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Abstract  
Adsorbent materials for gas purification have been studied and developed for application in many 
areas. It is known that a single adsorbent may not adequately control multiple contaminants. 
Therefore, the development of adsorbent materials has accelerated over the past two decades, and 
is today an area attracting a lot of attention. In view of the global environmental movement for 
clean air, the development of improved sorbents will help address new challenges that cannot 
efficiently be met with the generic sorbents that are presently commercially available. On the 
other hand, the utilization of these new sorbents for specific applications within the area of 
molecular filtration remains largely unexplored. This thesis presents a synthesis of new sorbent 
materials, and the characterization and application of these materials for molecular filtration. 
Commercial adsorbents have been used for benchmarking for the pore properties, the 
applicability, and the performance of these new adsorbents. 

A double metal-silica adsorbent has been synthesized. The preparation procedure is based on 
the use of sodium silicate coagulated with various ratios of magnesium and calcium salts which 
yields micro-meso porous structures in the resulting material. The results show that molar ratios 
of Mg/Ca influence the pore parameters as well as the structure and morphology. The bimodal 
pore size can be tailored by controlling the Mg/Ca ratio. The effect of thermal treatment on pore 
parameters of these adsorbents has been investigated. The results show that heat treatment had a 
notable effect on the pore parameters, and that the pore structure was thermally stable even at 600 
°C. 

A synthesis method has also been developed for the preparation of carbon-silica composites. 
The method involves a number of routes, which can be summarised as addition of activated 
carbon particles to (I) the paste, (II) the salt solution, or (III) with the sodium silicate solution. In 
route II and III the activated carbon is present also before coagulation. The routes presented here 
leads to carbon-silica composites possessing high micro porosity, meso porosity as well as large 
surface areas. The increase in micro porosity and surface areas was linear with carbon content. 
The results shows further that pore size distribution may be tailored based on the route of addition 
of the carbon particles. Following route I and III a wide pore size (1-30nm) was obtained where 
as by route II a narrow pore size (1-4nm) was observed.  

KOH or KMnO4 modified MgCa adsorbent varieties were also prepared. The impregnation 
was performed by either a direct synthesis or post-synthesis procedure. Potassium hydroxide and 
potassium permanganate have been chosen as impregnate chemicals. Results revealed that the 
impregnate amount significantly affected both the structural and the gas adsorption characteristics 
of the impregnated MgCa adsorbents.  

The properties of double- metal adsorbents, impregnated adsorbents and carbon-silica 
composites were characterized by various methods (X-ray diffraction, scanning electron 
microscopy, thermo gravimetric analysis, and nitrogen adsorption at 77K) to study the material 
structure and morphology, thermal stability, ignition temperature and porous parameters with 
regard to surface area, pore size, pore size distribution and porosity volume, which is important 
for optimizing their use in many practical application. The up-take performance of adsorbents for 
dynamic adsorption of SO2, H2S and toluene was performed in a system similar to the setup used 
in ASHRAE 145.1.  

Finally the applicability and performance of the impregnated modified MgCa-silica 
adsorbents and composites have been evaluated for H2S, SO2 and toluene adsorption and 
compared to some commercial adsorbent materials. Results revealed that a potassium 



II 
 

permanganate modified MgCa-adsorbent has a H2S adsorption capacity in the range of 0.08-3.19 
wt % at 50% efficiency, and that the uptake capacity was relative to the amount of potassium 
permanganate loading. Moreover, KOH modified MgCa-adsorbent shows highest SO2 adsorption 
capacity (1.7 wt %) which is 3.47 times higher than commercial alumina impregnate with 
potassium permanganate (0.49 wt %). Carbon-silica composites on the other hand shows 
adsorption of toluene and high adsorption capacity was obtained when carbon content was 45 wt 
%. The results further shows that a composite with 45 wt % carbon and obtained via route I 
present the highest toluene adsorption capacity ( 27.6 wt % relative to carbon content) at 0% 
efficiency. The large uptake capacity of this composite was attributed to the presence of high 
microporosity volume and a wide (1-30nm) bimodal pore system consisting of extensive 
mesopore channels (2-30nm) as well as large surface area. These capacity values of carbon-silica 
composites are competitive to results obtained for commercial coconut based carbon (31 wt %), 
and better than commercial alumina-carbon composite. 
 
Keywords: Adsorbents, activated carbon, alumina, MgCa-silica, carbon-silica composite, 
characterization, porous parameters, molecular filtration  
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1. General Introduction  
 
Free access to clean air is considered to be a fundamental human right. Why then spend money to 
clean the air we breathe indoors when the outdoor air we breathe is free and we believe it to be 
fresh? One reason is that there are no absolute zero levels of contaminant gases and that air that 
may appear clean to an environmental protection agency may still be too polluted to use indoors. 
For example in museums and in microelectronics production, even trace levels of pollutant gases 
can do irreversible damage. The air we breathe outdoor is not as clean as we might think, but 
heavily and diversely polluted. The lifestyles (work and leisure activities) of people living in 
industrialized nations mean they spend more than 90 percent of their time indoors [1]. The 
necessary ventilation of buildings means we are increasingly exposed to the gas pollutants in the 
external air. Beauty salons, print shops, restaurants and hospitals may produce their own air 
pollutants to unacceptable concentration levels. Finally we produce our own pollution; we release 
odours into ambient air, from our cooking, laundry, entertainment, painting, hobbies, etc. Indoor 
air pollution has been a concern for houses, offices, schools and residential buildings for many 
years, and is receiving an increasing attention. Not only has air contaminates been associated with 
health risks and reduced work productivity [1, 2] but could also cause irreversible damage to 
vulnerable artefacts. It will therefore be more economical [3] and a preventive measure to clean 
the indoor air and recycle a certain portion of it than heating (or cooling) and possible humidify 
or dehumidify the air from the outside.   

The purification of the contaminating gases can be achieved by different methods including 
adsorption with solid porous materials, absorption by liquid sprays, condensation, catalytic 
combustion, photo catalysis and plasma-induced reaction [3]. Adsorption processes have by far 
found wide spread application for removal of very low concentrations of contaminants, which are 
normally found in the indoor environment, whereas the other various techniques are used for 
treatment of highly contaminated air streams [3]. 

Molecular filtration is the term used to describe filtration (in air) of non particle species. The 
application of adsorption techniques is widely employed in most static molecular filtration 
devices. The performance of molecular filtration devices is directly determined by the 
performance of the adsorbent. Hence, major advances in gas adsorption technologies will come 
from the development of new and better sorbents. Currently the most dominating sorbents used 
commercially are activated carbon, activated alumina, silica gel, zeolites and related crystalline 
molecular sieves [4, 5]. Overview of these commercial adsorbents is presented in section 4. 
Considering the global environmental movement for clean air as well as the rapid growth of 
developing countries, the development of new and better sorbents will not only facilitate major 
advances in gas adsorption technology, but will also to meet the new challenges that cannot be 
met with the sorbents that are currently available.  
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Paper II 
Effects of Heat Treatment and Impregnation on the Textural Properties and H2S Uptake of 
a New Precipitated Silica Adsorbent 
Ebenezer Twumasi, Peter Norberg, Christer Sjöström and Mikael Forslund 
Submitted to Journal of the International Adsorption Society  

Exploration of the effect of heat treatment and impregnation on textural properties and dynamic 
H2S adsorption of adsorbent prepared is considered in this paper. Emphasis is placed on the study 
of calcination of the adsorbent at different temperatures and in an air environment, and relating 
this to changes of the porous system. The paper further presents the influence of impregnation 
route on pore systems and its H2S uptake capacity at different contact times.  
 
Paper III 
Textural and Adsorption Properties of a Carbon-Silica Composite Adsorbent for Air 
Filtration 
Ebenezer Twumasi, Mikael Forslund, Peter Norberg and Christer Sjöström 
Accepted for publication in World Journal of Engineering  

The paper presents different synthesis routes developed for carbon-silica composites. The paper 
describes how different routes of incorporating carbon into the silica structure affect the porous 
parameters. Additionally, the applicability and performance of the carbon-silica composites for 
adsorption of low level concentration of toluene is shown. 
 
Paper IV  
Carbon-Silica Composites Prepared by the Precipitation Method. Effect of the Synthesis 
Parameters on Textural Characteristics and Toluene Dynamic Adsorption 
Ebenezer Twumasi, Mikael Forslund, Peter Norberg and Christer Sjöström 
Submitted to Journal of Porous Materials   

The paper builds on the findings in paper III and develops composites with increased carbon 
content by employing a more finely grinded carbon phase. The effects of preparation route and of 
carbon content are thoroughly investigated. Using better controlled challenge testing equipment 
the actual availability of the carbon phase in the composite can be compared to pure activated 
carbon. The relationship between the porous parameters and the dynamic toluene adsorption is 
treated. Introductory testing of the ignition temperature behaviour of the composites relative to 
carbon content, versus pure carbon and versus a commercial composite product using TGA is 
also reported. 

The Work Performed and Contribution to the Papers  
In all the publications, the materials synthesis, the material characterization, and the interpretation 
the work were performed by the author of this thesis, with exception for the execution of the 
dynamic adsorption studies and of the Ignition - TGA measurements. 
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3. Overview of Adsorbent Materials  
Many types of sorbents exist, of which the most industrially used are activated carbon, 
activated alumina, silica gel, and zeolites [5]. Other sorbents such as carbon-mineral 
composite [6], metal oxides [7, 8] and clay [5] are also used to a less prominent extent. 
 

 3.1 Activated Carbon   

Activated carbon (AC) is a porous carbonaceous material which has been subjected to 
reaction with gases (steam, CO2, and air) and sometimes with addition of phosphoric acid or 
zinc chloride before, during or after carbonization in order to increase its adsorptive properties 
[9]. The production and the use as a general-purpose industrial adsorbent date back to the 19th 
century [10]. Its usefulness derives from its large adsorption capacity which originates mainly 
from its large micropore and mesopore volumes and the resulting high surface area (500 to 
2000 m2g-1) [9, 10]. Its pore widths can range from <1.0 nm to 50 nm with surface 
compositions varying from clean graphitic to oxygenated surfaces exhibiting significant 
polarity [9]. Fig. 1 shows Pore Size Distribution (PSD) of a typical activated carbon compared 
with several other sorbents. Activated carbon are less polar than other adsorbent but not 
completely non-polar due to the presence of surface oxides [4, 10]. Activated carbons are 
widely used for the removal of very low concentrations (sub ppm) of harmful volatile organic 
compounds (VOCs) from process and indoor air streams due to its developed microporosity 
which ensures good adsorption capacity [11]. This thesis is directed towards the use of 
coconut based activated carbon (CAC) with a CTC value of 50 and 55 for synthesis of 
carbon-silica composite adsorbent for removal of VOC of very low concentrations (sub ppm).  

3.2 Activated Alumina  

Activated alumina is a porous form of aluminium oxide prepared by the heat treatment of 
some form of hydrated alumina [7]. The BET surface area is in the range 200 to 500 m2/g 
with total pore volumes near 0.5 cm3/g [12]. These materials contain some micropores and 
considerable mesopores with sizes greater than 5nm [12]. Oxygen vacancies are easily formed 
on its surfaces, thus alumina has both Lewis and BrØnsted acid sites. The surface chemistry, 
as well as the pore structure can be modified for specific application. As a result, activated 
alumina is more versatile and has been applied more often as a sorbent [12]. Generally 
activated alumina is widely used as a desiccant because of the large capacity for water and the 
ease of regeneration (~175°C, compared with 350°C for regenerating zeolites) [4,12]. 
Moreover alumina tailored via either activation process or chemical dopants are employed in 
removal of acidic gases (COS, CO2, H2S, CS2), polar organic compounds, oxygenates and 
Lewis bases as well as HCl and HF [7, 12]. 

3.3 Silica Materials  

Synthetic amorphous silica are materials that have found a wide use in a diverse range of 
industrial applications, but the environmental application as sorbents for air filtration have yet 
not been utilised commercially. 

