores appear to be more prominent in the superclean 

material, indicating the removal of impurities from the structure via washing. 
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However, the surface area value is higher than the normally produced ND, 

revealing that some tiny pores of a few nm sizes are created that add to the 

surface area calculations. 

 

3.5.4 Effect of storage time/condition on the porous structure 

In this investigation, the structure of Quartzene® ND at different storage 

times was examined. The results revealed that the surface area decreases in 

both paste and powder samples during the storage, and the reduced value de-

pends on the storage condition. Typically, when an ND paste is dried imme-

diately after synthesis, the pore size is between 1-10 nm; however, when the 

paste is stored and dried after some time, the size of the pores gets larger (2-

20 nm). The powder-type sample had a bigger pore size (9.5 nm) before the 

storage. The sample was then stored: (1) as usual, (2) under vacuum, (3) in the 

oven (105ºC). During the storage time, the size of the average pores did not 

change significantly. However, the surface area decreased in all samples, with 

the lowest change being in the case of (2). This result indicates that the storage 

condition is an important control factor. 

 

 Humidity appears to give a more significant loss in surface area, as the 

sample stored as usual is 10% humid. One possible explanation is that a com-

bination of possible impurities, humidity, and air may cause some reactions 

that destroy the structure. However, the structure may change due to the re-

maining monomeric or oligomeric silicates. The results reveal a change in the 

structure during storage, and the mentioned are hypotheses to be examined. 
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4 Calcium phosphate bioceramic  

Calcium phosphates (CaPs) are found in the human body and produced 

synthetically to be utilized in bio-applications such as bone tissue engineering. 

They can help bone regeneration due to their osteoconductive property [61]. 

There are different methods to synthesize calcium phosphates, e.g., solid-state 

reactions [62], wet precipitation [63], the hydrothermal method [64]. How-

ever, the pH, temperature, and Ca:P ratio variations cause differences in the 

end products’ crystallinity and morphology. The properties of different cal-

cium phosphates can be characterized depending on the ratio of calcium to 

phosphorus ions in the structure. Table 12 below shows the different calcium 

phosphate characteristics investigated in this study. 

 

Table 12: Some CaP phases and their Ca/P ratio 

Ca/P 
molar 

ratio Compound  Chemical formula Abbreviation 

1.2-2 Amorphous calcium phosphates Ca9(PO4)6 ACP 

1.67 Hydroxyapatite Ca10P(O4)6 (OH)2 HA 

1.3 Octacalcium phospohate Ca8(HPO4)2(PO4)4·5H2O OCP 

1 

Dicalcium phosphate dehydrate, 

mineral brushite CaHPO4·2H2O DCPD 

 

Hydroxyapatite (HA) is a widely used synthetic calcium phosphate ceramic 

due to its chemical similarities to the inorganic element of hard tissue [65]. 

HA with a chemical formula of Ca10(PO4)6(OH)2 has a Ca/P molar ratio of 

1.67. It is more stable in aqueous media than other calcium phosphate ceram-

ics (within a pH range of 4.2–8.0). Amorphous calcium phosphates (ACP) is 

usually formed as a metastable phase of the precipitation reaction. It is non-

crystalline and an essential intermediate product for apatite formation. ACP 

has been used in orthopedics and dentistry because of its excellent biocompat-

ibility and mechanical properties [66].  

 

Octacalcium phospohate OCP and Dicalcium phosphate dehydrate 

(DCPD) are crystalline calcium phosphates created when the Ca/P ratio is 1.3 

(OCP) and 1 (DCPD). ACP, OCP, and DCPD are considered precursors for 

forming bone apatite crystals during biomineralization [67,68]. ACP is often 
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the first-formed phase at neutral pH and moderate supersaturation [69]. It can: 

(1) directly transform to apatite form or (2) convert to intermediate crystalline 

phases such as OCP and DCPD before converting to apatite form, depending 

on the solution conditions, i. e. pH, temperature, and the presence of foreign 

ions [70–72]. It has been reported that the conversion rate is considerably 

slower (5 h) at alkaline conditions (pH = 9.00) than acidic conditions, with 

some exceptions related to sample preparation conditions or starting rea-

gents [73].  

4.1 Motivation and aim of this investigation 

The synthesis process of CaPs by precipitation consists of the following 

steps: mixing the two solutions of calcium and phosphate sources, providing 

the time for the reaction/precipitation to happen, accompanied by adjusting 

pH during the reaction, washing, and drying. During this procedure, depend-

ing on the starting Ca/P molar ratio and pH of the solution, different phases of 

CaPs form and transform [2–4]. Furthermore, the resulting structure may get 

influenced during the washing and drying steps [5–7].  

 

Investigations have been conducted to understand the CaPs formation and 

transformation [8–12]. However, the transformation mechanism is not precise 

yet. The washing step aims to remove the influence of residual ions from the 

solution. Dorozhkin et al. suggested that the washing step could be removed 

as it can affect the Ca/P molar ratio and cause complications in batch repro-

duction [7]. Sinusitis L. et al. proposed utilizing the washing stage in control-

ling the production of desired Tricalcium Phosphate (TCP) polymorph [6].  

 

This study focused on the washing step to understanding the significance 

of the residual ions’ influence in a solution-based process. We used a combi-

nation of analytical methods to understand if the washing step can be avoided 

when producing particular phases or adjusted for environmental reasons to 

meet the Sustainable Development Goals (SDGs). 

4.2 Experimental 

4.2.1 Synthesis of Calcium Phosphate powders 

The precipitation reaction was initiated by mixing a calcium chloride solu-

tion with a sodium phosphate solution. The Ca:P molar ratio in this experiment 
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was 1:1. All samples kept the starting pH and Ca/P ratio constant while vary-

ing reaction temperature from room temperature (RT∼21°C) to 60 °C and re-

action time from 1 min to 30 or 60 min, as described in Papers IV and V.  

 

After the precipitation reaction, we have removed the excess water from 

the paste with varying methods as described below: 

 

(1) Washing the samples using deionized water and ethanol with a vacuum 

filtration method. In this method, the residual ions in the solution were 

removed during the washing step (marked as washed (W)).  

(2) Centrifuging the solution for 5 min under 5000 rpm. In this method, the 

residual ions remained in the resulting paste (marked as not-washed (Not-

W)). 

 

We mixed the resulting paste samples with ethanol and stored them at RT 

to stop the reaction during the storage time. The samples were marked accord-

ing to “reaction temperature/W or Not-W/reaction time”. For example, a sam-

ple made at room temperature and washed with 1 min reaction time was 

marked as 21°C/W/1. Figure 12 illustrates the synthesis process of calcium 

phosphates in this investigation.  

 

 
(a) 
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(b) 

Figure 12 Synthesis process schema for sample made at a) RT b) 60 ºC 

4.2.2 Structural analysis methods 

The formation and transformation of calcium phosphate in this study were 

susceptible to the synthesis variables. Analyzing the structure is the only way 

to understand this process. X-ray diffraction is commonly used to analyze cal-

cium phosphate phases; however, distinguishing some phases with overlap-

ping peaks was challenging. Therefore, we used EM to complement XRD 

analysis.  

