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Abstract 

During last years the interest in large scale production of nano/mesoporous 
materials has increased in the industry due to benefits that these materials can 
provide. Silica based nanomaterials are examples of such materials with large 
specific surface area and pore volume where the porous structure is the key 
for the resulting properties leading to efficiency in e.g. filtration applications. 

The aim of this research was to contribute knowledge on understanding the 
porous structure and its relation to the efficiency. For this approach, the porous 
structure of a nano/mesoporous silica-based material is characterized. The 
analysis of this material is a challenge as it has a wide range of pores in the 
structure from a few nanometres to several micrometres. Electron microscopy 
(EM) methods are used for the structural analysis of the materials as a com-
plementary method to nitrogen adsorption (NA). The samples are analysed as 
powders and the relation between the structure and efficiency in the applica-
tion is discussed. 

Through this research different synthesis pathways have been studied under 
the family name of Quartzene®, and the differences in the resulting structure 
is discussed. The synthesis and storage conditions have been varied in order 
to study the effect on the porous structure.  
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1 Introduction 

Nano and nanoporous materials are of special interest due to their properties 
which lead to improved efficiency on a variety of applications compared to 
that of bulk materials (2). The word nano refers to the scale 1-100 nm accord-
ing to International Union of Pure and Applied Chemistry (IUPAC) (3), where 
1 nm equals to 10-9 m. Nanomaterials are classified by their particle size being 
in nano scale (in at least one dimension), whereas, nanoporous materials are 
the materials with pores/voids in nano scale in their structure, meaning not 
necessarily the particles but that the voids between or inside the particles are 
in nano scale giving a special property to the material. Being made of nano 
particles or having nano pores, nano and nanoporous materials have improved 
properties such as adsorption, absorption and catalytic properties compared to 
those of the bulk materials. Gold, e.g., in bulk form has different colour, melt-
ing point and catalyst performance compared to gold nano particles. Owing to 
the high surface to volume ratio of nanomaterials, with a larger portion of the 
atoms at the surface, the extent of any reaction on the surface is amplified in 
nanoparticulate or nanoporous materials (4).  

On the other hand, porosity is an interesting property of the materials spe-
cially in the nanoscale, as having high porosity with nano pores means a higher 
surface area that is the key property of the nanoporous materials. They are 
either found in nature or made synthetically. An example of nanoporous ma-
terials found in nature are zeolites (5). Activated carbon (6) is an engineered 
nanoporous material where the source of carbon can be natural such as coco-
nut charcoal, coal and rice husk or synthetic such as synthetic fibres. Synthetic 
amorphous silica (SAS) is the common name for man-made versions of silica, 
such as precipitated silica, silica gel and pyrogenic silica (fumed silica).  

Nanoporous materials are produced and designed with physical and chem-
ical properties for specific applications from adsorption in gas or liquid phase 
to catalytic performance in reactions. Gas adsorption is used in a variety of 
applications from energy and the environment to biology and medicine where 
gases such as hydrogen, methane, nitric oxide, carbon dioxide, volatile organic 
compounds (VOCs), etc., are filtered by nanoporous materials. Adsorption in 
liquid phase includes cleaning of drinking water or water for various industrial 
purposes from any nanosized contaminants or filtration of oils and other liq-
uids. The remaining challenge is the fine tuning of the synthesis process de-
pending on the application, especially in large scale production, e.g. designing 
the material to have enough adsorption capacity, controllable delivery rates, 



 12 

suitable shelf-life during storage, impregnations or surface functionalization, 
energy and environmental efficiency of the synthesis methods, etc. 

The synthesis process of nanoporous materials is of main importance as the 
efficiency is directly related to their properties and structure, which is a result 
of the synthesis. Looking at the synthesis process of nanoporous materials: 
activated carbon is made of a carbon source where carbon is either physically 
or chemically treated to have nano sized pores that increases the surface area 
of the material depending on the synthesis method. Aerogels are made by the 
sol-gel method combined with supercritical drying (SCD). Different chemi-
cals used in the synthesis, the ageing time and the drying method has large 
impact on the resulting structure (7). There are various methods to produce 
metal organic frameworks (MOF) such as conventional hydrothermal or sol-
vothermal techniques where crystals are slowly growing from a hot solution 
or the new methods such as microwave-assisted, electrochemical and mecha-
nochemical synthesis methods. Investigations show that choosing different 
synthesis alternatives leads to different MOFs (8). Precipitated silicas are also 
known as nanoporous materials where the structure is related to the precipita-
tion reaction that takes place in the synthesis process as well as drying method. 
Considering the above examples of nanoporous materials, there is a connec-
tion between the synthesis, properties and structure. Such materials starting 
from the same reaction mixtures, they can lead to different structures, there-
fore different synthesis pathways may have a strong impact on reaction time, 
yields, or particle size and morphology of the resulting material or they can be 
more or less well suited for the implementation in large-scale processes.  

Silica based nanoporous materials produced with different pathways under 
the commercial name of Quartzene® are investigated in this study. This inves-
tigation is conducted to understand the relation between the synthesis, struc-
ture and properties of such nanoporous materials which is the first step on 
improving the material’s synthesis in an iterative process, depending on the 
desired properties for the application. For this approach, the investigation re-
quires understanding of every process from the synthesis, to properties and the 
resulting structure. 
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2 Scope and objectives of the thesis 

2.1 Scope  
To deepen understanding and contributing knowledge of silica based 
nano/mesoporous material structure and related properties, with a (specific) 
focus on liquid/molecular filtration.  

2.2 Objectives 
Objective 1: Material analysis 
Silica based nano-mesoporous material’s properties impact their performance 
in the application therefore an understanding of the material’s properties is 
essential to determine the material efficiency for the application. The first ob-
jective in this investigation is the material analysis: 
 

• To characterize a novel silica based nano/mesoporous material under 
advanced analysis techniques such as nitrogen adsorption methods, 
electron microscopy methods, etc. 

• To get a better understanding of the present material’s structure. 
• To relate the characterization results with the efficiency in the appli-

cation, e.g. gas/liquid filtration. 

Objective 2: Synthesis and storage 
Various synthesis routes can result in different structures that impact the effi-
ciency in the application. Also, any transformation in the structure over the 
storage time can influence the material and affect the properties. Therefore, 
the second objective is focused on understanding the synthesis process: 
 

• To relate the synthesis and resulted properties.  
• To understand the storage effects. 
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2.3  Motivation and the aim of this investigation 
Silica based nanoporous materials are promising materials for among others 
filtration application. There is a connection between the synthesis, properties 
and structure of such materials. The synthesis gives the basis for the resulting 
properties, and what the material’s structure looks like. From the other side, 
structure is what makes the material efficient for the application and an under-
standing of the materials structure is essential to understand why such materi-
als are efficient in the application. For this reason, a silica based nanoporous 
material is used in this investigation under the commercial name of 
Quartzene®.  
 
Also, this research aims to support the understanding of the relation between 
the structure and efficiency in the application and correlate them to provide a 
model of the structure in a wider context to support industrial use. This will 
help understanding why the material is efficient in the application, why it be-
haves differently in some cases, what happens when adding other materials in 
such materials structure (binder, doping agent, etc.). For this approach, the 
investigation requires understanding of every process step from the synthesis 
to the resulting structure and its properties. The information gained from here 
is a basis to improve the material’s synthesis in an iterative process, depending 
on the desired properties needed for the application. Below is a diagram illus-
trating the research on the material, the current study being part of this inves-
tigation.  
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3 Nanoporous materials and their applications 

Nanoporous materials are advanced materials with unique properties that em-
anates from the presence of pores and interfaces in their structure which allows 
the creation of lighter materials as well as introducing materials with different 
properties into the pores. That means being a porous material the same physi-
cal dimension can be multi-functional. Also, having pores in the nanometre 
range gives them a high surface area and low density. Having remarkable 
topographic, structural, and bulk properties makes them a potential material 
for a wide range of energy and environmental application areas including in-
sulation and purifications. 

Nanoporous materials are classified depending on their pore size according 
to the International Union of Pure and Applied Chemistry (IUPAC) (3) as be-
low: 
 

• Microporous materials: 0.2–2 nm 
• Mesoporous materials: 2–50 nm  
• Macroporous materials: 50–1000 nm 

These highly porous materials are used for insulation applications due to the 
structure holding more gas/air than a solid. The thermal transport of a gas is 
considerably lower than that of a solid. The heat transfer is interrupted by the 
pores and significantly reduced in nanoporous materials that makes them a 
suitable material for insulation applications, and energy efficiency (9). Na-
noporous materials are also used as adsorbents in purification applications, as 
the efficiency of the adsorbents depends on surface area, pore and particle size 
distribution as well as chemical structure, etc. One example of an effective 
adsorbents is activated carbon that has a high surface area. It is reported that 
under the right conditions one gram of activated carbon has a total surface area 
of five football fields. The pore structure of the carbon is increased when 
heated and oxygen treated and called activated carbon. It is then used among 
others for water purification and air filtration. Other common adsorbents in-
clude silica gel and molecular sieves due to their high surface area. Nanopo-
rous adsorbents are also used in oil filtration, as they are usually effective in 
the final stages of the filtration process to remove the low concentrations of 
the oil residues. Therefore, nanoporous materials are highly interesting in in-
dustrial applications for developing new products and technologies in areas 
including building insulation, gas/liquid filtration and are suitable for energy 
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and environmental applications. Hence, investigations to further develop and 
utilize nanoporous materials is of main importance in science and technology. 
Below are some of the nanoporous materials used in the industry and their 
properties are as shown in Table 1.  

Table 1. Characterisation table of nano/mesoporous materials. 
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 (10) 3-350 600-1000 20-40 7-70 95-99% 

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

Zeolite (11) (12) 700-1100 1-950 0-10 - - 

*particle size depends on the form of the material and drying method. Powder form 
is used here, but the drying method can still affect the particle size.  