Silica gel is most widely used as desiccant because of its large capacity for water (~40% 
by weight) and ease in regeneration (~150°C, compared with 350°C for regenerating zeolites) 
[12]. Precipitated silicas on the other hand are commercially important in the manufacture of 
paper, paints and rubber [13, 14, 15]. Although there is close relation between silica gel and 
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precipitated silica as both are prepared from aqueous sodium silicate solutions, silica gel is 
formed in acidic solution in which silicic acid polymerizes to extremely small particles, which 
chain together to form a network of gel throughout the water. Precipitated silica on the other 
hand is formed under alkaline conditions, and the particles are brought together into 
aggregates by forces of coagulation [13, 16]. The two silicas also differ from each other in 
terms of different properties (e.g. specific surface area, pore volume and pore size 
distribution) which are important in describing the sorption characteristics of the silica [17]. 
In this thesis the precipitation synthesis route has been used in preparing new silica sorbent to 
be employed as gas filter media.  

A new family of ordered mesoporous silicas have recently been developed using 
surfactant micelles or folic acid as templates. This has led to breakthrough of various 
mesoporous molecular sieves such as MCM-41(2d hexagonal, P6m), MCM-48 (cubic, Ia3d) 
[18], SBA-1 (cubic Pm3n), SBA-2 (3d hexagonal P63/mmc), and SBA-3 (hexagonal p6m) 
[19,20], NFM-1(2d hexagonal, P6m) [21], KIT-1 (disordered network) [22]. These 
mesoporous silicas exhibits high surface area and narrow pore size distribution in meso scale. 
These properties offer promises for potential applications in fields such as molecular sieving, 
catalysis, selective adsorption of pollutant gases, and so on [23]. However, industrial 
applications of the mesoporous materials have been inhibited by surfactants toxicity and high 
cost [24], low hydrothermal stability such as in boiling water, mechanical stability [22, 25] 
and other issues which still needs to be investigated [26]. The frameworks of MCM-41 and 
MCM-48 were for example reported to collapse during the attempt to pelletize with 
compression above 1000 kg cm-1 [25]. The disintegration of MCM-41 and MCM-48 during 
impregnation in aqueous solutions has also been reported [25] and it provokes a doubt about 
its durability in practical application.  

In other words, to obtain useful adsorption performance of porous silica materials, there is 
a need to modify either the surface chemistry or the pore structure. One principle advantage of 
porous silica is the abundance of surface hydroxyl groups [12], and its amenability to surface 
functionalisation with different chemical moieties via a number of direct and indirect methods 
[23]. Different silica sorbents has been successfully modified with functional organics 
(amines, thiol etc.,) and is used for removal of acidic gas contaminants such as CO2, NO2, SO2 
and H2S and VOC [23, 27, 28]. 
 

3.4 Zeolites and Molecular Sieves    

Zeolites are crystalline aluminosilicates of alkali or alkali earth elements [29]. Molecular 
sieves generally belong to the zeolite class of minerals which have three-dimensional 
interconnecting pore network structure of silica and alumina tetrahedral [4, 30]. The pores are 
of molecular dimensions and the basis for the sieving action of these materials [30]. Although 
about 40 different zeolite structures have been discovered only three dominant synthetic types 
A, X and Y zeolites and molecular sieves are widely used commercially for adsorption and 
ion exchange application [29, 30]. The unique surface chemistries and crystalline pore 
structures of zeolites give them special adsorption properties. A large portion of commercial 
zeolites are employed in the field of ion exchange and catalyst application [5]. They are also 
used in other ranges of applications such as desiccants for dehydrating gas [30], gas 
separation and purification [5]. Successfully utilization of zeolite LTA-type and its 
modification with Ca2+ for H2S removal has been reported [31]. 
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3.5 Carbon-Mineral Composites  

Carbon–mineral composites represent sorbents consisting of two components, carbon and 
some inorganic sorbent. The composites may be prepared by mixing carbon and inorganic 
sorbents in some way, or the carbon substance may be a stable deposition on the surface of 
the inorganic sorbent. The properties depend on the amount of carbon deposited on the 
inorganic sorbent [32]. Comprehensive studies on preparation of carbon- mineral composites 
by different methods have been reported by several groups and summarized by Leboda [32]. 
In different adsorption process; the composite sorbents utilize the advantages of either carbon 
or inorganic components or both. Most of the composites materials are characterized by 
micropores and high ignition temperature couple with heterogeneous surfaces which are good 
incentives for its application as sorbent for purification of a wide range of contaminated gases 
[6, 33, 34, 35]. Today alumina-carbon (Al-C) composites are commercially used for removal 
of H2S, SO2 and VOCs contaminants [36]. However, the investigations of the adsorptive 
properties and applications of carbon-silica composites are still ongoing [6, 33]. In this thesis, 
carbon-silica composites were developed and were employed to investigate porous properties 
and VOC adsorption capacity of these composites (Section 5.3.1). 

 
Fig. 1 Pore size distributions for activated carbon, activated alumina, molecular-sieve carbons 
(MSC), silica gel and zeolite 5A ref. [12] included by permission 
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4. Experimental Section 

4.1 Materials for Synthesis  

 For the synthesis of double metal silica sorbents, water glass (SiO2:Na2O = 3.35) as silica 
source and calcium chloride (CaCl2 2H2O) and/or magnesium chloride (MgCl2 6H2O) salts as 
coagulants agents were used. Sodium bicarbonate (NaHCO3), potassium permanganate 
(KMnO4) and potassium hydroxide (KOH) were used as impregnate chemicals. A coconut 
based activated carbon (CAC) with a CTC value 50 and 55 were obtained from Jacobi 
carbons AB, Sweden. Carbon of particles <150 micron and 3mm were obtained.  The water 
glass was purchased from Askania, Göteborg, Sweden, salts from retailers of agricultural 
chemicals. The chemical impregnates purchased from VWR, Sweden.  

4.1.1 Synthesis of Double Metal Sorbents 

A series of silica sorbents containing various amount of Ca and Mg were prepared by varying 
Mg/Ca molar ratio while maintaining sodium silicate solution at 1.5 M (with respect to SiO2). 
A 500 ml salt solution of either pure 0.43mol CaCl2.2H2O or pure 0.43mol MgCl2.6H2O was 
prepared or mixtures of said solutions in ratios indicated in Table 1. The synthesis was done 
by pouring 500 ml salt solution into a 1.5 M (with respect to SiO2) sodium silicate solution 
(500 ml), which was being agitated in an ordinary food mixer at room temperature. The 
resulting solution immediately began to coagulate. The reaction is assumed to occur according 
to the following reaction formula: 

Na O · nSiO  (l) + ½Mg  (l) +½Ca  (l) → (Mg, Ca) O nSiO  (s) + 2Na  

The reaction yielded a white coagulum and was allowed to settle for up to one hour and the 
clear liquid above the precipitated coagulum was removed by decanting. Then, the coagulum 
was mixed with a defined amount of water followed by stirring and the coagulum allowed to 
settle before decanting the clear liquid. This step was repeated a number of times until the 
decanted liquid were virtually free from sodium chloride as detected by adding a few drops of 
dilute AgNO3 reagent. The coagulum obtained after the final washing was vacuum filtered 
through a filter paper until a paste holding as much as 85 % of water was obtained. The 
sample obtained was made into pellets and subsequently dried overnight in a stationary dryer 
at 105 °C. The Precipitated Silica Sorbent obtained were designated by an abbreviation; e.g. a 
sorbent made by 100 mol % Mg will be called PSS-MgCa-100/0, 75 mol % Mg and 25 mol 
% Ca will be PSS-MgCa-75/25, 68 mol % Mg and 32 mol % Ca will be PSS-MgCa-68/32, 
50 mol % Mg and 50 mol % Ca will be called PSS-MgCa-50/50, and 100 mol % Ca will be 
called PSS-MgCa-0/100.  

4.1.2 Synthesis of Carbon-Silica Composites 

In the preparation of a carbon-silica composite, coconut based activated carbon with a CTC 
value of 50 was grinded and sieved to a size less than 500 microns. In addition CAC with a 
CTC value of 56 powder of particle size less than150 microns was used in the synthesis. 
Three probable routes denoted I-III were employed to incorporate CAC into silica sorbents 
containing 68 mol % Mg and 32 mol % Ca as shown in Fig. 2. The composite formation was 
performed as follows: (I) Activated carbon were added to step 5 and vigorously mixed for 30 
minutes. At that time the carbon appeared to be fully dispersed. Activated carbon was mixed 
with (II) the salt solution or (III) with the water glass solution in step 1. In route II and III the 
carbon is present even before coagulation. The Precipitated Silica Carbon composites 
obtained were designated by an abbreviation; e.g. a composite made by method I containing 8 
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wt % CAC1 of particles size < 500 micron will be called PSC(I)-8 whiles sorbent made with 
8 wt % CAC2 of particles sieved to size <150 micron will be called PSC(I)-8F. 
 
 Table 1 Chemical composition of sorbent in relation to sodium silicate (1.5M SiO2) molar 
ratio 3.35 precipitated with various -Mg and /or Ca mol %. 

 

4.1.3 Synthesis of Impregnated Silica Sorbents 

Two routes (I-II) were employed to incorporate impregnate chemicals into the porous 
structure of silica sorbents containing 68 mol % Mg and 32 mol % Ca (PSS-MgCa-68/32) 
 
I. Measured amounts of impregnate chemicals, KOH or KMnO4 and NaHCO3 in the form of 
powder were added to step 5 (coagulum) Fig. 2 and stirred for 30min. At that time the 
impregnate chemicals were subsequently dissolved in the remaining (85%) water phase of the 
coagulum. The resultant slurry is formed into pellets and dried at 105°C for KOH 
impregnated and for sample impregnated with KMnO4 and NaHCO3 was dried in a constant 
humidity cabinet at 60°C at 50% RH for 4 hours. For comparison of pore systems, an 
unimpregnated sample was also prepared using the same drying scheme as for the KMnO4 
and NaHCO3 direct impregnation samples. This sample is referred to as PSS 60. 
 
II. An impregnate solution was prepared by dissolving a known amount of KMnO4 with 
addition of an equal amount of NaHCO3 in 250ml deionized water and stirred at room 
temperature; 105g of PSS pellets pre-dried at 105°C were then added to the solution and was 
allowed to soak for 30min. The amount of permanganate absorbed into the PSS substrate is 
assumed to be proportional to the concentration of the permanganate in the solution. The 
sample was then dried at 60°C at 50% RH for 4 hours. 

When dry NaHCO3 comes into contact with moisture it will absorb water leading to 
hydrolysis and further decomposition depending on the relative humidity and the temperature 
[37]. Further, the highest allowed relative humidity for stability decreases with temperature 
from e.g. 76% RH at 25°C to 48% RH at 40°C [36]. However, the overall reaction is assumed 
to be: 

2NaHCO3 ↔ Na2CO3 +CO2 + H2O                                                                  (2) 
 

In the present work samples are produced in water phase and then heated to 60°C at RH 50% 
in a constant humidity cabinet. It cannot be determined to what degree the above reaction has 
proceeded but in the calculations it is assumed that all NaHCO3 have reacted to Na2CO3. 

Samples Pre-mixing condition 

     Mg2+               Ca2+ 

     mol %        mol % 

Chemical composition of sorbent 

        Si               Mg                 Ca 

     atom%         atom%          atom% 

       Mean 
Si/(Mg+Ca) 
 

PSS-MgCa-0/100 0 100 26.4 0 10.4 2.5 
PSS-MgCa-50/50 50 50 27.2 3.9 5.4 2.9 
PSS-MgCa-68/32 68 32 27.8 5.3 3.0 3.3 
PSS-MgCa-75/25 75 25 27.9 5.3 2.9 3.4 
PSS-MgCa-100/0 100 0 25.2 7.4 0 3.4 
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The samples obtained were designated by an abbreviation; e.g. sample made by method I 
containing 8% KMnO4 and 8% NaHCO3 is called PSS (I)-8. The weight percentages of 
KMnO4 and NaHCO3 have been calculated based on the dry weight of the PSS-MgCa-68/32.  
 