 

4.2.2.1 X-ray Diffraction 

 

X-ray diffraction (XRD) is a method to verify the crystal structure of a 

sample [49]. Fitting XRD patterns allows the comparison of known crystalline 

samples with unknown samples to identify the material lattice parameters, the 

orientation of a crystal (or grain), the stress in crystalline regions, and second-

ary phases. In XRD, X-rays are directed toward the sample. The incident rays 

interact with the sample atoms and produce constructive interference (and a 

diffracted ray) when conditions satisfy Bragg’s Law (nλ=2d sin θ). We used 

XRD to observe the calcium phosphate phases in the sample using a Bruker 

D8 Twin-Twin powder X-ray diffractometer.  

 

Sample preparation for XRD analysis of calcium phosphates is as follows: 

The samples (paste mixed with ethanol) were ultrasound treated for 5 min. 

One to three drops were added to the sample holder (silicon wafer) dried under 
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a heating lamp before the analysis. The XRD scan was conducted in the an-

gular range of 2θ = 7 – 60 °. We used High Score Plus for phase recognition 

and Profex for refinement. 

 

There are some limitations when analyzing calcium phosphates under XRD 

related to misidentifying the CaP phases due to the structural similarity of CaP 

phases [74]. In this investigation, we have used TEM as a complementary 

analysis method to XRD when analyzing calcium phosphates to ensure the 

existence of identified phases. 

4.2.2.2 Electron microscopy 

The EM method was utilized to image the samples’ morphological struc-

ture at the nanoscale and identify the chemical composition. We used this 

method to complement the X-ray diffraction method and better understand the 

structure and phases of the materials. Some CaP phases, such as HA and OCP, 

contain similar structures and overlapping X-ray diffraction patterns [15,16], 

making it difficult to distinguish them by XRD [17]. Therefore single-crystal 

diffraction pattern obtained by TEM was used to identify the CaPs precipita-

tion phases and validate the presence of the HA and OCP structures. Further-

more, XRD determines an average crystal structure of all particles, which is 

potentially an accurate representation. However, the spatially relevant detail 

provided by electron diffraction on a single particle in TEM may be missed in 

XRD. 

 

The SEM and TEM methods were described in section 3.3.6. The TEM 

samples in this investigation were analyzed using phase contrast and bright- 

field imaging modes as described in section 3.3.6.2. 

 

We utilized Zeiss Merlin Scanning Electron Microscopy (SEM) and ob-

tained images at 5 and 10 kV acceleration voltages (SE2, magnifications up 

to 500 k). Sample preparation was as follows: one drop of the solution (ethanol 

mixed with paste, see section 4.2.1) was used on the sample holder and dried 

under a lamp; the sample was then coated by three layers of gold/palladium 

coating (20 nm each). 

  

We used Titan Themis 200 from FEI equipped with a Cs probe corrector 

and SuperX EDS detector for TEM analysis. Diffraction data were analyzed 

using CrysTBox ringGUI 1.16 and diffractGUI 2.21 [18,19]. The diffraction 

patterns of DCPD (reference ICSD pattern no: 00-009-0077), HA (reference 

ICSD pattern no: 00-064-0738), and OCP [20] were used as reference pat-

terns. Samples were prepared as follows: one drop of the solution (ethanol 

mixed with paste, see section 4.2.1) was used on a lacy carbon grid and dried 

under a lamp. 
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4.2.2.3 Analysis of ion concentrations 

Inductively coupled plasma-optical emission spectrometry (ICP-OES) is a 

technique to determine the elements present in a particular material and quan-

tify them. The process is as follows: the material is dissolved in nitric acid and 

diluted with water; the water solution is then pumped into the instrument neb-

ulizer, turning the sample into a spray fed into the argon plasma. The sample 

collides with the electrons and charged ions in the plasma, gets ionized, and 

recombines with free electrons available in the plasma source. It emits elec-

tromagnetic radiations at the characteristic wavelengths of the elements in-

volved. Detector gets the signals and converts them to an electrical signal pro-

portional to the elements’ concentrations within the sample. 

 

Elemental analysis was conducted utilizing ICP-OES from Perkin Elmer, 

Avio 200. A blank solution (2% HNO3) was prepared as a baseline for the 

measurements. Calibration was performed using standard stock solutions from 

PerkinElmer. We diluted the samples either in 2% HNO3 or ASTM water (de-

pending on the standard solutions base) and filtered them before analysis to 

avoid contamination. 

4.3 Results (Papers IV and V) 

Calcium phosphates were synthesized by different synthesis pathways to 

study the relationship between the synthesis and structure of such materials. 

We characterized the material’s structure using different analytical techniques 

described in 4.2.2. This investigation focused on understanding the effect of 

the washing process in combination with reaction time and temperature (Pa-

pers IV and V). 

4.3.1 A general assessment of the synthesized CaPs 

We produced samples at two different temperatures (RT and 60ºC), varied 

the reaction time from 1 minute to 1 hour, and washed or did not wash the 

samples before the analysis. A schematic of the prepared samples is provided 

in Figure 12. The variation in pH of the reaction can influence the resulting 

calcium phosphate phase. Therefore, it is commonly modified to a set value 

during the reaction to minimize the variations and achieve a desired calcium 

phosphate phase [75]. In this study, we did not aim for a specific phase and 

therefore did not adjust the pH to any value and let it drift during the reaction 

time to observe its influence on the resulting structure. The pH of the samples 

was as illustrated in Figure 13. We examined the pH value of the two solutions 

before mixing and observed that the pH of solutions at 60ºC is lower than 

solutions at room temperature. It was observed that the pH value decreased 
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during the reaction time, indicating protons were emitted into the solution dur-

ing the reaction.  

 

4.3.2 Structural and morphological analysis results 

4.3.2.1 Observed phases by XRD  

 

The CaP samples were analyzed under XRD as described in section 4.2.2. The 

analytical results are presented in Figure 14. 

We analyzed samples under XRD and compared the patterns observed in 

XRD to the patterns of different phases of CaP reported by the Inorganic Crys-

tal Structure Database (ICSD). The XRD patterns for samples made via dif-

ferent synthesis conditions and reaction times are reported in Papers IV and 

V. When identifying the peaks, we concentrated on the phases, not the inten-

sity or width, as those are related to crystal orientation and crystal morphol-

ogy, which can be influenced by, e.g., sample preparation method and calibra-

tion errors [76].  

1 3 30 60
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Figure 13 pH of samples from 1 min to 60 min made at room temperature 

(RT) and 60ºC. 
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(a)          (b) 

 
 

Figure 14 illustrates the XRD patterns for W and Not-W samples made at 

a) room temperature and b) 60ºC with 3 min reaction time. The dominant peak 

in the XRD pattern of the samples made at RT is at 2Ɵ: 11.6°, which matches 

the DCPD pattern reported by ICSD (no: 00-009-0077). Comparing the W and 

NotW samples with 3 min reaction, respectively (21°C/W/3) and (21 

°C/NotW/3), Figure 14a, the DCPD peaks are more substantial in NotW sam-

ples, indicating that the grains grow much quicker in NotW samples. The dom-

inant peak in samples made at 60°c, Figure 14b, is a broad peak at 2Ɵ: 30–

35°. The mentioned peak matches nanocrystalline apatite as in [28], demon-

strating the nanocrystalline nature of the grains.  