3.1 Microporous zeolite 
Zeolite is classified as a group of aluminosilicate materials that has a porous 
structure. They are either found in nature or synthetically produced. The prop-
erties of synthetic zeolites are tuneable to maximize their efficiency in the ap-
plications such as catalysis. There are around 245 types of different zeolite 
frameworks that are accepted by the International Zeolite Association (13). 
They have a wide range of applications including filtration and energy storage 
applications due to their modifiable surface properties and high pore volume 
(14). The size, shape and pattern of these pores are well defined due to the 
crystalline structure of these materials. Zeolites are typically microporous but 
mesoporous types are also synthesized. Generally, microporous have a pore 
diameter well below 10 Å (15). Nano crystalline zeolites are the ones being in 
at least one dimension below 100 nm. This causes their surface area to increase 
dramatically and improves the properties for many applications. When syn-
thesizing a zeolite, control of the concentration of the reaction mixture is im-
portant as well as the time and temperature. The stability of a zeolite depends 
on the Si/Al ratio (16)(17) and different Si/Al ratio can produce different ze-
olites with different dimensions and framework types. Also, the choice of tem-
plate determines the structure of the zeolite. The surface of a zeolite can be 
functionalized to modify the surface properties (18)(19)(20). The exact mech-
anism of zeolite growth and the explanation of why certain techniques work 
is still not clear and therefore still being studied due to the complexity of the 
zeolite reaction mixture.  
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3.2 Activated carbon 
Activated carbon is a material with high porosity and surface area properties, 
see Table.1. It is used in adsorption/purification applications due to its high 
adsorption capacity. Activated carbon is made from materials that are rich in 
carbon such as coal, coconut husk, wood and petroleum pitch. The process is 
carbonization followed by activation. The carbonization process involves heat 
treatment of the carbon source in an inert atmosphere (700–1000°C) and the 
activation process is either physical or chemical such as gasification with wa-
ter vapour, oxygen, carbon dioxide or impregnation with zinc chloride, potas-
sium hydroxide or phosphoric acid to improve adsorption characteristics. The 
activation process is where the porous structure and adsorption properties are 
enhanced. Different porosity and pore size distribution can be obtained by 
making changes in the carbonization and activation process. Therefore, each 
individual carbon possesses specific properties depending on the source of 
carbon, activation method, etc. They are used mainly in granules and powder 
forms. 

3.3 Mesoporous silica 
Mesoporous silica is synthetic amorphous material with a porous structure. It 
belongs to the SAS type of materials according to European Chemical Indus-
try Council (CEFIC) (21). The word meso refers to the size 2-50 nm. Meso-
porous materials are used as adsorbents, catalysts, etc., in applications in 
healthcare (22), sensing, environmental remediation, catalysis, etc. It can also 
be surface functionalized for improved efficiency in various applications. The 
structure of mesoporous silica is not ordered and has a wide variety of pores 
size and shape in the structure. Having bigger pores than microporous zeolites, 
both the internal and external structure of mesoporous silica can be function-
alized. Among the well-known mesoporous silica materials are SBA-15 (23), 
HMM-33 (24), MCM-41 (25), mesoporous zeolites, aerogel and Quartzene®. 
The basis for the synthesis of mesoporous silica is hydrolysis and condensa-
tion of the silica source. It can be synthesized in both basic or acidic condition 
and usually a surfactant is used to produce the mesoporous structure. The for-
mation of mesoporous silica can be controlled by controlling the reaction sys-
tem and many factors are involved in this stage that determine the final form 
of the material. These factors are among others, reagent choice and concen-
tration, pH, temperature and synthesis time. Below are the two examples of 
mesoporous silica described: 
 
Aerogel 
Aerogel is a synthetic porous, nanostructured, transparent, ultralight weight 
advanced material derived from a gel, in which the liquid component of the 
gel is possible to remove using supercritical drying (SCD). The result is a solid 
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with extremely low density, see Table 1, transparent, very low thermal and 
sound conductivity (10), etc. It has a large number of application areas from 
insulation to filtration. Aerogel was first made by S. S. Kistler in 1931 (26) 
and since then it has been investigated by many researchers. Despite having 
many attractive properties, the conventional silica aerogels have limitations 
since they are brittle and fragile and may break into pieces easily. Moreover, 
the silica sources used for conventional aerogels, such as TEOS and TMOS, 
are hazardous (10) and expensive compared to e.g. sodium silicate. The SCD 
is a complicated and time-consuming process with high cost (27) even when 
liquid carbon dioxide is used to fill up the pores before SCD. Researchers have 
been investigating methods to make flexible aerogels, such as polymer doping 
(28) or reducing bond using other silica sources (29), or drying methods such 
as evaporative drying techniques by Leventis et. al. (28), but there are still 
disadvantages such as reduced transparency and increased density of flexible 
aerogels. Longer processing time with high shrinkage and higher density im-
ply worse thermal conductivity of xerogels compared to the conventional sil-
ica aerogels (30). There are commercially available aerogels on the market but 
there is not a large-scale production and industrial use of bulk silica aerogels, 
which is due to the limitations mentioned above.  
 
Quartzene® 
The idea of making an environmentally friendly material with comparable 
properties to an aerogel but less complicated drying technique and hence cost 
efficient was raised by Sjöström et.al. in the Department of Building Materials 
Technology, KTH, Royal Institute of Technology by the late 1990:ies. The 
research by the group was based on taking aerogel as a model material and 
investigating low cost silica sources and drying techniques to synthesize a ma-
terial with comparable properties to silica aerogels but cost efficient for indus-
trial applications and, in addition, with low environmental effects. The first 
material being synthetized was called CMS, a silica based mesoporous mate-
rial that is dried at ambient pressure and results in a porous powder, see Table 
1 (31). Having a very high porosity and a low density, the material was tested 
for molecular filtration and revealed promising results in this application (32). 
It has also been impregnated for optimal efficiency, for example for capturing 
pollutants originating from combustion (33). CMS is currently used as a good 
molecular filtration material for industrial purposes. The investigation of the 
synthesis of silica based nano/mesoporous materials with aerogel like proper-
ties has continued with the synthesis of a more recent material called Z1 (34) 
that contains a wide range of pores size in the structure. It has among others a 
high surface area, low density, see Table 1, and low thermal conductivity (24-
26 mW/m·K). Having a low thermal conductivity, Z1 has been a suitable 
material for thermal insulation applications and it has been investigated for 
insulation of buildings in vacuum insulation panels (34) as well as added in 
paint for insulating paint and coating, etc. All different types of materials have 
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been named Quartzene® as a commercial name for the family of nano/meso-
porous silica-based materials.  
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4 Experimental  

4.1 Synthesis 
The synthesis process is performed by a precipitation reaction where an alkali 
silicate solution is brought into contact with a salt solution containing divalent 
or polyvalent metal cations in room temperature. The process is characterized 
as coagulation process described in the patent (35). The salt solution is made 
up of MgCl₂ and CaCl₂ and the synthesis is done by mixing the salt solution 
with a dilute sodium silicate solution, using an ordinary food mixer at room 
temperature. The obtained gel is then rinsed in water to remove residual reac-
tion products and excess ingredients. A paste of about 15% dry content is then 
obtained by vacuum filtration of the slurry. Finally, the material obtained is 
dried by an ambient pressure drying (APD) technique to a dry content of typ-
ically 90% or more.  

Different pathways can be used for making the material, the above example 
material is called Quartzene CMS, a calcium-magnesium silicate. Another ex-
ample is a precipitation reaction of activated sodium silicate with sodium chlo-
ride at room temperature Different activation levels of the silica source and 
different salt concentrations can lead to different structures in the dried mate-
rial. Two types of the materials synthesized along this pathway are called 
Quartzene® ND and Z1. 

All starting chemicals are soluble in water. Careful preparation of the pro-
cess solutions, mixing under controlled conditions, and monitoring the various 
stages of the precipitation reaction allow several types of materials with dif-
ferent silica structures to be produced as mentioned above. Some of these ma-
terials are identical in the nanoscale to traditional aerogels while others are 
very specific and tailored for special applications. When adapting these pro-
cesses to larger scales, the control of the reactions is a challenge. The scaling-
up of the Quartzene process is hitherto performed by step-wise ramping up of 
capacities.  

According to the application requirements, impregnation/functionalization 
can be carried out in the synthesis process e.g. to provide certain charged sites 
and chemical conditions attracting pollutant gas molecules or rendering the 
originally hydrophilic material hydrophobic by grafting organosilanes onto 
the free silanol groups, as described in Paper I. It is also possible to produce 
granules either before or after drying process if granules are required for the 
application.    
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The drying techniques used in production of Quartzene are spray drying 
and a tornado technology. A spray dryer sprays the liquid droplets (paste 
mixed with water) through a nozzle into a chamber of hot air where the powder 
particles are produced and directed to the outlet of the chamber, here the pro-
duced particle size depends on the nozzle size (36). The tornado technique 
employs high air velocities acting in two ways: firstly, it imposes a grinding 
effect on the material making the particles very small, less than 20 micron; 
and secondly, the air velocity and the small particles help making the drying 
process quick and efficient. A comparison of the energy consumption of both 
methods is reported in Paper I . The example samples reported in this study 
are all spray dried samples using a laboratory spray dryer with nozzle size 1.5 
mm. 

A summarizing scheme of the synthesis process of Quartzene is as in Figure 
2 (see also Paper I): 
  



a. Synthesis in the lab

b. Process flow in large scale

+
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4.2 Characterization methods 
Silica based non/mesoporous materials are complex systems where their func-
tionality emanates from a porous structure covering several length scales. An-
alysing the pore structure is essential to understand the existing pore sizes and 
shapes, how the pores are arranged and how they perform in different applica-
tions. The material’s porous structure is constituted of different types of pores 
that appear at different length scales and there is no unique method to com-
pletely analyse these types of materials over the whole range and achieve an 
overview of the porous structure. In this investigation, the material is charac-
terized using different techniques and the objective is to use the information 
gained from different methods to describe the porous system and enable cor-
relation between porous structure and efficiency in the application. 

 Nitrogen adsorption method for analysis of porous 
structure 

One of the main properties of a porous structure is the surface area of the pores 
that adds to the overall surface area of the sample. The specific surface area of 
a solid is determined by a physical adsorption method and of a gas on the 
surface of the solid and by calculating the amount of adsorbate gas on the sur-
face. The process is as the following: The adsorbent sample is degassed in a 
vacuum applying elevated temperatures (150°C) making sure there is no gas 
or humidity in the pores prior to the analysis. A gas (here N2) is then filled in 
the sample tube with known volume of the empty tube and mass of the adsor-
bent sample in the tube. The volume of the gas adsorbed to the surface of the 
particles is then measured at the boiling point of nitrogen (-196°C). When the 
gas molecules meet the adsorbent, both physical and chemical adsorption can 
accrue. Physical adsorption results from relatively weak forces (van der Waals 
forces) between the adsorbate gas molecules and the adsorbent, whereas chem-
ical adsorption can accrue due to the chemical reaction between the gas and 
adsorbent molecules. The temperature, pressure and the characteristics of the 
material have influences in this process.  

Assuming the gas molecules form a monolayer on the surface of the adsor-
bent material due to physical adsorption, the surface area can be calculated by 
Langmuir theory which is suitable for closed packed structures (37)(38). On 
the other hand, multilayer adsorption accrues when the gas molecules are cre-
ating more than one layer on top of each other where the top layers are not in 
contact with the adsorbent surface. In this case, the gas molecules may interact 
with each other resulting in vapour phase interaction, meaning that the gas 
molecules on, the higher layer get adsorbed by the gas molecules on the first 
layer, therefore the gas condenses to the liquid phase (38). Multilayer adsorp-
tion accrues when the temperature of the adsorbent is lower than the gas mol-
ecules. In this case, the adsorbent pores become filled with condensed gas 
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which is called capillary condensation. In this study, the nitrogen adsorption 
method is used to analyse the porous structure and the specific surface area is 
calculated according to Brunauer, Emmet, Teller (BET) theory (39).  