 
 
Fig. 2 Synthesis routes for carbon-silica composites  
 

4.2 Characterization Techniques 

4.2.1 Powder X-Ray Diffraction Analysis (XRD) 

The powder X-ray diffraction technique is fundamentally used to determine crystallographic 
and textural properties of materials. When an incident X-ray radiation of wavelength λ 
interacts with a target sample of regular pattern, a number of lattice planes separated by 
interplanar distance d will reflect the incident beam and consequently producing constructive 
interference known as diffraction. The distance between two waves undergoing constructive 
interference is known as the path difference and can be written as 2dsinθ, where θ is the 
diffraction angle. The intensity of the diffracting beam as a function of diffraction angle gives 
a diffraction pattern. From the angles and relative intensities of these diffraction patterns, a 
particular crystal structure can be identified. Although mesoporous materials are amorphous 
materials on a short range scale, the long range order of ordered  mesophases produces 
distinct diffraction patterns at angles in the range of 0° < 2θ <5. However this is not the case 
in disordered mesophases of short range scale and therefore additional methods such as 
electron microscopy and nitrogen physisorption studies are necessary for identification of 
textural properties.  

The X-ray diffraction (XRD) patterns of all the samples presented in this thesis were 
performed on a Bruker AXS D8 Advance diffractometer equipped with a secondary 
monochromator and automatic divergence slits filtered Cu-Kα radiation (λ= 1.54056 Å) at    
40 kV and 40 mA .The diffraction patterns were recorded between 5°-70° 2θ using a step size 
of 0.01° and count time per step of 1s. 

4.2.2 Scanning Electron Microscopy (SEM) 

The surface morphologies of the samples presented in this thesis were observed by SEM. A 
beam of electrons emitted by a filament is scanned across the surface of the sample. The 
electrons interact with the atoms that build up the sample. This produced signals including 
secondary electrons (SE), back-scattered electrons (BSE), characteristic X-rays, etc. which 
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contain information about the sample’s surface topography, composition etc. The detectors 
collect the required signals and convert them to a signal that is sent to a viewing screen. This 
method can be combined with energy dispersive X-ray microanalysis (EDX) to analyze the 
secondary and back-scattered electrons to obtained information about the elemental 
composition of the sample. Elemental or compound ratios can be calculated from the results 
and insight if impregnation of material has been successful. In this thesis all the SEM images 
were obtained using a Hitachi S-3000N SEM (Hitachi, Japan) at an acceleration voltage of 
4 kV and at magnifications of about 3,000x. The image was recorded on samples with no 
sputtered coating. The elemental analysis was done with EDX equipped in the SEM.  

4.2.3 Nitrogen adsorption/desorption isotherms 

Gas adsorption is a widely used method for characterization of porous materials. Information 
concerning the surface area and pore architecture (pore size, pores size distribution, pore 
volume) can be extracted from the adsorption isotherm which represents the amount of gases 
(adsorbates) adsorbed in a porous solid (adsorbent) as a function of the partial pressure of the 
gas-phase at a constant temperature [38]. Adsorption is brought about by the interactions 
between the porous solid and the molecules in the fluid phase. The strength between the 
porous solid and the molecules give rise to either physical adsorption (physisorption) or 
chemisorption. Chemisorption interactions are characterized by strong interaction between 
adsorbent-adsorbate which is essentially responsible for the formation of chemical 
compounds. The physical adsorption on the other hand is due to mainly dispersion forces, i.e. 
weak intermolecular forces between non-polar molecules. The latter is more preferential for 
porosity measurements because of its non-destructive nature and the ease of quantification of 
the adsorbate. Nitrogen is generally considered to be the standard adsorptive for micro and 
mesopore size analysis. Its usefulness derives from the fact that, nitrogen has a permanent 
quadrupole moment which is responsible for the formation of a well-defined monolayer on 
most surfaces [39]. At the same time, the level of specificity is not high enough to give strong 
localization on most surfaces as it possesses a sufficiently small heat of adsorption in the first 
adsorbed layer [39]. 

Physisorption adsorption on porous solids is generally achieved by volumetric technique 
(point-by-point procedure). During the analysis nitrogen is introduced in successive amounts 
to known amount of sample in a sample tube that is immersed in liquid nitrogen. The process 
proceeds as any micropores in the surface are initially filled, then the free surface becomes 
completely covered, and finally large pores are filled. At each stage the measurement is made 
only when adsorption equilibrium is attained. As the bulk condensation point of nitrogen is 
reached at higher relative pressure, desorption process may begin in which pressure steadily is 
reduced resulting in liberation of the adsorbed nitrogen. In this way two sets of data are 
obtained; the adsorption and desorption isotherms as each point of adsorbed and desorbed 
amount are plotted against successive points of pressure. From the isotherm, information 
about the internal surface area, pore volume and pore size can be derived.  

The isotherms may be grouped into the six types shown in Fig. 3A according to IUPAC 
classification [38]. The Type I isotherm represents microporous materials where pore filling 
may take place either in pores of molecular dimensions at very low relative pressure or in 
wider micropores over a range of higher relative pressure. The Type II isotherm is normally 
related with infinite monolayer-multilayer adsorption on non-porous, macroporous or even, to 
limited extent, micropores. This shape of isotherm is termed Type IIa [41]. In Type IIb, 
adsorption-desorption isotherms exhibits Type H3 hysteresis with no plateau at high relative 
pressure. This kind of Type IIb isotherm is obtained with aggregates of plate-like particles, 
which therefore possess non-rigid slit-shaped pores [41]. Type III and Type V isotherms are 
limited to a few systems in which adsorbate-adsorbent interactions are weak. The Type III 
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isotherms are associated with some non-porous and microporous adsorbents whereas Type V 
isotherms relates to some microporous or mesoporous materials. Type IV isotherm is a 
variation of Type II, but with limiting uptake over a range of high relative pressures 
corresponding to complete capillary condensation filling in mesopores. In some cases the 
Type IV isotherm exhibits two characteristic types of hysteresis loop. In the first case (a Type 
H1 loop) a relatively narrow loop with almost vertical and nearly parallel adsorption and 
desorption branches; whereas in the second case (a Type H2 loop), the loop is broad, the 
desorption branch being much steeper than the adsorption branch. Hysteresis loop occurs 
when the amount adsorbed is not brought to the same level by desorption after adsorption at a 
given equilibrium pressure or bulk concentration. The reasons for the different hysteresis 
loops are still an ongoing discussion. 

One practical application of adsorption isotherms is their use for selection of adsorbent or 
even the adsorption process as a unit operation for the adsorptive separation of gases [4]. For 
adsorption isotherm shape Type I, II, or IV, adsorption can be used to remove the adsorbate 
from the carrier gas. If it is Type III or V, then adsorption will probably not be economical.  

 
Fig.3 Types of sorption isotherms (A) and (B) types of hysteresis loops of different porous 
materials [38]  
 
In this work, nitrogen sorption isotherms of all the samples were obtained at liquid nitrogen 
temperature (77K) using a Micromeritics (Accelerated Surface Area Porosimeter) ASAP2010 
and a TriStar II 3020 volumetric adsorption instrument. For samples run on ASAP2010, the 
pure PSS-MgCa -68/32 and impregnates samples were degassed under vacuum for 20hr at 
150°C whereas composites samples were degassed under vacuum for 4hr at 250°C before 
measurement. On TriStar II 3020 the samples were degassed under flowing nitrogen at 250°C 
for 4hr. The specific surface area (SBET) was calculated using the standard BET equation [38]. 
This was evaluated using nitrogen adsorption isotherm data in the relative pressure (p/po) 
range from 0.05 to 0.3. Multipoint BET surface areas (SBET) were obtained for all samples 
with a minimum of 8 points and a correlation coefficient of 0.9999. The total pore volume 
(Vtot) was estimated on the basis of the amount adsorbed at p/po ≈0.99. The t-plot calculated 
via Harkins and Jura equation with thickness range of 0.4 nm to 0.5 nm has been applied to 
determine the area and volume of micropore and mesopore in the materials [39].  

Pores in adsorbent materials has been classified according to their width and been grouped 
as micropores (pore width < 2 nm), mesopores (pore width 2-50 nm) and macropores (> 
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50nm). In this thesis Pore Size Distributions (PSD) in the materials prepared were obtained 
from the adsorption branch of the isotherms by fitting a variety of models. PSD models used 
in this thesis were Horvath-Kawazoe (HK) [42] and density functional theory (DFT) models 
[43]. The DFT models employed in this thesis are nonlocal density functional theory 
(NLDFT) for pillared clay model and N2 – Cylindrical Pores-Oxide surface model. 
Cylindrical pore geometry was assumed for both models. The HK method in its original form 
was applied to calculate the micropores in molecular sieve carbons assuming slit-shaped pores 
[42]. Recently the HK method has been extended to cylindrical and spherical pore shapes 
[44]. The model is limited to micropore size. However, the DFT models are applied over the 
entire range of the adsorption branch of isotherm and are not restricted to a limited range of 
relative pressure or pore size. The DFT method is based on the principle that uses a 
molecular-based statistical thermodynamic that allows relating the adsorption isotherm to the 
pore size, the pore geometry, fluid-fluid and fluid-solid interaction energy parameters and the 
temperature. Based on the thermodynamic properties of the confined fluid in the pore, the 
equilibration density profile for all locations in the pore is calculated by minimizing the free 
energy for a pore system with a bulk gas phase [43]. 

4.2.4 Dynamic Adsorption of H2S, SO2 and Toluene 

The common concentration range for contaminating gasses in indoor environment is very low 
and by far the principles of dynamic adsorption has been employed for removal of such gases 
[4,45]. Therefore, in this work, the performance of the tailored silica adsorbents for filtration 
of contaminating gases has been tested by dynamic adsorption at indoor conditions in other to 
mimic the real life scenario. However the challenge gas concentrations are increased in order 
to arrive at acceptable test times. 

The analysis was performed in a system similar to the setup in ASHRAE 145.1 [45] but 
with four parallel columns as shown in Fig.4. Air with controlled temperature and humidity is 
fed from a large supply chamber and the selected challenge gas is injected from a pressurised 
gas cylinder by means of a computer controlled mass flow valve. The H2S and SO2 are 
measured by a Thermo Environmental 43 C UV fluorescence instrument with a TE 340 H2S 
converter. Four parallel samples of ~50 g each were loaded into the four columns forming 52 
mm high beds. The flow rate was 0.9 m3/h and the contact time 0.2s and 0.4 s. The inlet air 
stream containing concentrations of ~12000 ppb H2S, 3100 ppb SO2, 4870 or 80000 ppb 
toluene at 23 °C and 50% RH were made to pass through the columns. In the adsorption of 
SO2, the columns were loaded with ~31g of adsorbent in order to achieve a bed height of 26 
mm. The flow rate and was 1.8 m3/h giving a contact time of 0.1s. The concentration of 
contaminating gas was measured with time up-stream of the filters and directly after each 
filter column with time. The removal efficiency [%] in relation to adsorbed amount in grams 
was also calculated. 
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Fig. 4 Setup of dynamic adsorption challenge test  
 

4.2.5 Thermogravimetric Analysis (TGA) 

TGA measures the amount and rate of change in the weight of a material as a function of 
temperature or time in a controlled atmosphere. In this thesis the thermal stability and ignition 
temperature of silica adsorbent (PSS-MgCa-68/32) and composites were predicted by TGA 
technique. The thermal stability analysis was performed on Mettler TGA instrument by 
heating the sample from 25 to 900oC at a heating rate of 5oC min-1 on an alumina holder under 
an air flow of 20 ml/min. 