 

HA and OCP coexisted in the samples. Their patterns overlap each other 

making it difficult to distinguish. The peak observed in 2θ = 11.6° in Figure 

14a was not observed in Figure 14b. The mentioned peak belongs to DCPD, 

which indicates that DCPD is observed in samples made at RT but not at 60 
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Figure 14 XRD analytical results for (a) 21 °C/W/3 and 21 °C/NotW/3 (b) 60 
°C/W/3 and 60 °C/NotW/3. The peaks are marked as Δ, +, and Ο which matches 
respectively with the peaks at the ref. OCP (04-013-3883) ref. DCPD (00-009-

0077) and ref. HA (00-064-0738) / nanocrystalline apatite. Some peaks overlap in 
both OCP and HA. The high intensity in the starting point of the graph in 2 Ɵ: 7° 
is due to the device not being suitable for low angle measurements and consid-

ered an error. 
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°C. According to XRD results in Paper IV and V, the mentioned peak was 

observed in all the samples made at RT, both W and Not-W, during different 

reaction times except for 21°C/W/1. We observed a peak that match DCPD in 

a sample made at 60°C/W/1, figure 1c in Paper V. To confirm the existence 

of OCP in the samples, we conducted an XRD analysis on low angels and 

observed a sharp peak at 2θ: 4.7°, which belongs to OCP,  see Figure S8 in 

supplementary documents. 

4.3.2.2 Observed morphologies by EM 

We conducted SEM analysis to observe the morphology of the samples. 

Figure 15 illustrates two SEM images that belong to W samples synthesized 

at a) RT and b) 60 °C for a 3-minute reaction. Figure 16 shows the NotW 

samples made at a) RT and b) 60 °C for a 3-minute reaction. Aggregated na-

noparticles were observed in all samples. The shape of particles for the sample 

21°C/W/3 (Figure 15a) is circular and other samples contain plate-like and 

rod-like morphology (Figures 15b, 16a, b). 

 

   
(a) 21 °C /W/3 (b) 60 °C/W/3 

Figure 15 SEM images of the W samples (filter cleaned via process (1), Figure12) 

made at (a) 21 °C and (b) 60 °C for 3 min. 

         

(a) 21 °C /NotW/3 (b) 60 °C/NotW/3 

Figure 16 SEM image of the NotW samples (centrifuged via process 2 in Figure 

12), (a) 21 °C and (b) 60 °C with 3 min reaction. 
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The observed agglomerates in the SEM images had different shapes and 

sizes; large clusters (1–5 µm) made of small (100–200 nm) plate-like or flake-

like morphologies, and smaller size clusters made of shorter nano-rod type 

(100 nm long) particles (Figure 7 in Paper-IV). Figure 17 shows the SEM 

images of the sample a) 21 °C/NotW/3 and b) 21 °C/NotW/30. Flake-like 

morphologies (∼1 µm wide) were observed in samples with a 3-minute reac-

tion, Figure 17a, that had not been observed in samples with a 1-minute reac-

tion. These mentioned flake-like morphologies were observed together with 

smaller (100 nm long) rod-like particles in the same area. The flake-like crys-

tals seen in 3 minutes were larger in the sample with a 30-minute reaction: ∼5 

µm wide and 10 µm long, Figure 17b, creating petal-like morphologies, see 

also Figure 9 in Paper IV. This structure has been observed for brushite in 

[41]. The XRD results confirmed the existence of DCPD in RT samples and 

its growth through the reaction time, see Figure 14a. 

 

     

We mentioned it is possible to misidentify the CaP phases under XRD due 

to the structural similarity of CaP phases [77] [78]. Therefore single-crystal 

diffraction pattern obtained by transmission electron microscopy (TEM) is 

suggested as a more reliable method to identify the CaPs precipitation 

phases [74]. In Paper V, we used TEM as a complementary analysis method 

to XRD to ensure the existence of identified phases. 

  

Figure 18 illustrates the TEM image of the sample: 21°C /W/1; we ob-

served aggregates made of spherical particles (25-50 nm in diameter, with an 

average diameter of 36 nm, Figure 18c). The mentioned spherical particles 

were made of smaller (10 nm x10 nm), probably primary or secondary parti-

cles, Figure 18a. The sample is amorphous according to the electron diffrac-

tion pattern, the white hallow observed in Figure 18b. This phase was the only 

phase observed in the mentioned sample. 

(a) (b) 

Figure 17 SEM image of a) 21 °C/NotW/3) and b) 21 °C/NotW/30. 
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(a) (b) 

 
(a) 

Figure 18 TEM analytical results for the sample made at 21°C /W/1, (a) TEM 

bright-filed image, (b) diffraction pattern conducted at region a, and (c) the particles 

size measured at area (a). 

The TEM results for the sample 21°C/W/30 are shown in Figure 19. Three 

different morphologies were observed in this sample: 

(1) Amorphous aggregates made of spherical particles (20-50 nm in di-

ameter), yellow marked in Figure 19a. 

(2) Crystalline aggregates made of nano-rod shape particles (5 nm wide 

x 50-100 nm long, blue marked in Figures 19a and 19b) 

(3) Large flake-like crystals (approximately 3 µm wide x 3-5 µm long, in 

Figure 19c, d).  

The EDX and DP results for  (2) were compared with the reference patterns, 

and the results reveal it they match OCP [79], and (3): match DCPD with ref-

erence ICSD pattern no: 00-009-0077.    
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(a) (b) 

      
(d) (e) 

                 

 

Figure 19 TEM analytical results for sample 21°C /W/30, a) phase-contrast TEM 

image b) diffraction pattern for the blue marked region in 21a, c ) bright-field TEM 

image and e) phase-contrast TEM image, d) diffraction pattern for the green marked 

region in 21c. 

(e) 
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As illustrated in Figure 19e, all three different morphologies (yellow-

marked spherical, blue-marked nano-rods, and the giant crystal covering the 

upper half of the image) exist in the sample 21°C /W/30. 

According to Figure 20, analyzing not-washed samples made at room tem-

perature (21°C/NotW/1) with TEM: nano-rod shape crystalline aggregates 

were observed similar to type (2) previously observed in 21°C/W/30. The dif-

fraction pattern is illustrated in Figure 20b. Figure 20 c shows the comparison 

of the observed pattern in Figure 20b with an OCP pattern from the litera-

ture  [79]. 

Sample (21°C/NotW/3) had the same results and morphology as sample 

(21°C/NotW/1). Sample (21°C/NotW/30) had similar morphologies type (2): 

crystalline nano-rod morphologies that match OCP and (3): large crystals that 

match DCPD. There were no spherical particles observed in NotW samples. 