According to the BET theory, the adsorption is assumed to be multilayered, 
where all layers are in equilibrium, meaning the gas layers do not interact with 
each other, therefore the Langmuir equation can be used for each layer, the 
BET equation is defined as below:  

1
= +

. 
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Figure 3. Classification of physisorption isotherms by IUPAC (58)(59). 

Physical adsorption methods, despite being a common and useful method for 
analysing nanoporous materials, have some artefacts resulting from physical 
phenomena like the tensile strength effect, adsorbate phase transitions, and 
monolayer formation in combined micro- and mesoporous materials, leading 
to extra contributions in the adsorption isotherm that are not calculated by 
models for pore size determination. Groen et. al. (40) discussed this limitations 
in the analysis of pore size distributions from adsorption isotherms and con-
firmed that the conventional models BJH (41) HK ( Horvath and Kawazoe) 
(42), SF (Saito-Foley) (43) are useful to analyse adsorption data, but only ap-
ply to a given part of the adsorption isotherm and even if developments of new 
models such as (NL)DFT (Non-local density functional theory) (44), are use-
ful for well-ordered systems, they are still limited when analysing complex 
systems such as Quartzene, since in DFT it  is assumed that the pores are rigid 
and of well-defined shape. Sing (45) reviewed the nitrogen adsorption method 
and its limitations, and suggested it as a semi-quantitative evaluation method 
of micropore size distribution that can be useful in quality control of the na-
noporous materials. 
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The nitrogen adsorption measurements in this investigation are performed at 
77K using a Micromeritics Tristar 3200, on samples accurately weighed be-
tween 0.15 and 0.5 g and degassed at 150ºC, for 24h. The adsorption desorp-
tion points were collected for isotherm and spanning the relative pressure 
range 0–0.99. The BET method (39) was used to interpret the data obtained. 
As mentioned above the nitrogen adsorption method is not enough by itself to 
achieve an understanding of the nano/mesoporous material’s structure due to 
their often-complex pore structure. Thus, a complementary method is needed. 

 Electron microscopy method for imaging of nanostructure 
Electron microscopy (EM) methods allows for the imaging of the pore struc-
ture and thus analysing the porous system. This method has been used for 
analysis of the porous structure as a complement to the nitrogen adsorption 
method for better understanding the porous structure that is the key infor-
mation for understanding the correlation between the properties and efficiency 
for the application. Both SEM and TEM are used in this investigation. 

4.2.2.1 Scanning electron microscopy 
In a SEM, an electron beam emitting from an electron source is focused on 
the sample surface and a scanning image is generated by recording signals 
caused by the interaction between the beam electrons and sample atoms. In 
the case of the secondary electron image, topographic information of the ana-
lysed sample is obtained, in a backscattered electron image, chemical compo-
sition contrast is observed. There are also other signals that can be detected in 
the SEM such as characteristic X-rays, Auger electrons etc., that can give in-
formation on thickness, composition etc. Below is a schematic of the signals 
detected in SEM, see Figure 4: 
 

 
Figure 4. Schematic of beam-sample interaction in SEM (46). 
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Secondary electron creation 
When the primary electron impinges the sample and interacts with the sample 
atoms, secondary electrons are generated as a result of inelastic scattering 
when the electron interacts with the loosely bound outer shell electrons of the 
atom and which escapes the atom with a very low kinetic energy (<50 eV). 
Secondary electrons are produced everywhere in the interaction volume but 
only if they are close to the surface, they can escape the surface and get de-
tected by the secondary electron detector. As mentioned, surface detail and 
morphology information are obtained by the secondary electrons.  
 

Back scattered electron creation 
Back scattered electrons are generated as a result of elastic scattering. When 
the electron coming from the primary beam interacts with the inner shell elec-
trons, it scatters in another trajectory inside the sample without losing energy 
and escapes the sample surface after a couple of elastic scattering events. The 
emitted signal is then detected through the backscattered electron detector and 
an image is formed according to the intensity of the detected signals. Back 
scattered electron signal gives information about the sample composition and 
the atomic number.  

The advantage of SEM is that it allows a high magnification to view pore 
sizes from a few nanometres to hundreds of microns. It has a great depth of 
field which is very useful for the analysis of the brittle and non-planar samples. 
An elemental analysis can also be conducted if using the technique of EDX.  
 
A Zeiss Merlin SEM instrument (47) is used for the analysis of samples to 
understand the hierarchy of pores and measure their size. The quantitative 
analysis of the SEM images has been conducted using Gatan Digital Micro-
graph (48).   
 
Sample preparation for SEM analysis of the powder samples 
The sample preparation method for the analysis is as below: 
A double-sided carbon tape is attached on the sample holder and the powder 
sample, that is taken to a pipette, is blown to the sample holder inside a fume 
hood. N2 is then blown over the sample to ensure the removal of excessive 
particles.  
 

4.2.2.2 Transmission electron microscopy  
In TEM, the electron beam is produced in the electron gun and accelerated 
through an electromagnetic field. The accelerated parallel beam impinges the 
sample and it either transmits through the sample without any interaction in-
side the sample (transmitted electron beam) or gets scattered due to interac-
tion with the specimen atoms with no loss of energy and transmits through 
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the remaining portion of the sample (elastically scattered beam). Both sig-
nals are received by the CCD camera and a magnified image is then created. 
In a thick sample, fewer transmitted (not scattered) electrons will be received 
by the camera and the image will appear darker and vice versa.  
When the sample is illuminated with a parallel incident beam, a diffraction pattern 
that is called a Fraunhofer diffraction pattern, is formed on the back focal plane of the 
objective lens. 

The information gathering or detecting methods of SEM and TEM are differ-
ent as can be seen in Figure 5. In the SEM the beam is converged and focused 
into an small point on the specimen and the detector detects the signals and 
scans the specimen from the front side, however, in TEM the beam is parallel 
to the specimen and the electrons are passing through the sample and it needs 
a thin sample.  
 

 
 
 
 
 
 
 

 

 

Figure 5. Schematic of beam-sample interaction on TEM. 

 
Sample preparation for TEM analysis 
The samples have been prepared for the TEM analysis as follows. A solution 
of the powder and ethanol has been prepared with the concentration of 
1mg/ml. The solution has been treated in an ultrasonic bath for 10 minutes. 
One drop of the prepared solution has been taken to the TEM carbon grid (400 
Mesh continuous carbon grid) and dried at room temperature, the sample was 
stored in the desiccator under vacuum in cleanroom prior to the analysis.  
 
Phase contrast imaging 
In this investigation, phase contrast is used to obtain information about the 
pore structure of the sample. When electrons are passing through the sample, 
they get either transmitted or scattered with a different relative phase due to 
the interaction with the sample atoms. The electrons with different phases that 
are detected through the detector will cause a contrast difference in the image. 
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Phase-contrast appears in almost every TEM image and often used in high 
resolution (HR) imaging. The contrast mechanism is sensitive to thickness, 
orientation and scattering factor of the sample as well as variations in the focus 
or astigmatism of the objective lens. Phase-contrast images are formed by us-
ing more than one beam to create an image of the sample, as a higher number 
of electron beams used to create the image will result in a better resolution of 
the sample. In contrast, in bright field and dark field images, only a single 
electron beam is used to obtain an image of the sample. 
Phase-contrast images are used in three forms as below: 
 

• Images which relate directly to the structural periodicity of the 
crystalline sample. 

• Moiré fringes 

• Fresnel contrast 

As this research is on an amorphous, non-crystalline sample, the Fresnel con-
trast is investigated. 
 
Fresnel contrast/Fresnel fringes are created due to abrupt changes of the inner 
potential any time we operate the TEM out of focus. They appear as dark and 
bright fringes. When the objective lens is focused close to the sample, the op-
eration is called in the near-field or Fresnel regime. In this case there are no 
fringes observed on the edges, however, when over or under focused, dark and 
light fringes appear respectively due to phase differences on the edges which 
causes the electrons to deflect in the opposite direction. This will create an 
image of interface fringes. Fresnel fringes are used in this investigation to de-
fine the edges when measuring the particles/agglomerates. It is also possible 
to define the pores by using Fresnel fringes, since anywhere Fresnel fringes 
are created, there is a phase change (here vacuum in the pores and solid phase 
of the particles). This is planned as the next stage for the EM analysis of the 
Quartzene structure.  

 Particle size  
The size of the particles is measured by a laser diffraction method (49), using 
a Malvern Mastersizer 3000 instrument (50), where a laser light is directed to 
the dispersed sample particles and gets scattered after the interaction with the 
particles. Large particles scatter light at small angles relative to the laser beam 
and small particles scatter light at large angles. The intensity of light scattered 
by the particles within the sample for both red and blue light wavelengths are 
detected over a wide range of angles. This data is then analysed to calculate 
the size of the particles that created the scattering pattern using the Mie theory 
of light scattering (51). The particle size is reported as a volume equivalent 
sphere diameter. A sequential combination of measurements with red and blue 
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light sources has been used to measure across the entire particle size range. 
Measurement of large particulates is provided by an advanced focal plane de-
tector design able to resolve very small diffraction angles.  

 Density 
For a porous powder material, it is a challenge to measure the density accord-
ing to the mass/volume ratio, as there will always be air in between powder 
particles initially taking up a higher volume than after long-term settling of 
the powder. The tapped density method (52) is used for the density measure-
ments and it is performed by measuring the weight of the material and me-
chanically tapping it for 500 times, using Jolting Volumeter STAV II (J. En-
gelsmann AG, Germany), in a cylindrical sample tube and calculating the den-
sity based on the mass to volume ratio.   

 Electrical conductivity 
The ability of the samples to carry an electrical charge is tested by using a 
conductivity meter on aqueous solution. In this investigation samples are pre-
pared as 10 grams of paste or 1 gram of powder that are mixed with 100 grams 
of deionized water and stirred for a few minutes before the analysis. As de-
ionized water is a poor electrical conductor, the substances e.g. salt dissolved 
in water defines the conductivity of the solution and when the number of dis-
solved ions increases that can be measured by a conductivity meter and re-
ported as µS/cm. The conductivity measurements are carried out to check the 
amount of salt released from the structure during and after the washing/filtra-
tion step. 

 Thermal conductivity 
Thermal conductivity measurements have been conducted using guarded hot 
plate and heat flowmeter by Karami et. al. (53) and transient plane source 
(TPS) methods (54) for Z1 type Quartzene powder. The experiment with heat 
flowmeter is described in (34). 

The TPS analysis is conducted by placing a sensor, made of a nickel alloy, 
in between two surfaces of the samples to be measured, see Figure 6. The 
sensor generates heat that propagates through the sample on either side of the 
sensor, and the temperature versus the time response of the sample in the sen-
sor is then measured. The thermal conductivity and thermal diffusivity are 
then calculated as described below: 
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Figure 6. Schematic of the position of sensor and sample on TPS method. 