The ignition behaviour of the materials was studied using a Pyris 1 from Perkin Elmer. 
Samples weighing between 10 - 30 mg was weighed and introduced into the sample storage 
carousel. The samples were then automatically in turn introduced into the balance equipped 
furnace and subjected to an air at 20 ml/min. The temperature was increased from 20 to 600 
°C using the following profile for temperature increase. Between 25-105 ºC the rate was 
20ºC/min. The sample was then held at 105 ºC for 30 min in order to remove any excess 
adsorbed moisture. After this the temperature rate was 5ºC/min between 105-600 ºC. The 
resulting weight loss (%) vs sample temperature is used for analysis. Due to apparently 
insufficient moisture removal at 105 °C the relative weight loss was calculated at 180°C 
giving an additional 15 min for removing moisture. 
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5. Results and Discussions    

5.1 Structure and Morphology  

5.1.1 X-Ray Diffraction  

The wide-angle powder X-ray diffraction patterns of samples prepared with various Mg and 
or  Ca mol % are shown in Fig. 5A. The samples exhibits broad peaks centred at 2θ value of 
around 20-30° which is consistent with the typical amorphous nature of the silica. A weak 
peak at about 32° belonging to calcium silicate hydrates (3CaO 2SiO 4H2O) and around 47° 
belonging to Ca(OH)2 were identified in samples prepared with 50 or 100 mol % Ca. As the 
mol % of Ca decreases and 50 mol % Mg added, the characteristic peak of 3CaO 2SiO 4H2O 
and Ca(OH)2 becomes weaker, and invisible as the Ca mol % become less than 50 and the Mg 
mol % more than 50, whereas the characteristic hump of silica becomes more marked. The 
XRD patterns (Fig. 5C) of PSS-MgCa-68/32 impregnate directly or post impregnate shows 
similar patterns as the substrate PSS-MgCa-68/32 indicating that the impregnate chemicals 
were present in the structure on the microscopic level.  

 
Fig. 5 XRD patterns of sorbents prepared with various Mg and/ or Ca mol % (A) and (B) 
PSS-MgCa-68/32 heat treated at different temperature 
 
By combining XRD patterns of PSS-MgCa-68/32 heat treated under air for 4 hr at 400°C, 
600°C and 800°C and TGA analysis, the structural changes and thermal stability has been 
analysed. The TGA curve Fig.6 shows that a mass loss occurs in several steps, where clearly 
two distinct weight loss regions can be observed. The first weight loss between 40 and 300oC, 
visible in the first derivative DTG is associated with desorption of residual physisorbed water. 
A slight further weight loss observed between 300 and 600oC is attributed to the removal of 
physisorbed water from pores of ever decreasing sizes. The PSS-MgCa-68/32 impregnated 
with 8 wt % KOH exhibits similar observation but with less weight loss in these regions. It is 
therefore not strange to observe from the XRD patterns (Fig. 5B) that samples heated in these 
temperature i.e. 400 and 600°C range did not show any structural change. The samples exhibit 
stable amorphous nature even after heat treatment at 600°C. After 600°C a wide region of 
weight loss at which the mass arrives at a constant value of ca. 80%. At this point the 
structure has begun to collapse. 
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The disintegration further increases at a temperature range between 700-900°C as the 
densification occurs due to concurrent process of dehydroxylation and structural relaxation, as 
reactive species come within close proximity. This is confirmed by the XRD pattern of 
sample heat treated at 800°C as amorphous silica transforms into cristobalite (Fig. 5B). 
 

 
Fig.6 Thermogravimetric weight loss and derivative curves of PSS-MgCa-68/32 and PSS-
MgCa-68/32 impregnated with 8 wt % KOH 
 

When selecting an adsorbent for a specific application other factors may be equally 
important besides the obvious demand for adsorption performance. One such factor may be 
the fire hazard due to the burnability of the adsorbent or due to an erroneous installation 
giving insufficient cooling or too exothermic reactions due to high VOC concentrations.  

In this thesis TG data has been used to assess the spontaneous ignition temperature (SIT) 
of carbon-silica composites. From Fig.6 in Paper IV it can be seen that the SIT value of 
PCS(I) – 45F is around ~509 °C and is higher than CAC with value around ~ 477 °C while 
PSC (I)-8F do not show any evident SIT. This indicates that SIT values are higher for 
composites compared to CAC and that data may correlate to the carbon amount. The data for 
the Al-C composite is less clear and seem to indicate a multiple stage weight loss, probably 
related to its constituents. 

5.1.2 Morphology 

The elemental composition of the sorbents, determined by EDX in SEM is reported in Table 
1. The analysis was done to see if the Mg2+ and Ca2+ were able to replace 2Na+ in the (Na O 
nSiO  as given by the reaction (1). The sorbents prepared had mean Si/ (Mg+Ca) ratios in 
the range of 2.5-3.4, a range very close to the SiO2/Na2O molar ratio of 3.35. This is a sign 
that (Mg, Ca) O was formed and replaced the Na2O in the (N O nSiO  in the final sorbent 
produced. Fig.7 displays SEM micrographs of the sorbents prepared. The micrographs show 
that sorbents prepared are composed of primary particle sizes which are very small and 
platelike which tend to cohere to form a porous structure. Sorbents prepared with single Ca 
metal are observed to be composed of more compact particles whereas the corresponding 
sample made with 100 mol % Mg (PSS-MgCa-100/0) show plate particles that are more 
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porous in nature. Further magnification reveals that PSS-MgCa-75/25 was made of small 
agglomerates of plate particles. In case of PSS-MgCa-68/32, a monolith made of particles that 
are smaller and homogenous in size was observed. When a monolith PSS-MgCa-68/32 was 
impregnated or incorporated with activated carbon, a similar particle and morphology were 
observed.  

 
Fig. 7 SEM micrographs of sorbents prepared with various Mg and / or Ca mol % 
 
Table 2 Textural properties of sorbents prepared with various Mg -and or / Ca mol % 

 SBET - BET specific surface area, Smic – t-plot micropore surface area, Smes – mesopore surface area, Vtot – total pore volume, Vmic – 

micropores volume,    Vmes – mesopores volume, dmic, dmes – micro-and mesopore maxima peaks in DFT pore size distribution, dHK 

micropore pore size obtained from Horvath-Kawazoe (H-K) equation 

Samples SBET  
(m2/g) 

Smic 
(m2/g) 

Smes 
(m2/g) 

Vtot 
(cm3/g) 

Vmic 
(cm3/g) 

Vmes 
(cm3/g) 

dmic 
(nm) 

dHK
 

(nm) 
dmes 
(nm) 

PSS-MgCa-0/100 63 9.0 53.6 0.17 0.003 0.167 1.40 1.33 2.4 
PSS-MgCa-50/50 267 13 254 0.41 0.002 0.408 1.37 1.33 2.3 
PSS-MgCa-68/32 373 45 328 0.65 0.021 0.625 1.41 1.29 5.4 
PSS-MgCa-75/25 374 66 308 0.53 0.031 0.499 1.36 1.28 2.4 
PSS-MgCa-100/0 368 113 255 0.51 0.054 0.456 1.24 1.17 2.3 
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5.2 Porous Properties of Sorbents Determined by Nitrogen 
Adsorption 

5.2.1 Sorption Isotherms and Surface Areas of PSS  

Nitrogen sorption isotherms and NLDFT PSD of all sorbent samples with various Mg/Ca mol 
% are presented in Fig.8 and the corresponding physicochemical parameters are summarized 
in Table 2. All the samples prepared yields completely reversible type IIb isotherm with a 
clear type-H3 hysteresis loop based on IUPAC classification. The sorption isotherms show 
nitrogen adsorption at very low p/p° < 0.1 indicating presence of some micropores in the 
samples. The uptake was more pronounced in PSS-MgCa-100/0 followed by PSS-MgCa-
75/25.The PSS-MgCa-0/100 exhibited lowest uptake of nitrogen at low relative pressure 
compared to rest of the samples prepared. It was further shown that nitrogen uptake at low 
p/p° increases accordingly as the Mg mol % increases in the synthesis. A sharp rise in 
nitrogen uptake at higher p/p° was also observed among all the samples prepared. The uptake 
increased in the order: PSS-MgCa-0/100< PSS-MgCa-50/50 < PSS-MgCa-100/0 < PSS-
MgCa-75/25< PSS-MgCa-68/32. This indicates that there is adsorption amongst particles of 
very small sizes. The hysteresis loop above p/p° ≈ 0.9 in the isotherms is a sign of 
condensation in the intraparticle cavities of colloidal-sized silica. This was confirmed by the 
SEM images of various samples which show particles of much smaller sizes. PSS-MgCa-
68/32 sample exhibits a distinctive future of wide Type- H3 hysteresis loop with a small sharp 
step in the amount desorbed at about p/p° =0.40. It is believed that these kinds of wide 
hysteresis loops (Type- H3) are associated with the development of a pore network of slit-
shaped with varied sizes [46]. Several models have suggested that the calcium silicate hydrate 
gel consists of very thin sheets [47]. Such sheets in the samples prepared may well produce 
plate-like or slit-shaped pores. Sharp steps in the 77K nitrogen adsorption isotherms of 
homogeneous mesoporous silica materials around p/p° =0.3 are commonly observed [48]. 

The PSS-MgCa-68/32 material exhibits heterogeneity of the mesopore size distribution which 
is evidenced by the gradual shift of p/p° value in the same region as indicated in Fig.8A. 

Overall, it is evident that varying the Mg/Ca ratio has influence on the particle morphology 
which also affects the nitrogen adsorption and physicochemical parameters of the sorbents 
prepared. From Table 2 it can be observed that samples made with 100 mol % Ca (PSS-
MgCa-0/100) exhibits low SBET whereas the corresponding sample made with100 mol % Mg 
(PSS-MgCa-100/0) show a significantly higher SBET. It may also be noted that for samples 
made with 68 % Mg and 32 mol % Ca (PSS-MgCa-68/32); 75 mol % and 25 mol % Ca (PSS-
MgCa-75/25) exhibited even higher SBET than the samples containing the single metal. The 
SBET of PSS-MgCa-68/32 and PSS-MgCa-75/25 are nearly the same, and have a better SBET 
compared with the rest of the samples prepared. The SBET of the samples decreased from 373 
m2/g (PSS-MgCa-68/32) to 257 m2/g (PSS-MgCa-50/50) when Ca content was 50 mol % and 
it continues to dramatically decrease to 63 m2/g (PSS-MgCa-0/100) when Ca content was 100 
mol %. The change of SBET with the Mg/Ca ratio can be explained by referring to the XRD 
analysis. It can be observed from Fig.5 that samples that exhibited characteristic peaks of 
3CaO 2SiO 4H2O and Ca(OH)2 shows less SBET (Table 2). Lin and co-workers [49] prepared 
3CaO 2SiO 4H2O sorbents with various ratios of Ca/SiO2. It was shown that particles of the 
sorbent were composed of either open structure thin foils of 3CaO 2SiO 4H2O or some 
particles were more compact or sorbent compose of both particles based on the Ca/SiO2 ratio. 
Magnesium silica hydrates, has been shown to consist of agglomerates of thin plate particles 
[50]. In this work the formation of compact, plate like particles of calcium silicate hydrate 
was more abundant in the sample prepared with 100 mol % Ca and therefore reducing the 
accesses of nitrogen into some of the pores.  
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Fig. 8 N2 isotherm curves (a) and the corresponding NLDFT pore size distribution assuming 
cylindrical pore geometry 
 
When the Ca mol % is reduced to 50 and Mg increased to 50 mol %, the amount of compact 
particles of 3CaO 2SiO 4H2O is reduced and the introduction of Mg results in the formation 
of porous agglomerates of magnesium silicate particles in the sorbent consequently increases 
the surface area and the volume of pores. For the PSS-MgCa-68/32 sorbent the amount of 
magnesium silicate increased and the SBET increased accordingly. According to the results in 
Table 2, the Vtot follow the same pattern as does the SBET with the exception of PSS-MgCa-
75/25 which had similar SBET as PSS-MgCa-68/32, but the results of the Vtot was contrary to 
the SBET.  