See TEM images in Paper V. 

 

    

(a) (b) 

 

(c) 

Figure 20 TEM analytical results for sample made at 21°/NotW/1, (a) TEM im-

age, (b) diffraction pattern conducted at region a, (c) comparison of the diffraction 

pattern from b (right pattern) to literature [79] (left pattern). Rotational averaging 

and background subtraction were used in c, making the beam stopper invisible. 
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All samples made at 60°C had similar morphologies to type (2): rod-like 

morphologies (1-100 nm long) regardless of reaction time and the washing 

method, see Figures 5-6 in Paper V. No spherical type (1) or crystals of type 

(3) were observed in the analyzed samples at 60°C. 

4.3.2.3 Analysis of ion concentrations 

The Ca/P variation in washed samples was analyzed under ICP. The Ca/P 

ratio varied during the reaction time, and variation was higher in samples 

made at RT (1.3-1.8 mmol/L) than 60 degrees (1.3-1.5 mmol/L); see Figure 

10 in Paper IV.  

We have conducted an experiment where we separated the excess water 

from the solution after precipitation by centrifuging, as in process (2) in Figure 

12, and examined the number of ions existing in the separated rest solution. 

Figure 21 illustrates the Ca and P ions concentration in the rest solution. The 

number of Ca and P ions existing in the rest solution varied depending on 

reaction time in both samples, made at RT and 60ºC, which agrees with the 

variation of Ca/P ratio in the reaction itself. However, the amount of existing 

ions in the rest solution of RT samples is almost twice more than samples 

made at 60 ºC, indicating that more ions have been used in the reaction made 

at 60 ºC leading to higher precipitation efficiency (Figure 21). 
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Figure 21 The amount of Ca and P in the rest solution that remains after centrifuge 

for sample made at (a) 21°C/NotW and (b) 60 °C/NotW. 

4.4 Discussion 

In this study, a typical precipitation process was utilized to examine the 

effect of the residual ions combined with the reaction temperature and time on 

calcium phosphate formation. Powder XRD and EM were used to examine the 

crystalline structure and morphologies. We compared the XRD patterns of the 

samples to reference patterns in the literature. The XRD patterns for samples 

made at RT match DCPD, OCP, and HA/nanocrystalline apatite [80], with 

DCPD being the dominating peak. In samples made at 60ºC, the pattern 

matches OCP and HA/nanocrystalline appetite. DCPD was not observed in 

the mentioned samples exept for 60ºC/NotW/1, Figure in 1c Paper V. OCP 

has an identical peak at around 2θ=5º, and we confirmed that this peak existed 

in our samples (Figure 8S in supplementary documents for Paper IV). 

 

As mentioned, the XRD patterns in all samples contained peaks that 

matched reference patterns of HA and OCP; however, in electron diffraction 

patterns of samples analyzed with TEM, we found OCP but not HA. This in-

formation confirms the existence of OCP in samples; however, for TEM re-

sults to be representative, many analyses should be conducted on different 

parts of the samples. Therefore, providing information on the existence of HA 

with the limited number of TEM results in this study was not possible. 
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Comparing the W and NotW samples, according to the cleaning processes 

presented in Figure 12, the NotW samples contain higher intensity peaks than 

W samples, indicating that the reaction is much faster in NotW samples. We 

observed the time influence on samples made at room temperature, samples 

with longer reaction time had more substantial peaks, suggesting the crystal-

lization matures over time. On the other hand, for samples made at high tem-

peratures (60 °C), the time does not impact the resulting phases, indicating 

that the reaction is mature enough even after a 1 min reaction. 

 

All samples were made in acidic media (see pH results in Figure 13), which 

suggests the creation of DCPD as reported by Drouet et al. [80]. However, 

DCPD was only observed in the first minuted of the sample made at 60 

°C/NotW. According to Komlev et al., the phase composition can vary from 

DCPD to a mixture of OCP and DCPD when raising the temperature (from 37 

to 90 °С at a pH: 5.00–6.00) [81]. This indicates the potential of the phase 

change from DCPD to OCP in our experiment (at 60 °С and pH: 5.80–5.20). 

Other researchers have also reported OCP formation from DCPD in acidic 

conditions (pH:6) [82] [83]. 

 

According to EM images, we observed crystals in different shapes and 

sizes. The observed morphologies in CaP samples are summarized in Table 

13. 

Table 13 Morphologies observed by EM 
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The crystallization process is either classical or nonclassical. According to 

the classical crystallization mechanism, crystals in solution are well-separated 

particles. The growth occurs by mass transport of individual atoms or ions to 

the crystal interface via the solution [84]. According to the nonclassical crys-

tallization pathway, crystals grow by particles’ oriented attachment. The non-

classical path may involve multiple steps resulting in a complex nanostruc-

tured crystalline material. The amorphous phase transformation to crystalline 

is also a nonclassical process [85]. 

 

According to Table 12, in samples made at RT:  

 When the sample is washed, process (1) in Figure 12a, aggregates 

of spherical amorphous particles are observed. After 30 min reac-

tion, they partially form nano-rod shape particles (50-100 nm long) 

that belong to OCP. There are also flake-like crystals of the size ∼ 

3 x 5 µm that belong to DCPD, according to DP and EDX results.  

 When the sample is not washed, process (2) in Figure 12b, the ob-

served nano-rod shape particles and flake-like crystals are twice 

larger, indicating that the process is much faster in NotW samples. 

 

In samples made at 60ºC: Nano-rod shape particles (100-200 nm long) are 

observed regardless of washing method and reaction time, indicating that the 

process is much quicker at high temperatures and the crystals are already ma-

tured in the first minute.  

 

This study aimed to recognize how removing/not-removing salts influ-

enced variations in phase at discrete points during the precipitation. The vari-

ation in Ca/P ratio observed during the reaction, 1-60 minutes, indicated that 

the phases observed in XRD results, particularly in the first few minutes, were 

not stable. Therefore, phase analysis was limited in accuracy by the inherent 

variability of the continuous chemical processes and the technique used to halt 

the reaction. 

 

The starting Ca:P was 1:1. According to the ICP results, there were more P 

ions left in the rest solution than Ca ions after the reaction, indicating that 

more Ca ions have been used in the reaction and Ca deficiency limited the 

precipitation efficiency [10]. Comparing the samples made at RT and 60ºC, 

more ions were left at the rest solution at RT than 60 °C, indicating higher 

precipitation efficiency with increased temperature. 

 

The presence of unreacted ions did not influence the samples made at 60 

°C with various reaction times; however, in samples made at RT, the peaks 

had higher intensity and more noise. Based on our observation, it is tricky to 
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hypothesize if the low number of residual ions alone could significantly influ-

ence the results, but the combination with reaction temperature and time did. 
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5 Conclusion and Future Perspective 

 

Nanostructured ceramics having high efficiency in applications like bio-

medicine and adsorption have been investigated by many researchers. The ef-

ficiency of such materials is closely related to their structure. This study aimed 

to better understand the structure of (1) a family of silica-based nanoporous 

materials commercialized as Quartzene® and (2) calcium phosphate materi-

als. 