 = ₒ. . ( ) 

Where,  
ΔT: time-dependent temperature increase 
Pₒ: total output of power from the sensor 
A: overall radios of the disk 
λ: Thermal conductivity of the sample that is being tested 

D(τ): a dimensionless time dependent function with τ=  

t: time measure from the start of the transient recording 
ϴ: characteristic time defined as: ϴ=  
K: the thermal diffusivity of the sample 

 

 
Figure 7. Image of the specially designed sample holder for powder samples in TPS
method. 
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Considering Quartzene being a porous powder material the measurements 
have been conducted by placing the powder in a cylindrical holder and apply-
ing a pressure over the material to make it as compact as possible. See Figure 
7 and the detailed experimental method as described in (55). 

 Hydrophobicity 
The hydrophobicity measurements are conducted with FT-IR to confirm the 
presence of silanol polar groups Si–OH on the material surface, as described 
in Paper II. 

 Adsorption analysis in liquid and gas phase 
The adsorbent capacity of the produced material is tested in both liquid and 
gas phase. 
 
Paper I 
CMS has been tested for adsorption of formaldehyde gas and compared with 
two other materials (Jacobi Carbon and Campure 4) commercially used for 
formaldehyde adsorption. Hydrophilic and hydrophobic forms of CMS were 
tested after doping with capturing agents for optimal efficiency. The adsorp-
tion and desorption measurements in gas phase were performed using a photo 
ionization detector (PID) as in Paper I. 
 
Paper II 
The adsorption analysis in the liquid phase is conducted as below: 

A mixture of water and an organic contaminant is stirred in borosilicate 
glass bottles for 1h to dissolve the organic. The sample is then extracted, 
mixed with methanol and an internal standard and injected into a gas chro-
matograph equipped with flame ionization detector (FID) to determine the 
concentration present. Adsorbent were added to prepared bottles of aqueous 
phase organics to study adsorption characteristics. The mixture was equili-
brated for 24h before the analysis. 

The concentrations used are shown in Table 2, see also Paper II: 
 

Table 2. Concentration of adsorbents used in liquid phase. 
Adsorbent  100-500 mg 
Distilled Water  110 ml 
Adsorbate Benzene: 0-1100 ppm, Toluene: 0=400 ppm 

 
Kinetic tests are conducted at pre-determined intervals, over 24h, to determine 
times for maximum equilibria to be achieved for each sample; All procedures 
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are performed at 293K using sealed cups with minimal headspace to reduce 
evaporation losses. Lower temperatures are not investigated.  
 
Paper III 
In Paper III, the adsorption capacities of ND and silica xerogel, is tested for 
the adsorption of benzene in liquid phase. Micro Column Rapid Breakthrough 
tests are conducted coupled with Sequential Injection Flow-based automated 
instrumentation; this is to evaluate their operative feasibility under conditions 
typically used in water treatment facilities. Sorbent reusability was also inves-
tigated using automated flow-based techniques.  

Benzene was selected as it usually presents in produced waters from the oil 
and gas sector. ND was synthesized as mentioned in Papers I and II, however 
it has been oven dried (373 K) and crashed to the size 75-200 µm and hydro-
phobized via methylation of the hydrophilic analogues. The synthesis of silica 
xerogels were performed via acid catalysis of a sodium metasilicate solution 
and functionalized with trimethylchlorosilane, dried 1 day in room tempera-
ture and 1 hour in oven (473 K).   

 Effect of time/storage condition on porous structure 
The materials structure can get affected in any stage from the mixing stage in 
the synthesis to the filtration stage (cleanliness of the pores from impurities), 
the drying method and even the storage condition/time after drying. An exper-
iment has been conducted to investigate such parameters as below: 
 
Storage of samples in paste form: 
Vacuum filter cleaned ND-paste was produced, part of it dried immediately 
and part of it was stored in a closed lab bottle at room temperature and dried 
after certain periods. The two types of dried powder were analysed immedi-
ately after drying and after the various storage times, see Table 3. 
 

Table 3. samples of ND type Quartzene in paste form and storage time. 
Sample  Dried after 

ND 6 21 Days aged paste 

ND 7 42 Days aged paste 

ND 8 70 Days aged paste 

 
Storage of the samples in powder form: 
The sample was synthesized and washed using de-ionised water, stirred for 24 
hours and vacuum filter cleaned to ensure the removal of excessive salt from 
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the pores. The dried powder was stored under different conditions as shown 
in Table 4 and characterized after a period of 26 days.  

 

Table 4. Storage condition of the ND type powder sample. 

Sample Storage condition 

1 1. Heated for 24h ,150ºC, to ensure the 100% dryness. 

2. Vacuum degassed  

3. Kept under vacuum degassing (34ºC) over the storage pe-
riod. 

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, in room temperature, as it 
usual. 

4 1. Stored in oven (105ºC) over the storage period. 

 Effect of cleanliness on the porous structure 
The synthesis process includes addition of some salt in the solution that act as 
a catalyst in the reaction and needs to be removed later in the filtration stage. 
This is because the residual salt in the structure would fill in the pores other-
wise. The removal of salt is confirmed by measuring the electrical conductiv-
ity of the paste and ensuring the value is dropped as much as possible  by 
decreasing the number of dissolved ions in the solution during the washing 
step, see Section 4.2.5. Depending on the water used in the synthesis, distilled 
or tap water, and the filtration process, e.g. the time of stirring in water before 
filtration or repeating the filtration process, the cleanliness/salt content of the 
material can differ in the resulting powder. Two types of ND material were 
synthesized, one with tap water and filtered as usual and called ND, the other 
with distilled water and filtered a couple of times using distilled water and 
hence called superclean ND. Both samples have been spray-dried and charac-
terized as powders. 
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5 Results  

Silica based nano/mesoporous materials (ND, CMS and Z1 type) are synthe-
sized with different pathways under the family name of Quartzene. This in-
vestigation aims to understand the connection between the synthesis, proper-
ties and structure of such materials. For this reason, the materials structure is 
characterized, and different methods are used to understand what the structure 
looks like and what are the properties for each of the 3 types (ND, CMS, Z1). 
The effect of different conditions is investigated in the resulting material prop-
erties, e.g. the effect of storage condition and the effect of cleaning/filtration 
process. The materials are also tested in applications such as liquid/gas ad-
sorption and the efficiency is related to the structure.  

5.1 General assessment of the material  
The materials’ structure and properties are analysed as the first step on under-
standing the differences between the three types of materials (ND, CMS, Z1) 
produced with different pathways. Thus, classification and understanding of 
the porous structure with a complex system needs a combination of tech-
niques: Nitrogen adsorption methods are used for surface area and pore size 
measurements (39), electron microscopy is used to understand the hierarchy 
of pores and measure their size (56), and laser diffraction method is used for 
particle size measurements (57). Other methods that are used for the charac-
terisation of the material are among others: tapped density method for density 
measurement of powder samples (52), TPS method for thermal conductivity 
measurements (54) etc. The full list of used methods and description of the 
methods are provided in Section 4. The three different types of Quartzene ma-
terial are characterized in Table 5. 

Table 5. Characterization table of ND, CMS and Z1 types of Quartzene 

Material Density 
(kg/m3) 

BET surface 
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 de-
scribed in Section 4.1. 
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According to Table 5, the density of the Quartzene types of material can vary 
between 40 to 150 g/ml, with the lowest observed density being in ND. The 
surface area calculated according to BET method reveals that all three types 
are highly porous materials with a range of surface area between 100-800 
m2/g, whereas CMS type with the surface area of 100-450 m2/g is in the lower 
part of this range and Z1 type with the surface area between 300-800 m2/g is 
in the upper part of the range, however ND type with the surface area of 350-
550 m2/g is also considered having a high surface area. The reason for having 
a range of surface area values for each type is that the synthesis process is very 
sensitive and any small change in the synthesis part (mixing, washing and 
drying) can cause variation in the surface area, however, the relation between 
having a high surface area value calculated by BET and the efficiency of the 
material in the application is subject to discussion. According to the DFT pore 
size results in Table 4, the pore size of the Quartzene material varies between 
1-50 nm which is classified as a nanoporous material according to IUPAC, but 
all of the three types have pores in the mesoporous range (2-50 nm), whereas, 
ND and Z1 type also covers part of the microporous range (0-2 nm). All three 
types are highly porous materials with the porosity typically in the range 94-
96%. 

 Particle size of the Quartzene material 
The particle size measured by laser diffraction and reported in Table 4, is in 
the range 2-14 µm for all three types of the materials. As described in the 
Section 4, the powder flows homogeneously through the pass way of the laser 
light and gets diffracted according to the size of the particles/agglomerates and 
depending on the drying method or how compact the powder particles are, 
when testing, the particles size analysis results can vary. In order to provide a 
more detailed information about the measured particle sizes, Table 5 illus-
trates the measurement results for one powder sample of each type (ND, CMS, 
Z1). 
 

Table 6. Laser diffraction 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. 

Sample  D10 (μm) D50 (μm) D90(μm) 
CMS 01.47 05.03 13.00 
Z1 02.20 04.73 11.00 
ND  01.85 04.18 9.59 

 
Considering Table 6, the diameter of the particles is given by Dx, where x 
corresponds to the cumulative mass percentage. According to the Dx values in 
Table 5, all three types of materials are approximately in the same particle size 
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range which means: 10% of the particles are smaller than around 2 µm in di-
ameter and 50% are approximately smaller than  4-6 µm and 90% are below 
the 10-14 µm size range. It is also possible to measure the size of particles 
using EM methods, see Section 4. However, the information gained from the 
particle size measurements by EM methods is not that easy to perform, see 
Section 6.  

 Thermal conductivity 
The Z1 type material with a wide range of pore sizes in the structure appears 
to be the best thermal insulator. The thermal conductivity measures 30-33 
W/m∙K for Z1 type powder sample placed in a cylindrical sample holder and 
29-31 W/m∙K for the same sample when it is compressed to fill approximately 
half of the same cylindrical sample holder, indicating that the compaction de-
creases the thermal conductivity of the material. The analysis results for the 
guarded hot plate shows a thermal conductivity of 24-26 W/m∙K for Z1 as 
reported by Karami et.al. (34), indicating that the measurement method can 
have an influence on the result. The thermal conductivity of CMS and ND is 
significantly inferior to that of Z1.  

 Hydrophobicity 
The synthesis process of Quartzene is entirely based on chemistry involving 
water soluble components and the produced silica is loaded with OH-groups, 
silanol groups, even after drying at temperatures well above 100 C. Therefore, 
the produced material attracts water whether it is in a liquid form or as a va-
pour. The FTIR analysis results are provided in Paper II.  