Further analysis of pore system via t-plots by Harkins and Jura equation [39] indicates the 
presence of micropores in the PSS samples. The t-plots are shown in (Fig.4 in Paper I) and the 
corresponding parameters shown in Table 2, 3, 4 and 5. The presence of micropores in the 
sorbents prepared is confirmed by the fact that the linear region of the t-plot intercepts the y-
axis in these plots. The micropore volumes (Vmic) of the samples are derived from the y-axis 
intercept of the extrapolated linear region and mesoporous area (Smes) from the slop in these 
plots. Given this, the Vmic and Smic of sorbents with ≥ 75 mol % of Mg are relatively large 
compared with the rest of the samples. The Smic contributions to the respective SBET are for 
PSS-MgCa-0/100: 14%, PSS-MgCa-50/50: 5%, PSS-MgCa-68/32:12%, PSS-MgCa-75/25: 
18% and PSS-MgCa-100/0: 30%. The Vmic follows similar pattern as does the Smic. It can be 
concluded that sorbents prepared have mesopores occupying large portions of their pore 
system. It’s worth noting that PSS-MgCa-68/32 has a relatively large Smes and Vmes compared 
with the rest of the samples. This can be explained by the fact that PSS-MgCa-68/32 from 
SEM image has it constituent primary particles size being much smaller and homogenous. 
Therefore the mesopores originated from intraparticle spaces created between the primary 
particles is much more distributed throughout the structure than the rest of the samples. 

The pore structural changes of PSS-MgCa-68/32 during heat treatment at 400°C-800°C 
have been studied. Fig.9 shows similar Type IIb isotherm as in PSS-MgCa-68/32 with no 
significant change in overall isotherm shapes up to 600°C. This suggests that the pore 
structure is well retained at least up to this temperature. As can be seen from Fig.9, the 
adsorption isotherms of PSS400 and PSS600 exhibit slightly lower nitrogen uptake at about 
0.03-0.6 p/p° and an increased uptake at higher p/p° (0.7-1) when compared to un-calcined 
PSS-MgCa-68/32. The former might be due to gradual shrinking of micropores resulting from  
sintering of silica particles so that the pores begin to clog up and giving less space for nitrogen 
uptake. In the latter instance, the high nitrogen uptake could be attributed to the enlarged 
mesopore dimensions, e.g. as physisorbed water was removed from the mesopores, the pore 
space becomes larger, which gives rise to the enhanced nitrogen uptake at higher p/p°. 
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Fig. 9 N2 sorption isotherm (A) and (B) the corresponding NLDFT pore-size distribution 
curves of pure PSS-MgCa-68/32 and PSS-MgCa-68/32 calcined at 400°C, 600°C and 800°C, 
respectively 
 
Further analysis of porosity shows that the microporosity decreases as the temperature 
increase whereas mesoporosity increase slowly up to 400 °C and decrease linearly in the rest 
of the temperature range. It can be stated that the removal of adsorbed or residual water from 
pore systems was associated with gradual shrinkage and collapse of pore system due to 
sintering of silica particles. Upon heating to 400°C the microporosity begins to shrink 
reducing the space in the microporosity region. In the mesoporosity region there was no 
associate shrinkage but rather an increased space in the pore system upon water removal 
resulting in an increase in Smes and Vmes. In the case of PSS-600, the gradual shrinkage was 
coupled with collapse of micropores and the small mesopore region (2-4nm) thus resulting in 
a decrease in both micro-and mesopore surface area. From this analysis, it can be concluded 
that the decrease in SBET and Vtot begins by shrinkage and collapse of micropores and 
continues with small meso pores (2-4nm) before the collapse of the almost entire pore 
structure at 800°C. Textural parameters from Table 3 indicate that, for PSS-MgCa-68/32 heat 
treated at 400oC, SBET of 343 m2/g and Vtot of 0.75cm3/g were obtained. A considerable 
amount of the internal surface area (247 m2/g) and Vtot (0.53 cm3/g) are retained even after 
heating at 600oC. For PSS heat treated at 800oC, only SBET of 11 m2/g and Vtot of 0.02 m3/g 
were obtained, implying disappearance of pores due to structure densification. 

The quantitative measure of various pore sizes in the PSS sorbents have been determined 
by both NLDFT and HK models for comparison purposes (see Fig.7 of paper I ). NLDFT for 
pillared clay and N2 – Cylindrical Pores-Oxide surface models and HK models were adopted 
assuming cylindrical pore geometry was assumed for both models, as it was found that these 
geometries best fitted the adsorption raw data (see Fig.1 and 5 of Paper I). The pore diameter 
values taken as the maximum peak of the PSD curves (Fig. 8-12) are listed in Table 2 and 3. 
For PSS-MgCa-0/100 sample, the theoretical set of adsorption isotherms evaluated for N2–
Cylindrical Pores-Oxide surface model fitted the experimental adsorption isotherms of the 
PSS-MgCa-0/100 sample, while the NLDFT pillared clay model fit that of PSS-MgCa-100/0. 
It is interesting to note that with samples (i.e. PSS-MgCa-50/50, PSS-MgCa-68/32 and PSS-
MgCa-75/25) made with various Mg/Ca mol % both N2 – Cylindrical Pores-Oxide surface 
model and NLDFT pillared clay model fit the experimental adsorption isotherms of these 
samples. Nevertheless both cases give similar values of pore size. One can observe that when 
using N2–Cylindrical Pores-Oxide surface model, sharp peaks appeared in the micropore size 
range and a less sharp or broad peak in the mesopore size range. 
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Table 3 Effect of Heat Treatment on textural properties of pure PSS and PSS calcined at 
different temperature  

SBET - BET specific surface area, Vtot – total pore volume, and dmic,dmes –micro-and mesopore size obtained by NDFT pore size 

distribution and taken at maxima peaks. * PSS 400 b calculated after repeatability measurement. All other samples exhibited identical data 

from repeated measurements 
 
However, when the NLDFT pillared clay model is assumed, reverse results are shown. It is 
evident from these results that the sorbent made with various Mg/Ca mol % contains 
micropore of cylindrical shape and mesopore pillared clay-liked shape and probably other 
irregular pore shapes. From Fig. 8, the MgCa-silica sorbents prepared show an interconnected 
bimodal pore distribution in the micro- and mesopore region. The PSS-MgCa-50/50 and PSS-
MgCa-75/25 exhibited narrow pore size range with micropore diameter centred at about 1.4 
nm and mesopore diameter centred at about 2.4 nm, whereas PSS-MgCa-68/32 shows a sharp 
wide PSD with micropore diameter centred at about 1.4nm and mesopore diameter at about 
5.4 nm. The PSD of PSS-MgCa-68/32 further confirmed the existence of interconnected 
heterogeneous mesopore size distribution as observed from wide hysteresis loop in its 
isotherm. The sharp PSD of PSS-MgCa-68/32 may be due to the fact that pores arise from 
smaller and homogenous silica particles as observed in the SEM images. The pores in this 
case will be quite large. This explains why PSS-MgCa-68/32 shows a wide PSD in the range 
of 1.4 nm to 30 nm with abundance of pores in the range of 5 nm to 20 nm. On the other hand 
PSS-MgCa-75/25 which shows smaller and inhomogeneous particle sizes exhibits pores in 
size range of 1.4 nm to 5 nm. The sorbents made with 100 mol % Mg and 100 % Ca also did 
exhibit a narrow PSD range of 1 to 5nm with the maximum micropore and mesopore size 
centered at 1.2 nm and 2.3 nm for PSS-MgCa-100/0 and 1.4 nm and 2.4 nm for PSS-MgCa-
0/100 respectively. A similarity observed amongst PSS-MgCa-50/50, PSS-MgCa-68/32 and 
PSS-MgCa-75/25 is the presence of a sharp peak appearing at a pore diameter centered at ca. 
25 nm on PSD curve. This kind of pores originates from spaces between relatively large 
particles. 

It can further be observed that PSS-MgCa-68/32 calcined at 400-600°C exhibited similar 
bimodal pore distribution system in the micro- and mesopores region (1-30nm) and an 
abundance of pores existed in the diameter range of about 5-18nm. Moreover in the 
temperature range 400-600°C, the pores in the micropore regions slightly shifted toward the 
mesopore size region while pores in the mesopore region enlarged in dimensions. The PSS-
MgC-68/32 has a micropore pore size centered at 1.4nm as mention above. After heat treated 
at 400oC the peak shifted to 1.48nm while at 600oC, the micropore pore size peak shifted to 
1.59nm. These changes in pore positions were also linked with reduction of incremental pore 
volume. This is consistent with reduction of micropore surface area as mentioned previously. 
As listed in Table 1, the pore size taken at the maximum of the PSD curve of all samples 
increased as the temperature increased. 

Besides the DFT method, the micropore size distribution for the sorbents has been 
calculated with the Horvath-Kawazoe (H-K) (Saito-Foley) method from the adsorption branch 
assuming cylindrical –shaped geometry of the pores [42]. The H-K equation parameters [52] 
used in this evaluation are given in Table 6 in paper I. Micropore size distributions obtained 

Sample Temperature 

oC 
SBET 

(m2/g) 
Smic 

(m2/g) 
Smes 

(m2/g) 
Vtot 

(cm3/g) 
Vmic 

(cm3/g) 
Vmes 

(cm3/g) 
dmic 
(nm) 

dmes 
(nm) 

PSS-MgCa-68/32 105 372 45 327 0.63 0.0210 0.609 1.41 5.4 
PSS400a 400 432 16 416 0.83 0.0059 0.824 1.48 7.1 
PSS400b 400 343* 11* 332* 0.75* 0.0023* 0.748 1.48* 7.1* 
PSS600 600 247 4 243 0.53 0.0006 0.529 1.59 9.9 
PSS800 800 11 0.5 10.5 0.02 0.0002 0.019 0.00 12.4 
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for sorbents prepared with different Mg and/ or Ca molar ratio is shown in Fig.6 in Paper I 
and values in Table 2. All the sorbents were found to have micropores having distributions 
with maxima positions at about 1.17nm and 1.3nm and show a very good agreement with the 
maxima position of micropore size obtained from NLDFT PSD curves. This suggests that the 
micropore size of the samples prepared can be represented by both cylindrical and pillared 
clay-like geometries considered in these methods. 