5.1 Synthesis and characterizations of Quartzene® 

Three types of Quartzene® were produced by precipitation with varied syn-

thesis pathways or compositions. The washing method and storage conditions 

were varied to analyze the influence of impurities and storage in the resulting 

structure. We have characterized and tested the samples in adsorption appli-

cation and discussed the relation between the synthesis, structure, and effi-

ciency (Papers I-III).  

 

The synthesis process was a precipitation reaction. The synthesis routes 

were similar for all three types, and the varying factors (e.g., time, cleanliness) 

led to different structures and influenced efficiency in different applications. 

We combined different analytical methods to better understand the structure; 

however, there were challenges when analyzing the material. The BET 

method was limited for this particular class of materials due to its assumptions, 

e.g., multilayer adsorption with no interaction between the gas molecules. 

Therefore, we used EM methods to complement the BET results. The sample 

preparation method and analytical conditions for EM experiments needed to 

be custom-made for these novel materials with high porosity and insulating 

framework. The EM images provided information about the agglomerates and 

the primary particle size of the samples. EM results indicated that the particle 

size could vary in different parts of the sample, and a large amount of data is 

needed for a representative result.  

 
All three types of Quartzene® are porous materials with low density (40-

150 kg/m3) and high surface area (100-800 m2/g); however, ND is the lightest 
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with small pores 1-3 nm. Z1 has the highest surface area and a broad pore size 

distribution. CMS contains bigger pores that contribute less to the BET sur-

face area. According to the TEM results, CMS has the bigger particle size 

(probably primary or secondary) (30-45 nm) compared to ND (1-6 nm) and 

Z1 (5-8 nm). The variation in the synthesis process impacted the porous struc-

ture, e.g., mixing, washing, drying, and storage time/conditions in paste/pow-

der. The surface area increased when varying the washing method and de-

creased during the storage time.  

 

ND has the best results as an adsorbent due to the microscopic pores (<10 

nm) that contribute to the adsorption in aqueous phase Paper II. The adsorp-

tion capacity of Z1 was not as effective as ND. However, hydrophobization 

improved the adsorption results. We later analyzed a hydrophobized ND; 

however, the results were not improved, Paper III, indicating that the small 

pores in ND (<10 nm) probably got affected during hydrophobization. CMS 

performed best when doped with capturing agents used as an adsorbent in the 

gas phase. This result was due to the structure containing broad pore sizes, 

making it suitable for impregnation of capturing agents, Paper I. Z1 was ef-

ficient in insulation due to the broad pore size distribution in mesoporous 

range contributing to the Knudsen effect [60].  

5.2 Synthesis and characterizations of CaPs 

 

We investigated the influence of residual ions on calcium phosphate for-

mation in aqueous solutions using a typical precipitation process and various 

reaction times (1-60 minutes) and temperatures (RT and 60 °C). The batches’ 

reproducibility was confirmed by achieving similar results for pH and XRD 

in Papers IV and V. XRD was the main method used to analyze the samples. 

EM was utilized to complement the XRD results.  

 

The influence of reaction temperature and time on the phase transfor-

mations was observed. The reaction under RT was more sensitive to the reac-

tion parameters and residuals in the solution. We observed the formation of 

OCP and DCPD in samples made at RT. High reaction temperature (60 °C) 

induced OCP and HA formation. OCP and HA have overlapping XRD pat-

terns, making them difficult to distinguish. Therefore, we used the EM method 

to complement XRD results. Single crystal diffraction patterns obtained on 

the samples under TEM images confirmed the existence of OCP. We did not 

observe HA on the analyzed parts of the samples under TEM. EM method 

needs a series of images to confirm whether HA existed in the samples or not.  
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Higher temperature resulted in fewer residual ions in the rest solution indi-

cating the higher precipitation efficiency. The residual ions combined with 

reaction temperature and time can influence the formation of the intermediate 

phases, OCP and DCPD, and particle size when the starting ion concentrations 

are fixed. The smaller particle sizes observed in washed samples than not 

washed samples (Table 12) indicated that removing the residual ions stopped 

the otherwise ongoing reactions. DCPD transformed to OCP in 60ºC samples, 

indicating that growing OCP from the transformation of DCPD in 60ºC is a 

stable and fast process that is not impacted by reaction time and/or washing 

method. No pH adjustment was needed either.  

5.3 Future Work 

 

There are remaining questions that need to be investigated to understand 

the materials better. The future work for further developments can be divided 

into two parts. 

 

For silica-based materials 

We analyzed the structure of the silica-based materials, observed the ana-

lytical results related to adsorption application, Papers I-III, and provided a 

hypothesis on how the structure relates to efficiency. The remaining challenge 

is investigating and fine-tuning the synthesis process to provide the structure 

that can enhance the efficiency in specific application, i.e., adsorption. Further 

investigating the effect of storage time under controlled conditions and wash-

ing will support future developments, e.g., identifying the appropriate storage 

condition and modifying the washing method used in industry.  

 

Analyzing the porous structure is challenging due to the materials’ high 

porosity (98%), with pores running across different length scales (from a few 

nm to hundreds of µm). Methodology development for EM analysis of the 

material, including the development of the analytical conditions for high-res-

olution imaging, e.g., a methodology to correlate multiscale large data sets, is 

one of the future studies. EM analysis after the adsorption process to define 

the adsorbed contaminants’ position in the structure will help us understand 

the adsorption mechanism and its relation to structure. 

 

Also, as a future step, introducing recirculation of wastewater and salts and 

further improvements concerning the recycling of energy, as reflected and 

guided by a Life Cycle Assessment, is valuable to further develop the manu-

facturing on a large scale.  

 

For CaP materials: 
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Adjusting pH to a fixed value can be studied as an experiment to minimize 

the effect of pH variations and focus on the effect of the washing method. It 

was observed that higher temperatures (60ºC) reduced/eliminated the influ-

ence of the washing method. Different temperatures (between RT-60ºC) shall 

be tested to identify the optimal temperature where the influence of washing 

is negligible. The weight of the samples before and after washing shall be 

tested in future experiments to obtain information regarding the precipitation 

efficiency. It was observed that more Ca ions were used in the reaction, and 

more P ions remained in the rest solutions. Ca/P:1.5 can be tested with the 

same analysis conditions, as it is known to provide the highest precipitation 

efficiency [75].  

 

To follow the crystallization pathway and reveal the phase transformation 

mechanism of produced CaPs at the nanoscale, in situ cryo-electron tomogra-

phy during the synthesis process is the proposed next step. Synchrotron XRD 

analysis on the paste or solution is also a method for future studies that will 

give us in-situ data and minimize the effect of drying on the resulted CaP 

phases. Also, to further investigate the possibility of removing/modifying the 

washing step in industrial processes, experiments shall be designed and per-

formed on a larger scale. 