5.2 Porous structure of CMS, ND and Z1 types of 
Quartzene  

One of the main properties of mesoporous materials such as Quartzene is the 
porous structure, which makes it special compared to the corresponding bulk 
material, in this case silica. The properties that can be measured in a porous 
structure are e.g. surface area and pore size. These two parameters are the most 
common characteristics of a porous structure to be analysed which can be cal-
culated by the data obtained from physical adsorption test made on the mate-
rial. The nitrogen adsorption method is used for the analysis of the porous 
structure and BET and DFT theories are used to calculate the surface area and 
the pore size of the samples, as described in Section 4. The isotherm resulted 
from the physical adsorption/desorption data is used to classify the material 
type according to IUPAC (58). The BET surface area and pore size of ND, 
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CMS, Z1 types of Quartzene are provided as a range in Table 5 and it is men-
tioned that the exact value for a sample will be inside the mentioned range and 
varies due to the sensitivity of the synthesis process. In order to provide a more 
detailed information about the analysis results, Table 7 illustrates the nitrogen 
adsorption results for one example sample of CMS, ND and Z1.  
 
Table 7. Nitrogen adsorption analysis results for example samples of CMS, Z1 and 
ND types of Quartzene.  

 
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 7, it is observed that the surface area of all three samples 
are relatively high and the higher surface area corresponds to a material with 
smaller pore size. From the adsorption/desorption and relative pressure data, 
isotherms are plotted in Figures 8, 9 and 10, respectively, for the example 
samples of ND, Z1 and CMS. The x-axis in the isotherm shows the quantity 
adsorbed/desorbed (mmol/g) and the y-axis shows the relative pressure (P/Pₒ). 
Comparing the 6 types of isotherms defined by IUPAC (59), mentioned in 
Section 4 , the isotherms below can be considered as isotherm type IV which 
corresponds to a mesoporous materials.  
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Figure 8. Adsorption/desorption isotherm for ND. 

 

 
Figure 9. Adsorption/desorption isotherm for Z1. 
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Figure 10. Adsorption/desorption isotherm for CMS. 

The pore size distribution is calculated according to the DFT theory, see Sec-
tion 4. The DFT incremental volume graph is plotted in Table 11 for the sam-
ple of ND, Z1 and CMS.  

The graphs are showing the pore volume (cm3/g) versus the pore width 
(nm). The peak in every graph shows the pore width corresponding to most 
pores in the structure. The graph corresponding to Z1 has a very wide range 
of pore sizes from 3 to 100 nm, there is no clear peak point in this example 
sample of Z1. ND has a narrow pore size range where majority of the pores 
are between 1-10 nm in size with a peak in 1-3 nm in this special sample of 
ND. CMS has a wide range of pores from 3 to 100 nm where there is a peak 
around 6 nm. 
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Figure 11. DFT plots for CMS, ND and Z1 types of Quartzene. 

 
As the shape of the pores in Quartzene material are disordered, when choosing 
a model for the adsorption isotherm, the model is chosen by testing the good-
ness of the fit on the adoption isotherm. The standard deviation of the fit was 
negligible.  

5.3 Nanostructural analysis of CMS, ND and Z1 
Electron microscopy methods were used for imaging of the nano structures 
and analysis of pores and particles. This method has been used as a comple-
mentary method to nitrogen adsorption for better understanding of the nanopo-
rous structure that is necessary for understanding the relation between the 
structure and efficiency in the application. Both SEM and TEM are used in 
this investigation. 

 Scanning electron microscopy results 
The analysis of the Quartzene material under SEM, is focused on the particle 
size measurements as the nanopores are barely visible under SEM to analyse. 
The resolution of the SEM at the experimental conditions in this study is about 
1.5 nm, nevertheless, it is difficult to observe the nanopores in the images due 
to the charging effect that leads to degradation in image resolution, however, 
it should be noted that in some images pore like contrast of the size of about 
5-15 nm can be observed.  
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So far, the methods used have resulted in SEM images reported in Figure 12. 
 
The samples are prepared and analysed under the conditions described in Sec-
tion 4. The insulating framework in the highly porous silica materials becomes 
charged under SEM and this makes the SEM analysis a challenge. To over-
come this challenge, the acceleration voltage is varied to find the point of iso-
electricity, i.e., where the number of electrons entering the sample equals the 
number of electrons leaving the sample. Using a Zeiss Merlin field emission 
SEM, an acceleration voltage of 1 kV is optimal to image the nanoparticles 
with high resolution (see Figure 12). The nitrogen gas injection to the SEM 
chamber is performed to further reduce the charging effect, though this re-
quires slightly higher voltages of 5 kV to limit the effects of multiple scatter-
ing that deteriorates the spatial resolution. The charging effects could also be 
reduced by a metal coating, as applied on SEM images in Paper II, but such a 
coating may obscure part of the original structure. The images in Figure 16 
are scanned in fast scan mode to ensure that the electron beam dwell time is 
short enough to avoid charging and, subsequently, line averaging is used for 
noise reduction. Dwell time means a time for an electron beam to stay per 
pixel at acquisition of a SEM image by electron-beam scan. 
 
According to the Figure 12, the particles are observed as agglomerates where 
the observation of primary or secondary particles are not possible. Having too 
much of compact agglomerates observed in Figure 16 indicates that the sam-
ple preparation method needs to be developed to observe the particles/agglom-
erates with better dispersion.  
 
Considering the smallest agglomeration size (probably secondary and tertiary 
particle size) differs in each sample from approximately 10-17 µm in CMS 
and 2-4 µm in Z1 to 100-200 nm in ND type. It is observed that all three 
samples are containing pores between the particles. ND, that has the smallest 
agglomeration/particle size characteristics has at the same time the smallest 
pore size with high surface area which makes it significantly different from 
the other silica materials in this work. Observing the very small primary-par-
ticle sizes and the smallest pore size is not possible in the SEM images in 
Figure 12. The observable agglomerations in the SEM images of ND are quan-
titatively analysed in two different SEM images of the same sample.  
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SEM results published in Paper I 

b a 

c d 

e f 

Figure 12. SEM image of powder samples (a,b) ND, (c,d) Z1, and (e,f) CMS type 
Quartzene® conducted 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).  

Having the most compact structure, with small pores, ND is the most difficult 
sample to examine under the SEM. In order to better understand the SEM 
images of the ND type Quartzene, Gatan Digital Micrograph is used, and the 
image is quantitatively analysed in Figure 13. Observing the SEM image in 
Figure 13, 100 particles/agglomerates have been selected and measured by 
plotting a profile of the area of interest and defining the edges of the parti-
cle/agglomerate. The mentioned edges are defined where a sharp contrast is 
observed around the selected feature, this is observed in the intensity profile 
of the selected feature as a peak in Figure 14. 



 45

 
Figure 13. SEM image of ND type Quartzene. 

 

 
Figure 14. Intensity profile of the selected feature is plotted in the Digital Micrograph 
and the intensity peaks are used as the edges of the feature.  

All the 100 particles selected in Figure 13 are measured as in the example in 
Figure 18. A histogram of the measured values is shown in Figure 14. The 
standard deviation and standard error for the measurements are also calculated 
and reported in Table 8. There is at least 15nm operator error that should also 
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be taken in account. According to the histogram in Figure 15, most parti-
cles/agglomerates are between 100-200 nm in diameter. The average size of 
the 100 particles/agglomerates is 177 nm as given in Table 8. 
 

 
Figure 15. Histogram of the particle sizes measured in Figure 2 and the standard de-
viation. 

 

Table 8. Standard deviation for the measurements in Figure 19.  

Average 177 nm 
Standard Deviation 53.6 nm  
Standard Error 5.4 nm 

 
Figure 16 is another example of the SEM image taken in the same session as 
Figure 13 but with different magnification (122kx), and just 30 particles/ag-
glomerates selected.  
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Figure 16. SEM image of ND, in magnification 122k x. 

The selected 30 particles/agglomerates in Figure 16 are measured as in the 
example in Figure 14. A histogram of the measured values is as in Figure 17. 
The standard deviation and standard error for the measurements is reported in 
Table 9. According to the histogram in Figure 17, most particles/agglomerates 
are between 48 and 150 nm in diameter. The average size of the 30 parti-
cles/agglomerates is 107 nm as shown in Table 9.  
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Figure 17. Histogram of the particle/agglomerate/feature sizes measured in Figure 16. 

 

Table 9. Standard deviation for the measurements at Figure 21. 

Average 107 nm 
Standard Deviation 46.7 nm 
Standard Error 8.5 nm 

 
Comparing the two images taken from the same sample in the same session of 
the SEM, Figures 13 and 16, the average particle size varies from 100-200 to 
48-150 nm. That means the sample particles/agglomerates are not homogene-
ous in every part of the sample and to provide a reliable result several images 
of the same sample need to be analysed and measured. An average can then 
be taken of all the images as an average particle/agglomerate size for the sam-
ple.  

 Transmission electron microscopy results  
The TEM is used to analyse the pores and particles with a few nm in size that 
where not observable under SEM. The samples have been prepared for TEM 
analysis as described in Section 4 and a JEOL TEM that operates with a field 
emission gun and a CCD camera is used for this investigation. The accelera-
tion voltage of 200 kV is used and different magnifications are selected. The 
aim is to obtain a TEM image of the sample and investigate the possibilities 
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for observation of Quartzene particles under TEM. The experiment is con-
ducted by making the alignments starting from gun alignments to condenser 
aperture alignment, condenser and objective lens astigmatism alignments, etc. 
Figure 18 shows an ND sample under TEM analysed in high resolution imag-
ing mode and magnification is varied between 2500x-30kx. No image pro-
cessing has been applied to the images. 

Figure 18. TEM image of ND, in high resolution imaging mode. The scale bar in the 
images is 200 nm, 100 nm and 50 nm respectively from left to right. 

The agglomerates/particles are observed in Figure 18. When one area is in 
focus the other areas are defocused, see the unclear side of the image to the 
right in Figure 18. This is due to the fact that the field of depth is smaller than 
the thickness of the sample. Every agglomerate is made of smaller agglomer-
ates and the size of that smaller agglomerate can differ from one region to 
another. However, the primary particle size may be the same everywhere. The 
smallest observed contrast changes from dark and bright contrast are about 5-
15 nm in Figure 18, indicating the size of primary/secondary particles.  

Figure 19. TEM image of an ND sample in low magnification, showing the different 
particle/agglomerate sizes marked in yellow as 1,2,3. The scale bar is 1 µm. 

Figure 19 illustrates a TEM image of ND agglomerates, where 3 different area 
are marked as 1, 2 and 3. These three features are considered as big agglom-
erates (the size of each feature is in µm range), they contain smaller agglom-
erates which are still different in different feature but the smallest particle sizes 

500 nm 200 nm 200 nm

2 µm 2 µm
1

2

3
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may be the same in all the three parts. The information gained from Figure 19, 
as well as Figures 13 and 16, on the size of agglomerates in different parts of 
the same sample confirms that large number of images needs to be analysed 
before providing an average value for the size of the existing particles/agglom-
erates in one sample.   