5.2.2 Sorption Isotherms and Surface Areas of Composites  

To broaden the application of the PSS-MgCa-68/32 prepared, a composite has been made 
by adding CAC at different stages of PSS-MgCa-68/32 preparation. The maximum amount of 
carbon that can be incorporated is 16 wt % for carbon particles sieved to a size < 500 micron 
and 45 wt % when particles size < 150 micron is used. With a carbon particle size < 500 
micron, solid pellets were formed when carbon content was lower than 16 wt %. Above 16 wt 
% of carbon, disintegrated pellets consisting of powder-like composites were obtained. A 
similar scenario was observed for samples obtained when carbon content was above 45% of 
fine carbon (particle size < 150 microns).  The N2 sorption isotherms and PSD for composites 
obtained via route I with different carbon compositions and CAC are shown in Fig.10. The 
isotherms for composites prepared via route II and III are shown in Paper IV. The 
corresponding physicochemical parameters are summarized in Table 4. The PSC samples 
exhibits Type IIb isotherm as in PSS-MgCa-68/32, and show high nitrogen uptake as carbon 
content increases especially in the p/p° range 0.003-0.3, typical of microporous material. The 
steep increase in nitrogen uptake was more pronounced in PSC (I)-45F. The composite 
materials prepared show an increase in BET surface area in all routes and the increase were 
almost linearly with carbon content. The effect of carbon content on the BET surface areas 
SBET has further been analysed. The dashed line in Fig.11A shows the expected SBETs of 
mechanical mixtures of pure PSS-MgCa-68/32 with different wt % of carbon. When the SBETs 
of PSC composites (the solid line in Fig.11A) were plotted as a function of carbon content, a 
linear correlation with expected SBET was not obtained. Thus by following route I, the 
composites obtained exhibits surface area significantly higher than the expected values when 
8 or 16 wt % of CAC of  particle size less than 500 microns are used. When 8 or 16 wt % of 
CAC of particles less than 150 microns are used, the composites give slightly less SBET than 
the expected values. However from 32 wt % carbon contents the composites exhibits SBET 
higher than the expected values. In contrast to composites obtained by route I, the composites 
obtained by route II and III give surface area below the expected values of mechanical 
mixtures of PSS-MgCa-68/32 and CAC (Fig.11 A dashed line).The total pore volume in route 
I shows maximum value (0.74 cm3/g) at 16 wt % carbon and started decreasing (0.68 cm3/g) 
when carbon content reached 32 wt %. The total pore volume was 0.65 cm3/g when carbon 
content was raised to 45wt %.  Further the total pore volumes obtained by following rout II 
with carbon content 16 wt % was similar to total pore volume value of PSS-MgCa-68/32. 
With 32 wt % carbon content in rout II, the total pore volume decreases and start increasing 
gradually when carbon content raised to 45 wt %. These features were better than carbon-
silica composites prepared by impregnation of silica pore system with polyfurfuryl alcohol 
(PFA) followed by carbonization of PFA. Those composites exhibit a decrease in surface area 
and total pore volume upon filling the pores with more carbon content [32, 33, 34]. Moreover, 
detailed analysis of pore volume indicates that microporosity volume increases with 
decreasing mesoporosity volume with carbon content in both route II and III (see Paper IV). 
Overall it can be concluded from Fig.11C that the microporosity in the PSC composites 
increase as carbon content increases. Therefore it is reasonable to assume that most of the 
carbon contained in PSC composites resides in the pores as porous filling and is easily 
accessible. For composites via route I, carbon was added after pore system has already been 
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formed and addition of carbon did not affect the pore structure but rather increase the porosity 
and as such samples obtained via this route exhibits increase in surface area and pore volume. 
In case of PSC(II) and PSC(III) the carbon was present in either salt or silica solution before 
precipitation. This may have in a way prevented or reduced the formation of total pore 
volume as well as mesopores as observed in Table 4. This effect was predominant in route II 
as the materials obtained do not display strong signs of mesoporosity. 

It is also worth noting that composites prepared with CAC2 of particles <150 microns 
exhibits high microporosity and slightly less BET surface area (see Table 12) when compared 
to composites prepared with CAC1 of particles <500 microns even though the two carbons 
exhibits similar textural properties.  

 
Fig.10 N2 sorption isotherms of (A) carbon and silica material in their original form and (B) 
the composites formed via route I with different carbon contents. Corresponding NLDFT 
pore-size distribution curves of (C) carbon and silica material and (D) composites samples are 
shown below  
 
The curves of PSD for the carbon-silica composites are shown in Fig.10 and in Paper III and 
IV. It follows that the PSD of these composites is dependent on the synthesis route and carbon 
content. When route I and III are employed, the PSC(I) and PSC(III) samples exhibits wide 
PSD of 1 to 30nm as in pure PSS-MgCa-68/32, whereas PSC(II) samples exhibit narrow PSD 
of 1 to 4nm (see Paper III and IV). When comparing the PSD curves of composites materials, 
a significant difference was noted in the micropore range. When carbon content is 8 wt % or 
16 wt %, composite exhibits similar pore size distribution (1-30nm) as in the parent silica 
structure but micro pore diameter centered at 1.4nm between pore diameter 1.2 and 1.5nm 
shows a high micropore volume. Moreover, when increasing the carbon content a pore 
centered at 1.14nm was introduced. Thus, depending on the carbon content two distinct 



23 

micropore dimensions are identified. By following route I and III, PSC with carbon loadings 
below 16 wt % have micropore size centred at about 1.4nm whiles PSCs with carbon content 
32 wt % or more shows micropore diameter centred at 1.14. Moreover following route II, 
micropore size centered at 1.17nm was observed when carbon content was 32 or 45 wt % (see 
Fig.2 in Paper IV). These micropore diameters were unique when compared to parent CAC 
(1.22nm) and PSS-MgCa-68/32 (1.4nm). The micropore diameter presented here was similar 
to that obtained in the work of Liu et al. [51] concerning carbon-silica composites formed 
with Xerogel and porous carbon powder. In their work the silica-carbon obtained was 
predominantly microporous with pore size found to be centred on 1nm. In contrast to effect of 
carbon content on micropore diameter, the synthesis routes had effects on the mesopore 
region of PSD.  

 
Fig.11 Plot of (A) BET surface area of PSC composites (solid lines) and expected mechanical 
mixtures of parent silica and CAC (dashed line), (B) change of total pore volume and (C) 
micro-meso pore volume change (from t-plots) versus carbon content wt % 
 
In route I, samples obtained shows slight change in the mesopores region and shows similar 
abundance pores of diameter from 5 to 20nm as in pure PSS-MgCa-68/32 (Fig.10C and D). In 
route III, however the mesopore in the same region (5-20nm) exhibits a decrease rather. 
However, such mesopores (5-20nm) practically disappear from the PSC composites when 
route II was followed. The PSD of carbon is narrow (1-2nm). Therefore it appears that in 
PSC(I) and PSC(III) samples, the pore system was apparently subjected to silica pore 
structure whereas in PSC(II) the pore structure was dominated by carbon pore system. It can 
be observed from Fig.2 in Paper III that the PSC(II) maximum pore size (2.4nm) is located at 
an almost average position between higher pore size 2nm for carbon and 5.4nm for pure PSS-
MgCa-68/32.  
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Table 4 Surface areas and Pore Properties of Parent Silica and Carbon and their Composites 
obtained via routes I-III 

  

 5.2.3 Sorption Isotherms and Surface Areas of Impregnated PSS-MgCa-68/32 

For high gas filtration rate and better performance, the PSS-MgCa-68/32 has been 
impregnated with different impregnates. PSS-MgCa-68/32 is not effective in removing 
sulphur dioxide and hydrogen sulphide by physical adsorption, but it can be when 
impregnated with chemicals that do react with these contaminants. In this case the PSS-
MgCa-68/32 serves as a carrier of the impregnants, enhancing the reaction rate by providing a 
surface on which the chemical reaction(s) can proceed. Addition of impregnates to the 
adsorbent improve the uptake capacity and give it some degree of specificity, but is also 
associated with changes in the porous structure of the adsorbent. It is important that the added 
features by impregnation are not reduced due to a reduction of or blocked access to the pore 
system. Table 5 presents the different amount of impregnates that was added to the PSS-
MgCa-68/32 and samples denotations are explained in section 4.1.3. Fig.12 shows the 
sorption isotherms of the PSS-MgCa-68/32 chemisorbents and the corresponding pore size 
distribution. The textural parameters are summarised in Table 5. The impregnates samples 
exhibit reduction in nitrogen uptake in relative pressure between 0.4 and 1 in their isotherms 
but exhibit the same Type IIb with a clear type-H3 hysteresis loop as in the substrate PSS-
MgCa-68/32 and PSS 60. It is worth noting that samples dried at 60°C at 50% RH did not 
have any significant change on the pore system as evident from similar SBET and PSD when 
compared to PSS-MgCa-68/32 dried at 105°C. The reduction in the relative pressure range 
between 0.4 and 1 becomes more pronounced as the amount of impregnate content increases, 
demonstrating that more impregnate is deposited in the mesoporous region and hence 
reducing the area available for N2 uptake. The decrease was more pronounced for materials 
obtained by direct impregnation, i.e. PSS(I) sample series. A relative decrease in SBET surface 

Samples SBET  
(m2/g) 

Smic 
(m2/g) 

Smes 
(m2/g) 

Vtot 
(m3/g) 

Vmic 
(m3/g) 

Vmes 
(m3/g) 

dmic 
(nm) 

dmes 
(nm) 

Pure PSS 372 44.5 327.5 0.63 0.021 0.609 1.41 5.4 
PSC(I)-8 469 46 423 0.67 0.021 0.649 1.39 5.4 
PSC(I)-8F 388 137 251 0.65 0.040 0.610 1.40 5.4 
PSC(I)-16 512 82.5 429.5 0.70 0.042 0.658 1.39 5.4 
PSC(I)-16F 431 150 281 0.74 0.065 0.675 1.39 5.4 
PSC(I)-32F 596 357 239 0.68 0.153 0.527 1.12 5.4 
PSC(I)-45F 769 480 289 0.65 0.198 0.452 1.14 5.4 
PSC(II)-8 394 63.2 330.8 0.59 0.034 0.556 1.41 2.4 
PSC(II)-8F 386 126 261 0.59 0.045 0.545 1.41 2.4 
PSC(II)-16 391 86.3 304.7 0.55 0.049 0.501 1.41 2.4 
PSC(II)-16F 393 222 171 0.54 0.092 0.448 1.41 2.4 
PSC(II)-32F 523 296 227 0.61 0.126 0.484 1.17 2.4 
PSC(II)-45F 541 379 162 0.60 0.158 0.442 1.17 2.4 
PSC(III)-8 374 59 315 0.62 0.023 0.597 1.40 5.3 
PSC(III)-8F 399 107 292 0.61 0.047 0.563 1.36 5.4 
PSC(III)-16 408 65 277.4 0.58 0.039 0.547 1.41 5.4 
PSC(III)-16F 381 177 204 0.64 0.073 0.567 1.36 5.4 
PSC(III)-32F 509 337 172 0.60 0.141 0.459 1.13 16.6 
PSC(III)-45F 596 410 186 0.62 0.167 0.453 1.14 16.6 
Al-C 400 254 146 0.29 0.108 0.182 1.31 6.7 
CAC1 1020 828 193 0.50 0.423 0.077 1.54 2.2 
CAC2 1056 955 101 0.47 0.410 0.060 1.22 2.0 
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area and Vtot were registered for all impregnated materials in comparison to the corresponding 
pure PSS-MgCa-68/32 (Table 5) indicates the location of impregnates into the pore systems 
of the PSS -MgCa-68/32. It can be assumed that impregnates were located on the surfaces of 
the internal pore walls and not blocking the pores entrance. It was noted that with 8 wt % 
impregnate, the percentage reduction of internal surface area, SBET was 14-17% and 6-24% 
reduction in Vtot, for 13 wt % impregnate about 24-30% reduction in surface area was 
observed and 26-37% reduction in Vtot. It appears that the reduction of SBET and Vtot are 
proportional to the amount of impregnate and that the impregnation methods seem to be less 
crucial. However it worth to note that direct addition of KOH into the coagulum results in the 
formation of chemisorbent that is stable in water and does not show any dissolvation of KOH. 
It also interesting observation that all the pellets obtained did not soften, swell or disintegrate 
when immersed into water at 23°C for 24h. 

When comparing the impregnated materials with the composites, the impregnated 
materials exhibit reduction in both microporosity and mesoporosity. As expected the decrease 
was linear with impregnate amount. The decrease of microporosity with impregnation 
indicates that some deposition took place in the micropores; however when comparing the 
difference in reduction of the micropore and mesopore volumes, it turns out that the amount 
of impregnates deposited in mesopores region was higher than that deposited in the 
micropores. This confirmed the argument that isotherms (Fig.12) of impregnated samples 
exhibit reduction in nitrogen uptake in pressure range between 0.4 and 1 p/po because more 
impregnates were loaded into the mesoporosity region. This was further proven by the large 
reduction in incremental pore volume in the mesopore region of PSD (Fig.12B). The decrease 
was more pronounced for material (PSS(I)-13) obtained by 13 wt % KMnO4 impregnation. 