  

Silica-based materials used in this study are highly porous materials with a 

nanoporous structure that can be useful in many bio applications, e.g., drug 

delivery. An investigation on enhancing the CaPs properties by incorporating 

the silica-based materials used in this study and producing multi-functional 

biomaterials is another proposed future work. 
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6 Svensk sammanfattning 

Under de senare år har nano-strukturerade keramiska material uppmärk-

sammats för användning i industri och medicinska sammanhang på grund av 

deras fördelaktiga egenskaper. Kiseldioxidbaserade nano-porösa material med 

stora specifika ytor är t ex effektiva vid adsorptionsapplikationer. Kalcium-

fosfat-keramer är å andra sidan med sina biokompatibla och bioaktiva egen-

skaper effektiva inom biomedicin. I sådana material är bl a strukturen grunden 

för effektivitet i de nämnda applikationerna. Denna studie har genomförts för 

att förstå strukturen och dess relation till syntesprocessen och slutligen egen-

skaperna vid användningen.  

I forskningen har två typer av material undersökts: kiseldioxidbaserade 

nanoporösa material under marknadsnamnet Quartzene® och kalciumfosfat-

keramer. Vi har använt olika analysmetoder, t.ex. elektronmikroskopi, kväve-

adsorption och röntgendiffraktion, för att karakterisera materialen och förstå 

strukturen.  

Vi observerade att liknande syntesprocesser kan leda till olika strukturer 

som var olika effektiva för olika tillämpningar, t.ex. adsorption. Relationen 

mellan strukturen hos Quartzene® och dess effektivitet i adsorptionsapplikat-

ionen diskuteras. De varierade faktorerna, t.ex. rengöringsmetoden och lag-

ringstid/-metod påverkade de resulterande strukturerna.  

Kalciumfosfater producerades i vattenlösningar och effekten av kvarva-

rande joner i kombination med varierande reaktionstemperatur och tid stude-

rades. Vi observerade att kombinationen av kvarvarande joner och varierande 

reaktionstemperatur och tid kan påverka bildandet av mellanfasen, oktakalci-

umfosfat (OCP) och dikalciumfosfatdihydrat (DCPD) och partikelstorlek när 

startjonkoncentrationerna konstanthölls. Hög reaktionstemperatur (60 °C) in-

led OCP och högre utfällningseffektivitet.  

Fortsatta studier av syntesprocesser rekomenderas för framtida studier i 

syfte  att optimera  strukturen av materialen och egenskaperna vid använding.  
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[21] M. Vallet-Regí, M. Manzano Garcia, and M. Colilla, Biomedical 

Applications of Mesoporous Ceramics : Drug Delivery, Smart 

Materials, and Bone Tissue Engineering (CRC Press, 2012). 
[22] S. Nasreen, U. Rafique, S. Ehrman, and M. A. Ashraf, Synthesis and 

Characterization of Mesoporous Silica Nanoparticles for 

Environmental Remediation of Metals, PAHs and Phenols, Ekoloji 27, 
1625 (2018). 

[23] B. Singh, J. Na, M. Konarova, T. Wakihara, Y. Yamauchi, C. Salomon, 

and M. B. Gawande, Account/Review for Nanoarchitectonics 
Functional Mesoporous Silica Nanomaterials for Catalysis and 

Environmental Applications, Bull. Chem. Soc. Jpn 2020, 1459 (2020). 

[24] D. Zhao, J. Feng, Q. Huo, N. Melosh, G. H. Fredrickson, B. F. 

Chmelka, and G. D. Stucky, Triblock Copolymer Syntheses of 
Mesoporous Silica with Periodic 50 to 300 Angstrom Pores, Science 

(80-. ). 279, 548 (1998). 

[25] A. Bayu, D. Nandiyanto, S.-G. Kim, and K. Okuyama, Synthesis of 
Spherical Mesoporous Silica Nanoparticles with Nanometer-Size 



 

  70 

Controllable Pores and Outer Diameters, Microporous Mesoporous 

Mater. 120, 447 (2009). 

[26] F. Di Renzo, H. Cambon, R. Dutartre, S. Beck, T.-W. Chu, I. D. 

Johnson, C. T. Kresge, M. E. Leonowicz, W. J. Roth, and J. W. Vartuli, 
A 28-Year-Old Synthesis of Micelle-Templated Mesoporous Silica, 

Microporous Mesoporous Mater. 10, 283 (1997). 

[27] G. Wei, Y. Liu, X. Zhang, F. Yu, and X. Du, Thermal Conductivities 
Study on Silica Aerogel and Its Composite Insulation Materials, Int. J. 

Heat Mass Transf. 54, 2355 (2011). 

[28] S. J. Kim, G. Chase, and S. C. Jana, The Role of Mesopores in 
Achieving High Efficiency Airborne Nanoparticle Filtration Using 

Aerogel Monoliths, Sep. Purif. Technol. 166, 48 (2016). 

[29] S. S. Kistler, Coherent Expanded Aerogels and Jellies, Nature 127, 741 

(1931). 
[30] N. Bheekhun, A. R. Abu Talib, and M. R. Hassan, Aerogels in 

Aerospace: An Overview, Adv. Mater. Sci. Eng. 2013, (2013). 

[31] N. Leventis, A. Palczer, L. Mccorkle,  nasagov Guohui Zhang, and C. 
Sotiriou-leventis, Nanoengineered Silica-Polymer Composite 

Aerogels with No Need for Supercritical Fluid Drying, J. Sol-Gel Sci. 

Technol. 35, 99 (2005). 
[32] Synthesis of Flexible Silica Aerogels Using Methyltrimethoxysilane 

(MTMS) Precursor, J. Colloid Interface Sci. 300, 279 (2006). 

[33] S. Chakhari, M. Kadri, A. Rives, and A. Ghorbel, Textural, Structural 

and Catalytic Properties of Zirconia Doped by Heteropolytungstic 
Acid: A Comparative Study between Aerogel and Xerogel Catalysts, J 

Sol-Gel Sci Techn 69, 378 (2014). 

[34] S.-P. Norberg, L. G. Lindahl, and J. Abarhamsson, Agglomerates of 
Precipitated Silica, Method for Their Preparation and Their Use as 

Filter Medium in Gas Filtration, (23 December 2005). 

[35] E. Twumasi Afriyie, P. Norberg, C. Sjöström, and M. Forslund, 

Preparation and Characterization of Double Metal-Silica Sorbent for 
Gas FIltration, Adsorption 19, 49 (2013). 

[36] E. Twumasi Afriyie, P. Norberg, C. Sjöström, and M. Forslund, 

Textural and Hydrogen Sulphide Adsorption Behaviour of Double 
Metal–Silica Modified with Potassium Permanganate, J. Porous 

Mater. 20, 447 (2013). 

[37] P. Karami, E. Twumasi Afriyie, and P. Norberg, A Study of the 
Thermal Conductivity of Granular Silica Materials for VIPs at 

Different Levels of Gaseous Pressure and External Loads, 85, 199 

(2014). 