TEM images of CMS, ND and Z1 are provided in Figure 20, the accelera-
tion voltage used is 200 kV on JEOL TEM, and the imaging is conducted in 
bright field mode. Magnification is varied between 2-12kx. 

 
CMS                                    Z1 ND 

 
Figure 20. TEM images of CMS, Z1 and ND,type Quartzene, with magnification of 
4kx (ND), 12kx (Z1), 2kx (CMS) respectively from right to left image. Conducted 
by Ling Xie and Klaus Leifer. 
 
Gatan digital micrograph (48) is used for particle size measuring of the TEM 
images after image treatment (brightness and contrast adjustment), the profile 
of the area of interest (the selected particle/agglomerate) is plotted manually 
by defining the edges of the particle (the intensity peaks), see Figure 21. The 
process is as follows: an observed particle/agglomerate/feature is selected for 
the measurement; a line is drawn over the feature assuming that the shape of 
every agglomerate is approximately circular. The line is drawn over the widest 
part of the observed feature and the intensity profile of the line is then checked, 
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and the peak points are defined as the edges. The value between the defined 
edges is then reported as the particle size (or the size of the selected feature).  

CMS 

ND 

Z1 

Figure 21. TEM images of CMS, ND and Z1, respectively, from top to bottom.
The images on the left side are same as the right side but contrast and brightness 
are adjusted by Gatan digital micrograph and the observable particles are selected
and measured by defining the edges of every particle (intensity profile plotted over
the feature and the intensity peaks selected as the edge). 
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Figure 22. Histogram of the particle size measurements of CMS, ND and Z1, respec-
tively from left to right, according to TEM images in Figure 21. 

It is possible to see the primary/secondary particles in TEM images of ND, 
CMS and Z1 in high magnifications. According to the TEM images in Figure 
21 and histograms in Figure 22, primary particle sizes vary between 1 and 20 
nm for ND, 5 and 20 nm for Z1 and 30 and 74 nm for CMS, whereas the 
majority of the particles are below 10 nm in ND, between 8 and 12 nm in Z1 
and 30-40 nm in CMS. It should be borne in mind that the images in Figure 
21 show examples of ND, Z1 and CMS particles on the TEM grid, and do not 
necessarily reflect areas and sizes that are representative of the samples in to-
tal.  

Comparing the measured sizes in TEM for ND in Figure 21 with the SEM 
results in Figures 13 and 16, it is observed that in SEM bigger agglomerates 
of the size 50-200 nm are measured whereas in TEM smaller features of the 
size 1-10 nm are measured. The 50-200 nm features are agglomerates; how-
ever, it is not clear yet if the 1-10 nm features measured in TEM are pri-
mary/secondary particles or still agglomerates of the smaller particles. In order 
to better observe the pores and particles in the ND type material under TEM, 
phase contrast imaging is used. As mentioned in Section 4.2.2.2, when there 
are two different phases in a feature, in this case a solid phase of silica particles 
and vacuum phase of the pores, Fresnel fringes are formed as a bright and dark 
line, respectively, if the sample is under or over focused. These Fresnel fringes 
can be used to define the edge between the pores and particles when measuring 
sizes.  

Figure 23 is a TEM image of the ND sample when the beam is focused on the 
feature of interest. The left side of Figure 23 is considered as focused, while 
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the other parts may not be focused at the same time due to the height difference 
on the sample. When the sample is focused it is in the Fresnel regime. The 
beam is then over and under focused slowly in small steps and a series of 
images is created to observe the creation of Fresnel fringes.  

Figure 23 TEM image of ND, High Resolution imaging on magnification 60kx, no 
image processing. The beam is focused on the left side of the image. 

Figure 24. TEM images of an ND type sample, the left image is focused, and the right 
image is under focused. The light fringes around the particles confirms the creation of 
Fresnel fringes. The edges of the particles are much clearer than the focused image 
which helps the quantitative analysis of the particles. 

The two TEM images of ND sample provided in Figure 24 are taken from the 
same feature. The beam is focused on the sample in the left image (same image 
as in Figure 23) and under focused in the right image. The light fringes around 
the particles confirms the creation of Fresnel fringes. The edges of the parti-
cles are much clearer than the focused image which helps the quantitative 
analysis of the particles.  

100 nm

100 nm 100 nm
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Figure 25 below, illustrates two TEM images of the ND sample, the left image 
is focused (same image as in figure 23) and the right image is over focused. 
The dark fringes around the particles confirms the creation of Fresnel fringes. 
The edges of the particles are much clearer than the focused image which helps 
the quantitative analysis of the particles.  

Figure 25. TEM images of an ND sample, the left image is focused, and the right 
image is over focused. The dark fringes around the particles. High resolution imaging 
at magnification 60kx, no image processing. 

Another use of the Fresnel fringes is to define the pores and measure the pore 
sizes, for this investigation, a series of the defocused images should be taken 
with a defined defocus value for every image, the same procedure should also 
be conducted for amorphous carbon, as the amorphous carbon is in the back-
ground of the samples used as the substrate on carbon grid. Having both the 
defocus images of the sample and the amorphous carbon, it is possible to 
model the Fresnel fringes existing in the image by using a software called 
JEMS. This investigation is planned for the next phase of the TEM imaging 
of the Quartzene.  

5.4 Effect of cleanliness/filtration on porous structure 
The synthesis process of the nanoporous materials gives the basis for the re-
sulting structure. Any variation in the mixing, washing or drying process can 
change the resulting structure, for example, it is observed that the Z1 and ND 
type, having similar synthesis process with a different activation level of sil-
ica, they result in very different structures and properties e.g., see Table 5 and 
Figure 20. Washing/filtration are also essential stages of the synthesis process 
as the produced mesopores get cleaned of any impurities that may occupy the 
pores in this stage. In order to test the effect of washing/filtration stage on the 
resulting structure, an ND batch was produced as clean as possible and 
washed/filtered for a couple of times more than normal process before drying, 
and was compared with the normally produced ND type Quartzene, see also 
Section 4. The analysis result for the two types of ND materials synthesized 
with different cleanliness level are shown in Table 10 and Figure 26. 

100 nm 100 nm
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Table 10. Characterization results for ND-19 superclean and ND-lab 02 

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

Figure 26. DFT pore size incremental volume graph (pore volume vs. pore width) for 
ND-lab02 and ND-19 superclean sample. 

As can be seen from Figure 26 , cleaning the pores of the impurities resulted 
in a bigger volume and width of the pores. The surface area value calculated 
for the superclean material was 677 m2/g, in comparison to the ND material 
that is filter cleaned as usual with 543 m2/g  There are also small pores added 
in the structure that may have been filled by impurities previously, as the 
smaller pores have higher effect on the surface area value calculated. It is ob-
served that the pore volume is increased on the superclean material. 
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5.5 Effect of time/storage condition on porous structure 
In order to test how the storage time affects the structure, ND material was 
stored both as paste and powder and analysed after a certain period. The stor-
age conditions were also varied for the storage of the powder samples to ob-
serve the possibilities of preventing the ageing effect observed. 

 Ageing of the paste 
ND paste was prepared as described in Section 4.2.9, stored in closed plastic 
jars for a certain period, dried and analysed. The results are as in Table 11.  
 
Table 11. Characterization results for samples stored in paste form, subsequently 
spray dried and then immediately analysed. 

Sample 
No  

Ageing 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 

 

It has been observed that the conductivity value of the paste increases during 
storage and if the same paste is dried without any more washing after storage, 
the surface area value is decreased by 48% after 42 days, however, when the 
paste is washed after the storage period to get lower conductivity values 
(meaning less impurities in the structure) and then dried, the surface area value 
shows a smaller decrease even after 70 days (35%). It has also been observed 
that the pore size of the samples gets bigger after the storage time. 

 Aging of powder under different storage conditions 
To observe the effect of the storage time and conditions on the powder struc-
ture, the ND sample has been prepared as clean as possible to eliminate/de-
crease the negative effect of impurities in the structure. The test material was 
dried and stored for 26 days in 3 different conditions being: as usual in the 
closed jar at room temperature, under vacuum after 24 hours of heating in the 
oven at 105°C and also in the oven all of the time. The nitrogen adsorption 
analysis results are given in Table 12.   
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Table 12. Nitrogen adsorption results for ND stored under different conditions for 26 
days. The pore volume is ~ 0.6 (cm3/g) for all samples. 

Time when 
measured 
(days) 

Stored condition  Surface 
area 
(m2/g) 

Pore 
size 
(nm) 

Change  

0 - 559 9.74 - 
26 Under vacuum 479 9.74 14.3% 
26 In oven (105ᵒC) 443 9.70 20.8% 
26  As usual in a 

closed jar at RT 
392 9.80 29.8% 

 
According to Table 12, the BET surface area decreased for all storage condi-
tions but to different degrees. The lowest change over the period of 26 days is 
14%. That sample had been heated for 24 h at 105 °C and stored under vacuum 
over the whole storage time. The analysed sample in Table 12, is one example 
sample of ND type Quartzene. It has been observed lower or higher decreases 
on the BET surface area of other example samples over the same period of 
time, indicating that not only the storage time is involved in this process. Also 
the structure of the starting powder, the cleanliness level, etc., are involved in 
this process. It is observed that the pore size of the dried sample in its initial 
condition (9.74 nm) is bigger than the pore size normally measured for ND  
(1-3 nm), see Figure 11. This is due to the cleaning process as the ND material 
in Table 12 is prepared as clean as possible to decrease/eliminate the effect of 
impurities on the storage time, however this is not the case when producing 
the material normally. The change in dry content, density of the material over 
the storage time was neglectable.  

5.6 Application related analysis results 

 Adsorption in gas phase 
Paper I 
CMS material has been tested for adsorption of formaldehyde gas and com-
pared to two other materials (Jacobi Carbon and Campure 4) commercially 
used for formaldehyde adsorption. CMS is used in 3 forms in this investiga-
tion: hydrophilic, hydrophobic and doped with several types of polymers with 
different concentrations. Figure 27 illustrates the adsorption and subsequent 
desorption of different adsorbent materials listed on the x-axis. The level of 
formaldehyde uptake for each adsorbent material is normalized by their 
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weight for an equitable comparison. The adsorbent containing CMS doped 
with 20 % PEI (polyethyleneimine) has the best formaldehyde gas uptake 
level (97.06 mg/g) compared to the commercially available adsorbents. Table 
13 is a comparison of the surface area and formaldehyde uptake of each sam-
ple. Comparing the uptake level and the surface area of the samples, activated 
carbon with the highest surface area (933 m2/g) has an uptake of 47.79 mg/g, 
whereas CMS doped with 20% PEI with a lowest surface area value 89 m2/g 
has the highest uptake of 97.06 mg/g, revealing that the higher surface are 
does not necessarily leads to a higher uptake in the gas phase.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Figure 27. Formaldehyde gas adsorption and subsequent desorption of different ad-
sorbent materials listed on the x-axis. The first two adsorbents from left are commer-
cially available materials and the remaining ones are Quartzene-based. The grey field 
on the top of each bar shows the amount of desorbed formaldehyde gas from the cor-
responding material. The level of formaldehyde uptake for each adsorbent material is 
normalized by their weight for an equitable comparison. (the polymers doped in CMS 
with different concentrations are triisopropanol amine (TIPA), (3-Aminopropyl) tri-
ethoxysilane (APTES), carbamide (UREA) and polyethylenimine (PEI)). 
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Table 13. Formaldehyde uptake of adsorbent samples and their surface area. 