On the other hand, regardless of the impregnate amounts or the impregnation method, the 
complete PSD as in PSS-MgCa-68/32 remained even if the incremental pore volume was 
reduced (Fig.12B). It can be observed that the micropore size was centred at about 1.4 nm 
while as mesopore centred at 5.4 nm. This indicates that large amount of impregnates are 
located in pores between 1 and 30nm without blockage. Therefore abundance of pores 
between 5 to 20nm diameters will be available to allow bulk diffusion of contaminated gases. 
 
 Table 5 Textural properties obtained after doping PSS-MgCa-68/32 with various impregnates 

 SBET - BET specific surface area, Smic – t-plot micropore surface area, Smes – mesopore surface area, Vtot – total pore volume, Vmic – 

micropores volume, Vmes – mesopores volume, KOH-potassium hydroxide, KMnO4-potassium permanganate   

Sample Type of 
impregnate 

Impregnate 
amount (wt %) 

SBET 
(m2/g) 

Smic 
(m2/g) 

Smes 
(m2/g) 

Vtot 
(m3/g) 

Vmic 
(m3/g) 

Vmes 
(m3/g) 

PSS 60 Non 0 385 28.6 356.4 0.610 0.0135 0.603 
PSS(I)- KOH 8 312 30 282 0.590 0.0120 0.578 
PSS(I)-8 KMnO4 8 320 10.3 309.7 0.493 0.0032 0.490 
PSS(I)-13 KMnO4 13 260 8.4 251.6 0.399 0.0021 0.397 
PSS(II)-8 KMnO4 8 310 13.4 296.6 0.478 0.0048 0.473 
PSS(II)-13 KMnO4 13 281 10.7 270 0.465 0.0035 0.462 
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Fig.12 N2 sorption isotherm (A) and (B) the corresponding NLDFT pore-size distribution  
curves of PSS-MgCa-68/32 impregnate with different amount of KMnO4 

5.3 Dynamic Adsorption of H2S, SO2 and Toluene on Prepared 
Sorbents  

5.3.1 Dynamic Adsorption of Toluene on Composite Adsorbents  

A typical molecular filter for VOC adsorption may consist of a bed shaped compartment 
made of perforated plates into which adsorbents are packed. An air stream polluted with low 
concentrations of VOCs is forced through the bed via the perforated plates and the VOCs are 
adsorbed. The most important engineering parameters are for the given air flow of the 
application to keep the pressure drop as low as possible and the contact time (calculated as 
bed volume divided with flow) at a long enough time to ensure adsorption. Performance 
evaluations in the laboratory are then made using corresponding bed depths and contact time 
in a test stand. In this work a gas stream containing a single VOC component, toluene 
concentration ~4870 ppb or 80000 ppb and 50% RH at 23 °C, was lead through the 
adsorbents under study. It worth to note that the adsorbents prepared or obtained were used 
without degassing to reflect real life scenario. 

Fig.13 shows the up- and downstream concentration of toluene gas with time, and the 
removal efficiency [%] in relation to adsorbed amount in wt % (grams toluene/grams 
adsorbents) of PSC composites with 32 wt % carbon, PSC composites with 45 wt % carbon 
and commercial adsorbents, CAC and Al-C (alumina-carbon composite). Fig.3 in Paper III 
indicates the poor uptake performance of PSS-MgCa-68/32. As the downstream concentration 
traces the upstream concentration thus no adsorption occurs at 3-9 ppm level of toluene. 
Moreover, when comparing this to the PSC composites all exhibit a much lower downstream 
concentration of toluene. The results show that the uptake capacity of toluene was dependent 
on the synthesis route and the carbon composition of the composite.  

Among the composites prepared it was observed that the uptake capacity was in the order 
of PSC(I)>PSC(III)>PSC(II). The results further shows that PSC(I)-45F exhibits a better 
uptake performance over the rest of the composites. From Fig.13C and D when comparing the 
uptake by composites of 45 wt % and by that of 32 wt % carbon at 0% efficiency, it obvious 
that composites with 45 wt % carbon has an uptake capacity relative to carbon content of 22 
to 28 wt % whereas the latter has 19 to 26 wt % after 22 hours at 0% efficiency. This is 
evident from Fig.13A and B in which PSC-32F composites shows a higher downstream 
concentration between 20 to 70 ppm compared to that of the PSC-45F composites 
Interestingly enough, the PSC composites with 32 wt % carbon shows better performance 
over the commercial composite Al-C which has the same carbon content, 32wt %. The poor 
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performance of Al-C can be observed from Fig.13 where the downstream concentration of Al-
C traces the upstream concentration and efficiency drops just after 8 hours. The difference in 
the dynamic performance of these two composites are not based solely on the carbon content 
but are also influenced by other factors such as pore parameters which is discussed in the next 
section. It is important to note that the Al-C is impregnated with 5 wt % potash and this may 
also affect the uptake of toluene. From Fig. 13C and D if the toluene uptake capacity (wt %, 
grams of toluene/grams of adsorbents) is compared at the 50% breakthrough (i.e. at 50% 
efficiency), the uptake capacity are summarized in Table 6 as capacity A. From our previous 
studies the maximum uptake by pure MgCa-silica was 0.08 wt % at 0% efficiency. It is 
therefore obvious that the uptake by the composites were mainly contributed by the carbon 
composition. In line with this argument, capacity B is calculated based on the carbon content 
of the adsorbents. The values are shown in Table 6, and presents high uptake capacity (up to 
16 wt % for PSC(I)-45F). The uptake capacity at 50% efficiency for CAC consisting of 100% 
carbon is 29.1 wt %. When comparing the uptake capacity at 0% efficiency (capacity C) even 
much higher capacities values are obtained for the carbon-silica composites. This indicates 
that the carbon deposited in the pore system of MgCa-silica was porous and accessible to a 
great extent. These capacity values of carbon-silica composites (19-28 wt % relative to carbon 
content) are competitive compared with results obtained for commercial coconut activated 
carbon (31.1 wt %) and better than the alumina-carbon composite (9.5 wt % relative to carbon 
content). 

 

 
Fig. 13 Comparative performance of carbon-silica composites with 32 or 45 wt % carbon vs. 
commercial alumina-carbon composite (Al-C). I, II and III indicates different routes by which 
the composites were prepared 
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Table 6 Uptake capacity of carbon-silica composites as well as commercial CAC and 
alumina-carbon composite  

 Capacity A- based on the grams of toluene uptake at 50% efficiency per grams of composite adsorbents; Capacity B- based on the grams of 

toluene uptake at 50% efficiency per grams of carbon content  in the composite adsorbents ; Capacity C - based on the grams of toluene 

uptake at 0% efficiency  per grams of carbon content  in the composite adsorbents  
 
 

5.3.2 Desulphurisation Performance of Impregnated PSS-MgCa-68/32 

The possible desulphurization reaction routes, with different mechanisms, are reported for 
KMnO4 and H2S. One mechanism suggested for alumina impregnated with KMnO4 is: 
 

3H2S + 8KMnO4 + 4H2O → 8MnO2 + 3K2SO4 + 2KOH + 6H2O        (3) 
 

Addition of NaHCO3 to KMnO4 impregnation not only increases the solubility but provides 
additional alkaline impregnation [54]. Moreover, it is known that activated carbons 
impregnated with caustics (KOH or NaOH) are widely used as hydrogen sulphide adsorbents 
[55]. With this in mind the adsorbent PSS-MgCa-68/32 was impregnated with KMnO4 or 
KOH, as is described in section 4.1.3. The H2S adsorption performance of PSS-MgCa-68/32 
impregnated with different wt % of KMnO4 and run at different contact time are shown in 
Fig.15 and uptake capacities summarised in Table 7. The uptake capacity has been calculated 
by comparing the adsorbed amounts at the 50% breakthrough (i.e. at 50% efficiency). The 
uptake in wt % has been obtained by grams of H2S adsorbed at 50% efficiency divided by 
total mass of adsorbents used.  
 

 
Fig.15 Uptake performance of PSS-MgCa-68/32 impregnated with KMnO4 and NaHCO3 for 
hydrogen sulphide  
 
The desulphurization performance of the PSS-MgCa-68/32 impregnated with 8 wt % KMnO4 
versus PSS-MgCa-68/32 with 13 wt % KMnO4 shows that all impregnated samples were able 

 PSC(I)-32F PSC(II)-32F PSC(III)-32F PSC(I)-45F PSC(II)-45F PSC(III)-45F Al-C CAC2 

Carbon, wt % 32 32 32 45 45 45 32 100 
Toluene capacity A, wt % 4.8 3.0 3.0 7.4 5.9 6.1 0.75 29.1 
Toluene  capacity B, wt % 15.1 9.4 9.4 16.4 13.1 13.6 2.3 29.1 
Toluene capacity C, wt % 26.3 20.3 19.4 27.6 22.7 22.0 9.5 31.1 
Time to 50% Breakthrough, hr 4.6 3.0 3.5 7.2 5.4 5.5 1.7 24.7 
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to reduce the concentration of hydrogen sulphide. It further indicates that PSS-MgCa-8/32 
with 13 wt % shows a better performance over corresponding samples with 8 wt %. Among 
all the samples PSS(I)-8 obtained via method I of impregnation performed poorly compared 
to the corresponding sample obtained via method II with same 8wt % KMnO4. This is evident 
from Fig.15 where downstream concentration of PSS (I)-8 traces the upstream concentration, 
thus indicating that no adsorption occurs after ~60 hours while appreciable downstream 
concentration was observed for PSS(II)-8  after 120 hours. 

The downstream concentration observed for PSS(I)-13 was even higher after 120 hours. 
Furthermore, Fig.16 indicates the immediate drop of PSS (I)-8 efficiency towards zero 
adsorbed amount while that of PSS(II)-8 and the rest of the samples shows gradual decline of 
performance over a wide period of time. 

On the whole when comparing the performance at 0.2s and 0.4s contact time, PSS(I)-13 
performs best, PSS(II)-13 second best and PSS(I)-8s performs worst. Moreover all these three 
samples perform better, i.e. maintains higher removal efficiency and exhibits similar uptake 
capacity irrespective of contact time used. 
 

 
Fig. 16 Efficiency profile of PSS-MgCa-68/32 with different amount of KMnO4 and NaHCO3 
 

For reasons not known the performance of the PSS(II)-8 is actually better at 0.2s contact 
time than 0.4s. Although PSS-MgCa-68/32 impregnated with KMnO4 shows H2S uptake 
performance an even higher performance may be reached through improved composition of 
impregnates. Nevertheless, the use of KMnO4 poses health hazards for humans and 
environmental challenges when it comes to reuse or recycling of the worn out doped 
materials. In line with this, alternative effective and yet environmentally friendly impregnate 
chemical, potassium hydroxide (KOH) has been used. However when PSS-MgCa-68/32 
impregnated with 8 wt % KOH is challenged with H2S the material did not exhibit any uptake 
performance. However, SO2 adsorption was observed for KOH impregnated PSS-MgCa-
68/32 (see Fig.17). The non-removal of H2S by PSS-MgCa-68/32 impregnated with KOH is 
interesting, considering the fact that KOH is known to have excellent selective adsorption 
capacity of acidic gases [56]. Depending on the type of adsorbent and the surface chemistry, 
adsorbed H2S is believed to go through a number of transformations [57]: 
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Table 7 H2S uptake performance of PSS-MgCa-68/32 impregnated with different routes and 
KMnO4 wt % 

 
 
 
 
 
 
 
 
 

 