[38] S.-P. Norberg, J. Abrahamsson, and L. G. Lindahl, Agglomerates of 
Precipitated Silica, Method for Their Preparation and Their Use as 

Filter Medium in Gas Filtration, (2011). 

[39] B.-M. Kwak, J. E. Lee, J.-H. Ahn, and T.-H. Jeon, Laser Diffraction 
Particle Sizing by Wet Dispersion Method for Spray-Dried Infant 



 

  71 

Formula, J. Food Eng. 92, 324 (2009). 

[40] H. Adi, I. Larson, and P. Stewart, Laser Diffraction Particle Sizing of 

Cohesive Lactose Powders, (2007). 

[41] J. P. Sousa e Silva, D. Splendor, I. M. B. Gonçalves, P. Costa, and J. 
M. Sousa Lobo, Note on the Measurement of Bulk Density and Tapped 

Density of Powders According to the European Pharmacopeia., AAPS 

PharmSciTech 14, 1098 (2013). 
[42] P. Karami, K. Gudmundsson, and P. Norberg, Evaluation of the 

Thermal Conductivity of a New Nanoporous Silica Material for VIPs: 

Trends of Thermal Conductivity versus Density, Diva-Portal (2015). 
[43] P. Karami, E. T. Afriyie, P. Norberg, and K. Gudmundsson, A Study of 

the Thermal Conductivity of Granular Silica Materials for VIPs at 

Different Levels of Gaseous Pressure and External Loads, Energy 

Build. 85, 199 (2014). 
[44] T. Log and S. E. Gustafsson, Transient Plane Source (TPS) Technique 

for Measuring Thermal Transport Properties of Building Materials, 

Fire Mater. 19, 43 (1995). 
[45] E. T. Afriyie, P. Karami, P. Norberg, and K. Gudmundsson, Textural 

and Thermal Conductivity Properties of a Low Density Mesoporous 

Silica Material, Energy Build. 75, 210 (2014). 
[46] S. Lowell and J. E. Shields, Powder Surface Area and Porosity, 256 

(1991). 

[47] L.-S. Fan and C. Zhu, Principles of Gas-Solid Flows (Cambridge 

University Press, 2005). 
[48] S. Brunauer, P. H. Emmett, and E. Teller, Adsorption of Gases in 

Multimolecular Layers, J. Am. Chem. Soc. 60, 309 (1938). 

[49] M. Thommes, K. Kaneko, A. V. Neimark, J. P. Olivier, F. Rodriguez-
Reinoso, J. Rouquerol, and K. S. W. Sing, Physisorption of Gases, with 

Special Reference to the Evaluation of Surface Area and Pore Size 

Distribution (IUPAC Technical Report), Pure Appl. Chem. 87, (2015). 

[50] E. P. Barrett, L. G. Joyner, and P. P. Halenda, The Determination of 
Pore Volume and Area Distributions in Porous Substances. I. 

Computations from Nitrogen Isotherms, J. Am. Chem. Soc. 73, 373 

(1951). 
[51] G. Horvath and K. Kawazoe, Method for the Calculation of Effective 

Pore Size Distribution in Molecular Sieve Carbon, J. Chem. Eng. 

Japan 16, 470 (1983). 
[52] A. Saito and H. C. Foley, Argon Porosimetry of Selected Molecular 

Sieves: Experiments and Examination of the Adapted Horvath-

Kawazoe Model, Microporous Mater. 3, 531 (1995). 

[53] J. C. Groen, L. A. A. Peffer, and J. P. E Erez-Ram I Irez, Pore Size 
Determination in Modified Micro-and Mesoporous Materials. Pitfalls 

and Limitations in Gas Adsorption Data Analysis, Microporous 

Mesoporous Mater. 60, 1 (2003). 
[54] P. I. Ravikovitch, G. L. Haller, and A. V. Neimark, Density Functional 



 

  72 

Theory Model for Calculating Pore Size Distributions: Pore Structure 

of Nanoporous Catalysts, Adv. Colloid Interface Sci. 76–77, 203 

(1998). 

[55] K. Sing, The Use of Nitrogen Adsorption for the Characterisation of 
Porous Materials, Colloids Surfaces A Physicochem. Eng. Asp. 187, 

3 (2001). 

[56] D. L. Black, M. Q. McQuay, and M. P. Bonin, Laser-Based 
Techniques for Particle-Size Measurement: A Review of Sizing 

Methods and Their Industrial Applications, Prog. Energy Combust. 

Sci. 22, 267 (1996). 
[57] K. S. W. Sing, D. H. Everett, R. A. W. Haul, L. Moscou, R. A. Pierotti, 

J. Rouquerol, and T. Siemieniewska, Reporting Physisorption Data for 

Gas/Solid Systems — with Special Reference to the Determination of 

Surface Area and Porosity, Pure Appl. Chem. 57, 603 (1985). 
[58] A. L. Tasca, F. Ghajeri, and A. J. Fletcher, Novel Hydrophilic and 

Hydrophobic Amorphous Silica: Characterization and Adsorption of 

Aqueous Phase Organic Compounds, Adsorpt. Sci. Technol. 1 (2017). 
[59] A. L. Tasca, A. J. Fletcher, F. Ghajeri, F. M. Alejandro, and G. T. 

Palomino, Organics Adsorption on Novel Amorphous Silica and Silica 

Xerogels: Microcolumn Rapid Breakthrough Test Coupled with 
Sequential Injection Analysis, J. Porous Media 22, 1001 (2019). 

[60] K. Malek and M. O. Coppens, Knudsen Self- and Fickian Diffusion in 

Rough Nanoporous Media, J. Chem. Phys. 119, 2801 (2003). 

[61] J. Jeong, J. H. Kim, J. H. Shim, N. S. Hwang, and C. Y. Heo, Bioactive 
Calcium Phosphate Materials and Applications in Bone Regeneration, 

Biomater. Res. 23, 1 (2019). 

[62] B. O. Fowler, Infrared Studies of Apatites. II. Preparation of Normal 
and Isotopically Substituted Calcium, Strontium, and Barium 

Hydroxyapatites and Spectra-Structure-Composition Correlations, 

Inorg. Chem. 13, 207 (1974). 

[63] M. Jarcho, C. H. Bolen, M. B. Thomas, J. Bobick, J. F. Kay, and R. H. 
Doremus, Hydroxylapatite Synthesis and Characterization in Dense 

Polycrystalline Form, J. Mater. Sci. 11, 2027 (1976). 

[64] D. M. Roy and S. K. Linnehan, Hydroxyapatite Formed from Coral 
Skeletal Carbonate by Hydrothermal Exchange, Nat. 1974 2475438 

247, 220 (1974). 

[65] E. Fiume, G. Magnaterra, A. Rahdar, E. Verné, and F. Baino, 
Hydroxyapatite for Biomedical Applications: A Short Overview, 

Ceram. 2021, Vol. 4, Pages 542-563 4, 542 (2021). 

[66] J. Zhao, Y. Liu, W. Bin Sun, and H. Zhang, Amorphous Calcium 

Phosphate and Its Application in Dentistry, Chem. Cent. J. 5, 1 (2011). 
[67] O. Suzuki, Evolution of Octacalcium Phosphate Biomaterials (LTD, 

2019). 