 
*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)). 

 Thermal conductivity at elevated temperatures 
Paper I 
A mixture of Z1 and stone wool with different concentrations was prepared 
and the thermal conductivity of the samples was measured at room tempera-
ture and up to 650°C and compared with pure stone wool. According to the 
test results illustrated in Figure 28, the sample containing 40 % by weight Z1 
has 23 % lower thermal conductivity than pure stone wool at 650 °C. 
 
The scaling up process of the material is also discussed in this article and the 
energy consumption of the process is compared to supercritically dried aero-
gels. It is observed that the water-based chemistry and ambient pressure/ tem-
perature process makes it suitable for manufacturing in large scale with the 
only waste material being the remaining water and salt which can be recycled 
in the process.  
  

Samples 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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 Adsorption in aqueous phase 
Paper II 
The adsorption performance of Quartzene, has been investigated for the ad-
sorption of aqueous phase organics (benzene and toluene), at concentrations 
below their solubility limits, which is a required final step during filtration of 
water in oil platforms. 

The silica based amorphous samples are synthesized, characterized and 
tested for the adsorption of benzene and toluene with the aqueous concentra-
tions of 1g/L for benzene and 0.35g/L for toluene. Gas chromatography is used 
to measure the concentrations of organic species in the aqueous systems stud-
ied here. All measurements were conducted at 293K. The Freundlich adsorp-
tion model parameters are calculated using data obtained for adsorption of 
toluene and benzene, measured at 293 K. Maximum uptakes are determined 
from extrapolative interpolation to either a benzene solubility of 1.763 g/L or 
a toluene solubility of 0.57 g/L .  
 

  

Figure 28. Thermal conductivity of samples containing mixtures of stone wool
(STW) and Z1 (QZ) of different ratios, and pure STW, measured at room and elevated
temperatures. The sample containing 40 % by weight Z1 has 23 % lower thermal
conductivity than pure stone wool at 650°C. 
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Table 14. Maximum uptake for adsorption of toluene and benzene by samples used in 
this study, according to the Freundlich adsorption model, measured at 293 K. Maxi-
mum uptakes are determined from extrapolative interpolation to either a benzene sol-
ubility of 1.763 g/L or a toluene solubility of 0.57 g/L ,for more information see Paper 
II. 

 
 
 
 

  
 
 
 
 

According to the results in Table 14, ND type adsorbent with maximum up-
take of 264 mg/g for benzene and 78.8 mg/g for toluene is the material with 
highest adsorption capacity. A comparison is made between hydrophilic and 
hydrophobic versions of Z1 and the results demonstrates that hydrophobi-
zation is required to impart the mechanical longevity required for cyclic use 
and leads to increased adsorption of benzene from aqueous phase concentra-
tions >50 ppm.  

The adsorption results presented in this paper suggest that the amorphous 
silica-based material, Quartzene, is a promising family of sorbent materials 
for application in the final stages of water filtration. However, it needs more 
investigation of full capabilities, defined ranges of pollutant concentration, 
etc., to allow selection of the most appropriate material type. 
 
Paper III 
The adsorption capacities of two different silica based amorphous materials, 
hydrophobized ND, here denoted NDH, and silica xerogel, was investigated 
for the adsorption of benzene in liquid phase. The experiment was conducted 
using Micro Column Rapid Breakthrough tests coupled with Sequential Injec-
tion Flow-based automated instrumentation, to evaluate their operative feasi-
bility under conditions typically used in water treatment facilities. Sorbent re-
usability was also investigated using automated flow-based techniques.  

Benzene was selected as it is usually present in produced waters from the 
oil and gas sector. The NDH material was synthesized as mentioned in Papers 
I and II, however, it has been oven dried (373 K) and milled to the size 75-
200 µm and hydrophobized via methylation of the hydrophilic analogues. Sil-
ica xerogels were prepared via acid catalysis of a sodium metasilicate solution 
and functionalized with trimethylchlorosilane, dried 1 day in room tempera-
ture and 1 hour in oven (473 K). The test results are as below: 
 

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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Table 15. Parameters related to microcolumn tests with sample NDH and Silica Xero-
gel, (with Rsc:  particle size and assuming 0.050 mm as particle size of the large col-
umn). * Rsc: average particle size. For more information see Paper III. 

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 

 
Silica xerogel has shown higher adsorption capacity than the hydrophobic ver-
sion of ND type material. Both the material can be used in the applications in 
filtration vessels in oil and gas plants for removal of dissolved oils or as filling 
of cartridges for the same purpose, as stand-alone technology, or prior to a 
membrane configuration, extending the membrane lifetime However in case 
of NDH, the flow rate needs to be slow (1 ml/min) for the maximum uptake. 
the desorption process conducted using automated solid-phase extraction, 
flowing methanol at 1 mL/min, both the analytes were successfully desorbed 
within 5 minutes.   
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6 Discussion 

6.1 The relation between synthesis and resulting 
structure 

Three types of Quartzene material were synthesized following different routes 
and dried as powder. All three types are amorphous materials. Considering the 
synthesis process, ND and Z1 type are starting from the same reaction vessel 
with different activation levels of silica. These two types are pure silica (SiO2) 
that is classified as an SAS type of material. CMS, containing calcium and 
magnesium as well as silica is considered as a silica precipitate. The charac-
terization results reveal some similarities and some differences between the 
three type. All three types are low density materials (40-120 kg/m3), see Table 
5, with ND being the lightest material, however, considering the EM results, 
ND is a compact material where particles are observed as compact agglomer-
ations, see Figure 20. All three types are highly porous (94-96%) with a high 
surface area, see Table 5. Considering the nitrogen adsorption results, all three 
type are classified as type IV of the isotherms which corresponds to mesopo-
rous materials according to IUPAC, however, ND shows some micro porosity 
with a high number of pores in the range 1-10 nm with a peak at 1-3 nm ac-
cording to DFT, see Figure 11. Z1 has the highest surface area (834 m2/g) 
whereas the pore size distribution is very wide from a few nm to several hun-
dred nm as observed in the DFT graph, see Figure 11. Despite the use of sim-
ilar synthesis methods, principally only being different in terms of the activa-
tion level of silica, ND and Z1 resulted in different structures which reveals 
the importance of this stage of the synthesis.  
 
The particle size measurements are dependent on the analysis method. During 
the synthesis the particles start to grow, they agglomerate, and get a special 
size and shape depending on the drying method. Therefore, the primary/sec-
ondary particles are not any longer accessible to measure as the particle size, 
instead the agglomeration size is considered and measured. When using the 
laser diffraction method, the powder gets dispersed by the instrument to en-
sure a homogenous flow of the powder through the laser. It measures the pow-
der particles that are shaped as agglomerations depending on the drying 
method, e.g. the nozzle size of the spray dryer, the grinding effect, etc. With 
EM methods it is possible to see both the agglomerations and primary/second-
ary particles (in high magnifications), see Figure 20, however, the primary 
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particles are not usually considered as particle size of the dried powder. Parti-
cle size of all three types of Quartzene® are between 1-14 µm according to the 
laser diffraction method, see Table 5, and the SEM images also confirm the 
same agglomeration sizes.  
 
Considering the BET methods limitations discussed in Section 4.2.1, the EM 
methods are used as a complementary method for analysis of the pores and 
particles. The EM analysis of Quartzene as a highly porous, light weight pow-
der, is a challenge. Their porous structure is constituted of 3-4 diverse types 
of pores that appear at different length scales from a few nm to µm, which 
makes it difficult to examine all the pores and particle sizes in one session. 
Therefore, both the sample preparation method for the EM analysis and the 
EM analysis conditions needs to be custom made for this special class of ma-
terials. One of the challenges arising when analysing the Quartzene material 
is the charging effect due to it being an electrical isolator. The electric field 
around a specimen applies a force on electrons and affects both the coming of 
incident electrons and the detection of escaping electrons. If the sample is both 
a heat insulator and an electrical isolator, the difference between the number 
of incident electrons and the number of electrons emitted by the specimen 
(BSE, SE) results in either a positive or negative charge in the specimen. In 
other words, the charging effect is caused by the accumulation of static electric 
charges on the specimen surface, which results in many problems, e.g. the 
negative charge would cause the secondary electron to get rejected from the 
surface, it would also reduce the landing energy of the incident electrons, in-
crease the field between the surface and secondary electron detector, the pos-
itive charge would re-collect the secondary electrons. There are models that 
can be used to discuss the secondary electron emission from non-conductive 
specimen quantitatively, some of them shows the yield of secondary electrons 
received by the detector is not only a function of the chemical composition but 
also functions of the specimen structure, temperature and the irradiation con-
ditions. The charging effect can be observed in the images as a light colour 
around the edges. In order to reduce the charging effect in this investigation, 
a gas compensator is used during the analysis, that continually injects N2 gas 
to the surface of the sample. Using the current sample preparation and analysis 
condition described in Section 4.2.2, it is observed that the particles/agglom-
erates are not homogeneous in every part of the images. In Figure 19, it is 
possible to see particles/agglomerates of different sizes in one image, which 
means the only way to provide a realistic value is to analyse hundreds of im-
ages from different parts of the same sample under EM as well as repeating 
the process for a couple of different samples prepared in the same way. Here 
hundreds of particles/agglomerates observed in one SEM image are measured, 
see Figure 13, the selected 100 particles are approximately 2/3 of all the meas-
urable particles in the image, however, there is also enormous numbers of ex-
isting particles which are not measurable due to low contrast, etc. Considering 
results from Figure 13 and 16 (another image of the same sample analysed 
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under same conditions) the average observable agglomeration size for ND is 
100-200 nm, with 5-8 nm standard error, Comparing all three samples fabri-
cated with distinct synthesis parameters, the agglomeration size (probably sec-
ondary and tertiary particle size) differs from 10–17 µm in CMS, 2–4 µm in 
Z1, to 100–200 nm in ND, see Figure 12. Thus, both the nanopores, from DFT, 
and the agglomeration sizes can be described, e.g. the ND sample having the 
smallest agglomeration size, has at the same time the smallest pore size with 
high surface area, see Table 5. This makes it distinguished from the other silica 
materials in this work. This is also confirmed in terms of efficiency in specific 
applications, see Paper II. 
 