5.3.3 Effect of Pore Structure Parameters on Dynamic Adsorption Performance 

The dynamic adsorption capacities for hydrogen sulphide, sulphide dioxide and toluene of the 
samples evaluated here are summarized in Table 6 and 7 in section 5.3. Fig.18A and B depicts 
the relationships between the respective micropore volumes and total pore volumes and the 
dynamic toluene uptake capacities for all samples including the commercial adsorbents listed 
in Table 6. Fig.18B indicates that adsorbents with a large total pore volume do not necessarily 
have a large uptake capacity. Fig.18A reveals that the presence of micropores directly leads to 
an increase in uptake capacity for toluene and is therefore an important factor in determining 
the dynamic capacity of adsorbents. Micropores are mostly responsible for the adsorption of 
low concentrations of gas molecules owing to the overlap of attractive forces from opposing 
pore walls [38]. In addition, from Table 6 and Fig.13-14 it is clear that the dynamic adsorption 
capacity of CAC was larger than those of the carbon-inorganic composites samples due to 
high amount of micropores in CAC. Hence, it is reasonable to assume that the large toluene 
uptake by the composites was directly adsorbed into the microporosity introduced into the 
inorganic adsorbent pore system by addition of CAC. Moreover, the mesoporosity area and 
pore size distribution also play vital role in toluene adsorption by the composites materials.  
Another reason for the high uptake capacity is the increased surface areas of these composites. 
This can further be observed when compared composites with the same carbon content but 
prepared via different routes. The PSC(II)-45F sample, whose mesopore size is slightly 
smaller (2.4nm) than that of PSC(I)-45F, (5.4nm) and the same time has less micropore 
volume, mesopore area as well as BET surface area, exhibits low uptake capacity of toluene. 
The mesopore area and uptake capacity is in the order of PSC(I)>PSC(III)>PSC(II). 
Furthermore, PSC (I)-45F shows large uptake capacity over PSC(III)-45F and Al-C, even 
though all the three samples have similar mesopore diameter, which indicates that the large 
micropore volume, mesopore area as well as BET surface area are major contributors for the 
large capacity of PSC(I)-45F. This large uptake of PSC(I)-45F can further be derived from a 
synergetic effect between the micropores and the broad mesopore size distribution. This 
bimodal pore system is vital for effective toluene removal as micropores are essential for the 
trapping of the toluene molecule of diameter 0.85nm [58] and at the same time have mesopore 
diameters large enough to allow for bulk diffusion. The large mesopore area of PSC(I)-45F 
further functions as an effective channel system to allow bulk diffusion to occur. This area 
also allows for multiple toluene molecules collisions to occur. In interior pore system, 
statistically significant number of sufficiently energetic molecular collisions between the 
carbon and toluene occur before final entrapment in micropores. Moreover, microporous 
carbon embedded in the mesopores of PSS-MgCa-68/32 also adsorbes some of the toluene 
during the collisions process. Hence, PSC(I) composites with wide PSD (1-30nm) gave a 
larger dynamic adsorption capacity than that of PSC(II) composites with narrow PSD (1-4nm) 

 50% breakthrough Capacity 
at 0.2s contact time 

50% breakthrough Capacity          
at 0.4s contact time 

Sample H2S 
(mg) 

H2S 
(wt % ) 

Time to reach 
Breakthrough 

(hour) 

H2S 
(mg) 

H2S 
(wt % ) 

Time to reach 
Breakthrough 

(hour) 
PSS(I)-8 19 0.06 2.1 52 0.08 4.6 
PSS(II)-8 975 1.78 44.3 788 1.49 81.3 
PSS(I)-13 1314 3.06 57.4 1349 3.19 129.4 
PSS(II)-13 881 1.71 38.0 928 1.78 89.7 
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due to the greater time toluene spent inside the broad pore size distribution. These scenarios 
mention above were similar in other composites obtained in the same route I, II and III but 
with different carbon content. 

As above, the textural properties such as the pore volume or surface area of various 
impregnated PSS-MgCa-68732 were related with their SO2 and H2S uptake performance. No 
direct correlations were found; indicating that the changes in surface chemistry caused by 
KMnO4 or KOH impregnate may be a major factor in reducing sulphide. Moreover, it seems 
obvious that the ultimate uptake capacity depends on the amount of impregnate chemicals 
available. Similar results showing that the value of pore volume or surface area has minor 
effects on the uptake capacity have earlier been reported [56,59]. On the other hand, the 
ultimate sorption capacity should depend on the available space within the pore system of the 
adsorbent. After adsorption the products of catalytic oxidation, either potassium sulphite or 
potassium sulphate have to be stored in the PSS-MgCa-68/32 pore system. Ideally, no more 
sulphide can be adsorbed and transformed into sulphate than the available pore volume of the 
adsorbent permits. It follows logical that pore volume by itself will account for some portion 
of sulphide removal although no correlation was observed between the two parameters. 
 

 
Fig.18 Relationship between (A) the micropore volume and dynamic toluene capacity and (B) 
the total pore volume and dynamic toluene capacity for all samples including the commercial 
adsorbents. The filled square represent PSC(I) composites (■),filled triangle represent 
PSC(II) composites (▲), circles represent PSC(III) samples (O), triangle represent CAC2 (Δ) 
filled circles represent (●), filled diamond represent Al-C ( )  
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6. Conclusions 
MgCa-silica sorbents were prepared using sodium silicate, magnesium chloride and calcium 
chloride. A precipitation method was employed for the synthesis of the MgCa-silica sorbents. 
Generally, the method involves the mixing of sodium silica solution with mixtures of 
magnesium chloride and calcium chloride having different molar ratios. This is followed by 
washing to remove the sodium chloride salt. The results show that molar ratios of Mg/Ca 
influence the porous parameters as well as the structure and morphology. The results show 
that sorbents made with > 50 mol % Ca gives crystalline calcium silicate hydrates 
(3CaO.2SiO.4H2O) and Ca(OH)2  in addition to the amorphous silica phase. The sorbents 
exhibits a low surface area and a small pore volume. Moreover, sorbents made with 68 mol % 
Mg and 32 mol % Ca (PSS-MgCa-68/32) and 75 mol % Mg and 25 mol % Ca (PSS-MgCa-
75/25) shows total amorphous structures in addition to higher specific surface area and total 
pore volume. The pore structure of the Mg/Ca-silica sorbent obtained consists of micropores 
and mesopores. Sorbents with 68 mol % Mg and 32 mol % Ca (PSS-MgCa-68/32 ) exhibits a 
wide pore size range of 1 to 30nm whereas sorbent made with 75 mol % Mg and 25 mol % Ca 
or with 50 mol % Mg and 50 mol % Ca shows narrow a pore size range of 1 to 5nm.  

PSS-MgCa-68/32 modified with either KOH or KMnO4 were also prepared through direct 
synthesis or post synthesis. In addition, PSS-MgCa-68/32 has been activated through thermal 
treatment under air. The results revealed that both the impregnate modification and the 
thermal activation had influence on the pore system. In the impregnate modification, 8 to 
13wt % impregnate chemicals were loaded into the porous structure of the PSS-MgCa-68/32. 
The results further revealed that the impregnated PSS-MgCa-68/32 shows a relative decrease 
in total surface area and pore volume and that the reduction is proportional to the amount of 
impregnate and that impregnation method seems less crucial. Regardless of the impregnation 
route employed and impregnate amount, the pore entrances were not blocked and the 
complete pore size distribution remained even if the pore volume was reduced. On the other 
hand, PSS-MgCa-68/32 heat treated at 400°C show only a 7.8% reduction in total surface area 
accompanied by a 16% increase in pore volume and an increase in pore size. When heated at 
600°C the surface area decrease continues and the pore volume begin to decrease while the 
pore size distribution continues to shift towards larger pore diameter. The amorphous PSS-
MgCa-68/32 was transformed into cristobalite and lost almost all its porosity when heated at 
800°C. 

Carbon-silica composites with up to 45 wt % CAC were prepared by following three 
different routes. In the first route (I) PSC(I) composites were obtained through addition of 
CAC to the coagulum.  In route (II) and (III), CAC were mixed with the salt solution or with 
the water glass solution respectively. In route II and III the carbon is present even before 
coagulation. The BET surface areas of the composites increased comparison to the parent 
PSS-MgCa-68/32. The increases in BET surface areas were related to the amount of CAC and 
the route of synthesis. Composites obtained via route I exhibited highest surface areas and 
pore volume. Similar BET surface area and pore volumes were measured for composites 
obtained through route II and III. The pore structure of the obtained composites is bimodal 
consisting of a high microporosity due to the CAC and a mesoporosity from the parent PSS-
MgCa-68/32. The composites in route I and III exhibit a wide pore size distribution (1-30nm) 
whereas in route II shows narrow pore size range (1-4nm). The obtained variations in the 
micro and mesopore size distributions were related to the route of synthesis and the amount of 
CAC inclusion.  

Remarkable advances to tailor the pore systems and surface chemistry of MgCa-silica 
sorbent have been achieved. The modified sorbent were successfully employed for dynamic 
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adsorption of SO2, H2S and toluene. Results revealed that potassium permanganate modified 
PSS-MgCa-68/32 shows H2S adsorption capacity in the range of 0.08-3.19 wt % and the 
uptake capacity was relative to amount of potassium permanganate loading. Moreover, KOH 
modified PSS-MgCa-68/32 shows highest SO2 adsorption capacity (1.7 wt %) which is 3.47 
times higher than commercial alumina impregnate with potassium permanganate (0.49 wt %). 
Overall, the uptake capacities of impregnated PSS-MgCa-68/32 were relative to the amount of 
impregnate and inversely proportional to the pore parameters. Carbon-silica composites on 
the other hand shows an adsorption of toluene and the highest adsorption capacity was 
obtained when the carbon content was 45 wt %. It was revealed that there is a large difference 
in the toluene uptake capacities between, PSC(II)- 45wt %  and PSC(III)- 45wt % having the 
same carbon content. The results further shows that composite with 45 wt % carbon obtained 
via route I show highest toluene adsorption capacity (27.6 wt %) at 0% efficiency. Both the 
pore size distribution and the overall number of micropores in the carbon-silica composites 
are crucial factors that contribute to achieve a large uptake capacity. The large uptake capacity 
of the PSC(I)-45wt % composite was attributed to the presence of a wide (1-30nm) bimodal 
pore system consisting of extensive mesopore channels (2-30nm). These uptake capacity 
values of the composites are competitive to commercial CAC (31.1 wt %), while having a 
high ignition temperature or by weight of composite better than results obtained for 
commercial alumina-carbon composite (9.5 wt %). 

 

7. Further Research 

There are several possibilities for future research and development work continuing what is 
presented in this thesis. Possible directions for future work concerning the preparation of 
MgCa-silica structure can be summarised as: (i) preparation of other metals-silica structure 
(e.g. transition metals); (ii) to further extend the synthesis of MgCa-silica to ordered MgCa-
silica structure by employing various environmentally friendly organic compounds to be used 
as templates. Due to their active metal sites and ordered porosity, these sorbents could have a 
potential application in the area of catalysis. 

The characteristics required in a sorbent are capacity, selectivity, regenerability, kinetics, 
and cost. Remarkable advances in capacity and selectivity have been achieved and it could be 
interesting to extend the work to other sorbent characteristics.

As shown, KOH modified MgCa-silica sorbent leads to adsorption of SO2 but not H2S. 
It would be interesting to study the surface features of the KOH modified MgCa-silica 
sorbents which may give information about their adsorption mechanism. In addition, 
alternative modified agents for H2S removal certainly merits further investigation. 

The carbon-silica composite prepared should be characterized in more detail, e.g. using X-
ray photoelectron spectroscopy (XPS), Fourier transform Infrared (FTIR), etc., in order to 
understand their surface features and to evaluate their merits. Adsorption of H2S and of other 
VOC's besides toluene by the carbon-silica composites is needed to study in order to evaluate 
the performance in comparison to other composite materials and other adsorbent materials on 
market. On the basis of the obtained dynamic adsorption results some further modification 
could be required in terms of further tailoring their composition, impregnates, etc. 

MgCa-silica sorbent is a new type of adsorbent, and certainly their application beyond gas 
filtration needs investigation. Tailored MgCa-silica should be investigated for water filtration 
applications. In addition, the possibilities to employ the worn-out impregnate materials in 
other applications, e.g. the utilisation of the insulation properties of the material in insulation 
products such as vacuum insulation panels (VIP), etc, should be explored. 
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