[68] F. C. M. DRIESSENS, Physiology of Hard Tissues in Comparison 
with the Solubility of Synthetic Calcium Phosphates, Ann. N. Y. Acad. 



 

  73 

Sci. 523, 131 (1988). 

[69] M. Nagano, T. Nakamura, T. Kokubo, M. Tanahashi, and M. Ogawa, 

Differences of Bone Bonding Ability and Degradation Behaviour in 

Vivo between Amorphous Calcium Phosphate and Highly Crystalline 
Hydroxyapatite Coating, Biomaterials 17, 1771 (1996). 

[70] E. D. Eanes, Amorphous Calcium Phosphate: Thermodynamic and 

Kinetic Considerations, in Calcium Phosphates in Biological and 
Industrial Systems (Springer US, 1998), pp. 21–39. 

[71] J. L. Meyer and C. C. Weatherall, Amorphous to Crystalline Calcium 

Phosphate Phase Transformation at Elevated PH, J. Colloid Interface 
Sci. 89, 257 (1982). 

[72] N. C. Blumenthal, F. Betts, and A. S. Posner, Stabilization of 

Amorphous Calcium Phosphate by Mg and ATP, Calcif. Tissue Res. 

1977 231 23, 245 (1977). 
[73] A. L. Boskey and A. S. Posner, Conversion of Amorphous Calcium 

Phosphate to Microcrystalline Hydroxyapatite. A PH-Dependent, 

Solution-Mediated, Solid-Solid Conversion, J. Phys. Chem. 77, 2313 
(1973). 

[74] X. Lu and Y. Leng, TEM Study of Calcium Phosphate Precipitation on 

Bioactive Titanium Surfaces, Biomaterials 25, 1779 (2004). 
[75] O. Mekmene, S. Quillard, T. Rouillon, J.-M. Bouler, M. Piot, and F. 

Gaucheron, Effects of PH and Ca/P Molar Ratio on the Quantity and 

Crystalline Structure of Calcium Phosphates Obtained from Aqueous 

Solutions, Dairy Sci. Technol. 89, 301 (2009). 
[76] L. Katz, X-Ray Diffraction in Crystals, Imperfect Crystals, and 

Amorphous Bodies (Guinier, A.), J. Chem. Educ. 41, 292 (1964). 

[77] Elliot J. C., Structure and Chemistry of the Apatites and Other Calcium 
Orthophosphates (Elsevier, 1994). 

[78] Y. Leng, J. Chen, and S. Qu, TEM Study of Calcium Phosphate 

Precipitation on HA/TCP Ceramics, Biomaterials 24, 2125 (2003). 

[79] W. E. Brown, Octacalcium Phosphate and Hydroxyapatite: Crystal 
Structure of Octacalcium Phosphate, Nature 196, 1048 (1962). 

[80] C. Drouet, Apatite Formation: Why It May Not Work as Planned, and 

How to Conclusively Identify Apatite Compounds, Biomed Res. Int. 
2013, (2013). 

[81] V. S. Komlev, I. V. Fadeeva, A. S. Fomin, L. I. Shvorneva, D. Ferro, 

and S. M. Barinov, Synthesis of Octacalcium Phosphate by 
Precipitation from Solution, Dokl. Chem. 2010 4322 432, 178 (2010). 

[82] Y. Sugiura and K. Ishikawa, Effect of Calcium and Phosphate on 

Compositional Conversion from Dicalcium Hydrogen Phosphate 

Dihydrate Blocks to Octacalcium Phosphate Blocks, (2018). 
[83] Y. Sugiura and Y. Makita, Sodium Induces Octacalcium Phosphate 

Formation and Enhances Its Layer Structure by Affecting the Hydrous 

Layer Phosphate, (2018). 
[84] V. K. Ivanov, P. P. Fedorov, A. Y. Baranchikov, and V. V Osiko, 



 

  74 

Oriented Attachment of Particles: 100 Years of Investigations of Non-

Classical Crystal Growth, Russ. Chem. Rev. 83, 1204 (2014). 

[85] M. Jehannin, A. Rao, and H. Cölfen, New Horizons of Nonclassical 

Crystallization, J. Am. Chem. Soc. 141, 10120 (2019). 

 





Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology 2119

Editor: The Dean of the Faculty of Science and Technology

A doctoral dissertation from the Faculty of Science and
Technology, Uppsala University, is usually a summary of a
number of papers. A few copies of the complete dissertation
are kept at major Swedish research libraries, while the
summary alone is distributed internationally through
the series Digital Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Science and Technology.
(Prior to January, 2005, the series was published under the
title “Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-467551

ACTA
UNIVERSITATIS

UPSALIENSIS
UPPSALA

2022


	List of Papers
	Abstract
	Author’s Contribution
	Contents
	Abbreviations
	1 Introduction
	2 Scope and objectives of the thesis
	3 Nanoporous materials and their applications
	3.1 Mesoporous silica
	3.1.1 Aerogel
	3.1.2 Quartzene®

	3.2 Motivation and aim of this investigation
	3.3 Experimental
	3.3.1 Synthesis of silica-based nanoporous materials
	3.3.2 Experiments on the effect of cleanliness on the structure
	3.3.3 Experiments on the effect of time/storage condition on the porous structure
	3.3.4 Analysis methods for general assessment
	3.3.5 Structural analysis methods

	3.4 Results
	3.4.1 General assessment of silica-based materials
	3.4.2 Porous structure of the silica-based materials
	3.4.3 Structural analysis of silica-based samples
	3.4.4 Effect of cleanliness/filtration on the porous structure
	3.4.5 Effect of time/storage conditions on the porous structure
	3.4.6 Gas adsorption (Paper I)
	3.4.7 Organics adsorption (Papers II and III)

	3.5 Discussion
	3.5.1 The relation between synthesis type and the resulting
	structure
	3.5.2 Comparison/correlation of the BET with EM results and
	relation to efficiency in the application
	3.5.3 Effect of cleanliness level on the porous structure
	3.5.4 Effect of storage time/condition on the porous structure


	4 Calcium phosphate bioceramic
	4.1 Motivation and aim of this investigation
	4.2 Experimental
	4.2.1 Synthesis of Calcium Phosphate powders
	4.2.2 Structural analysis methods

	4.3 Results (Papers IV and V)
	4.3.1 A general assessment of the synthesized CaPs
	4.3.2 Structural and morphological analysis results

	4.4 Discussion

	5 Conclusion and Future Perspective
	5.1 Synthesis and characterizations of Quartzene®
	5.2 Synthesis and characterizations of CaPs
	5.3 Future Work

	6 Svensk sammanfattning
	7 Acknowledgments
	8 References


 
 
    
   HistoryItem_V1
   InsertBlanks
        
     Where: after current page
     Number of pages: 1
     Page size: same as current
      

        
     D:20220221143257
      

        
     Blanks
     1
     Always
     196
     1
     1
     1
     1
     19
     1
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