Observing smaller particles and pores was not possible by SEM methods and 
therefore TEM is used for the observation of pores/particles of a few nm in 
size. Using TEM, primary/secondary particles are observed with 31-45 nm in 
size for CMS, 8-12 nm for Z1 and 1-6 nm for ND, see Figure 14. However, 
these sizes vary when measuring different TEM images of the same sample. 
Comparing the different images obtained from SEM and TEM methods, such 
measurements needs large amount of data and a method of correlating data in 
different length scales in order to obtain a reliable value corresponding to the 
sample, not only one small part of image.  

6.2 Comparison/correlation of the BET with EM 
results and relation to efficiency in the application 

Comparing the 3 TEM images in Figure 20, it is observed that the ND sample 
is a compact material made of small agglomerates (<10 nm) which has smaller 
pores inside. BET results confirm that most pores are between 1 and 10 nm 
with a peak at 1-3 nm. ND is the most effective material for water filtration 
according to Paper II, and this can be due to the small pores in the structure. 
It should also be mentioned that observing small pores and high surface area 
on ND does not necessarily mean that the material does not contain any bigger 
pores. Bigger pores (>200 nm) are not considered on BET method as their 
contribution to surface area is neglectable. However, such bigger pores may 
have the relation to the efficiency in adsorption in the liquid and gas phases. 
 
Z1 type is a less compact material with a wide range of pore sizes according 
to the DFT results (1-100 nm with most of the pores in 1-50 nm), and with a 
range of (primary/secondary) particles from 5 to 20 nm according to TEM. 
Having a wide pore size range, it is understandable that the Z1 material is the 
most effective material on thermal insulation specially when compressed. The 
thermal conductivity is closely related to the structure, as a porous structure 
would hold more air inside therefore it would conduct less heat, however, it 
also is related to the type of pores, closed or open interconnected would have 
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different effects on the thermal conductivity (60). As Z1 is synthesised in a 
water-based solution, all the pores are considered open pores containing water 
that will disappear during the drying process. The insulation efficiency of the 
Z1 type is related to the pore size distribution with most of the pores being in 
the mesoporous range that enhances the so-called Knudsen effect (61). The 
Knudsen effect becomes noticeable when the pore diameter is smaller than the 
mean free path of the diffusing gas molecules, which implies that the gas mol-
ecules collide with the pore walls more frequently than with each other. This 
occurs for pores smaller than 70 nm at normal pressure. By lowering the gas 
pressure, as is done in vacuum insulation panels, much bigger pores can be 
allowed and still result in a low thermal conductivity. Additionally, compres-
sion may cause the bigger pores to decrease in size and contribute to the same 
effect. Considering the ND type with pores (1-10 nm) in the lower part of 
mesoporous area and some micros porosity, the same effect may not take 
place. It is also clear that compressing a compact material with small pores 
such as ND, would cause the pores to get closed and in this case thermal con-
ductivity increases. 

CMS contains more dispersed particles in comparison with ND and Z1, 
with primary/secondary particles between 30 and 70 nm according to TEM, 
and a pore size range of 2-200 nm with more of the pores in the higher end of 
this range according to BET. There are small pores observable inside every 
particle in the TEM image of CMS and bigger pores are the void between the 
particles or agglomerates. The material does not show any efficiency on ther-
mal conductivity; however, it is an efficient material in molecular filtration 
according to gas adsorption results which are related to the particle size of the 
contaminants captured inside the pores of CMS as well as the bigger pore size 
that is that has the possibility to contain capturing agents inside and still have 
space for the contaminants that gets captured. 

There are still remaining questions to be investigated, such as: 
 

• Where do the adsorbed contaminants end up in the structure?  
• Why is ND the most efficient material in aqueous phase adsorption? 

6.3 Effect of storage time/condition on the porous 
structure  

The behaviour of ND over the storage time was tested and the results reveal 
that the surface area decreases in both paste and powder after the test period 
of 26 days, no matter how it is stored. However, the percentage of the decrease 
depend on the storage condition. Normally when a fresh paste is dried imme-
diately, the pore size is between 1-10 nm with a peak at 1-3 nm, however, 
when the paste is stored and dried after ageing, the pores size distributes in a 
wider range 2-20 nm. In the case of the powder, when the fresh paste is dried 
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immediately, and the powder is stored over a period the peak for the maximum 
number of pores shifts to a larger value (from 1.3 to 9.7) no matter how the 
material is stored. It is observed that the synthesis condition has a role in pre-
venting the change in BET surface area, as the lowest change is when the 
sample is under vacuum and heat. These changes in the structure can be due 
to the impurities remaining in the pores (e.g. salt and water), that has not been 
completely washed out during the filtration process. An important finding is 
that the surface area decreases with storage time and the pore size increases. 
There is a significant difference depending on storage condition. More humid-
ity appears to give a bigger loss in surface area. A hypothesis is the existence 
of some salt in the pores and the combination of it with the possible humidity 
and air in the structure may cause some reactions that destroys the structure. 
In other words, the redistribution of sodium and chloride by humidity could 
affect pore size. However, it can also be due to remaining monomeric or oli-
gomeric silicate in the pores that causes the change in the structure. All the 
above mentioned are hypotheses that have not been fully tested yet. The re-
sults show a change in the structure during storage but how exactly this hap-
pens remains unknown.  

6.4 Effect of cleanliness level on the porous structure  
Analysing both of the samples synthesized as normal and the superclean ND 
type that has been synthesized using lab chemicals, distilled water and washed 
for many times before filtration, it is observed that the structure in the clean 
material is different from the normally produced one. The pores appear to be 
bigger with a peak at 7.5 nm, however, the surface area value is also higher 
than the normally produced ND. It is possible that using the clean ingredients 
and washing for many times caused the pores to be cleaned of any salt or im-
purities and that resulted in a bigger pore size. The higher surface area value 
compared to normally produced ND type reveals that some small pores of nm 
size has been either created or cleaned of impurities and added in the surface 
area calculations. The efficiency of the superclean ND type is not tested yet in 
the application. 
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7  Conclusion and future perspective  

Nanoporous materials having high efficiency in applications, e.g. adsorption 
and insulation, are of interest and have been investigated by many researchers 
for industrial use. Their efficiency is closely related to their structure. The aim 
of this study was to get a better understanding of the structure of a family of 
silica based nanoporous materials commercialized under the name of 
Quartzene®. An understanding gained through the structure and properties 
gives the basis for further synthesis of the material optimal for respective ap-
plication. To gain more knowledge about the relation between synthesis, struc-
ture and efficiency in the application, three types of Quartzene, produced by 
varying the synthesis pathways or composition, are characterized and tested 
in e.g. adsorption application. The synthesis and storage conditions are also 
varied to study the effects of impurities and storage in the resulting structure. 
 
Synthesis 
The synthesis process of all three types involves a precipitation reaction. ND 
and Z1 are pure SiO2 produced with different activation levels of silica, how-
ever, CMS is made of silica, magnesium and calcium (see Section 4.1). Hav-
ing very similar synthesis pathways all 3 types have different structures and 
show different efficiency in the applications. Any variation in the synthesis 
process e.g. time, cleanliness, etc., leads to different structures.  
 
Analysis methods 
A combination of different analysis methods is used to gain a better under-
standing of the structure, however, there are challenges when analysing the 
material. The BET method is limited due to its assumptions, e.g. the adsorp-
tion is assumed to be multilayer with no interaction between the gas mole-
cules. The EM methods needs to be custom made for this special class of ma-
terials, e.g. sample preparation method and analysis condition is needs to be 
custom made for the highly porous silica-based materials with insulating 
framework. The analysis condition used in this investigation resulted in SEM 
and TEM images that provide information about the agglomerates and primary 
particle size of the samples. The quantitative measurement results from EM 
reveal that the particle size of the material can vary in different parts of the 
sample under analysis. Therefore, a large amount of data is needed to be gath-
ered to provide a mean value representing the sample’s particle size. The ma-
terial has pores and particles distributed in a large range from a few nm to 
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micrometres, a special methodology should be further developed to correlate 
the large data sets for a multiscale material analysis.  
 
Properties 
All three types are 94-96% porous materials with low density (40-150 kg/m3) 
and high surface area (100-800 m2/g) etc.; however, ND achieves the lowest 
density with small pores in the structure that has a peak at 1-3 nm. Z1 has a 
broader range of pore sizes from a few nm to hundreds of nm and this gives 
the highest surface area of Z1 material. CMS contains more of the bigger pores 
that contributes less to the BET surface area. CMS also has the biggest pri-
mary/secondary particle size (30-45 nm) according to the TEM results in com-
parison with smaller particles observed in ND (1-6 nm) and Z1 (5-8 nm). 
 
Effect of various conditions on the porous structure  
It is observed in this investigation that the variation in the synthesis pro-
cess/method can affect the porous structure, e.g. the activation level of silica, 
the filtration process, the cleanliness of ingredients, the drying process, the 
storage time and condition in both paste and powder form, etc. In other words, 
the porous structure is very sensitive to any of the mentioned above, some 
variation may increase the surface area such as better cleaning and washing 
step before filtration, and some may decrease it, such as storage over a period 
of time. Producing the material with current structure is controllable by con-
trolling every stage and storing under controlled conditions. But further un-
derstanding of the structure is needed for better controlling of the conditions.  
 
Efficiency in the application: 
In terms of efficiency in the application, Z1 is the best insulating material. 
This is related to its structure having a broad pore size distribution with most 
of the pores being in the mesoporous area (2-50 nm) that contributes to the 
Knudsen diffusion (60), where the air molecules collide more frequently with 
the pore walls than with each other. ND and CMS have a smaller fraction of 
their total pore volume in the mesoporous range, 2-50 nm, and therefore con-
duction in the solid phase is more pronounced than in Z1. 
 
ND has the best results in water filtration applications which can be due to the 
very small pores (<10 nm) that contributes to the adsorption of contaminants 
in water solutions. This effect is not seen with Z1 as effectively as with ND, 
however, hydrophobization increases the adsorption capacity of Z1.  

CMS performs best when doped with capturing agents used in molecular 
filtration application due to its bigger pores that can contain capturing agent 
inside and still have space for the contaminants to be transported and captured. 
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Future work: 
There are still remaining questions both on the structure of the material and 
the relation to efficiency that needs to be investigated for better understanding 
of the material. The investigation for the next step is listed as below: 
 

• Developing the analysis technique is necessary for better understand-
ing of the structure. For this approach a methodology needs to be de-
veloped for EM analysis of the material. This includes optimisation 
of the analysis conditions for high resolution imaging, e.g. the use of 
Fresnel fringes theory., and a methodology to correlate large data sets 
in multiscale.  

• EM analysis of the material after adsorption process, can contribute 
to the knowledge about the structure by defining the position of the 
adsorbed contaminants in the structure.  

• Further investigation of the effect of storage time under controlled 
conditions.  

• Elemental analysis of the material would be useful to ensure the re-
moval/presence of impurities in the structure.  

• Finally, three-dimensional reconstruction imaging by Electron To-
mography would be an important next step to model the structure of 
the material in three dimensions and get a full understanding of the 
structure. 
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