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ABSTRACT 

The production of Portland cement, the most commonly used binding material in the 
construction and maintenance industry, is one of the principle carbon dioxide emission 
contributors. Indeed, up to 85% of the cement quantity produced is discharged into the 
atmosphere. As a result, efforts are being made to introduce new and advanced alternative 
construction materials to combat this adversity. Despite the recent introduction of new 
advanced materials such as polymer rubbers and alternative mineral sands, the overall 
percentage emission of carbon dioxide has not decreased.  

Improvement of cement mortar characteristics and the reduction of carbon emissions is of 
keen interest to researchers and industry experts in the field of construction materials 
engineering. Interestingly in the literature, zeolite minerals have the ability to absorb carbon 
dioxide and thus aid in reducing the concentration levels present in the atmosphere. Zeolites 
are very stable solids that are resistant to environmental conditions that challenge many 
other materials. They possess high melting points and can exhibit resistance to temperatures 
exceeding 1000oC. They can also resist high pressure, do not dissolve in water or inorganic 
solvents and their unreactive nature means that they exhibit no harmful environmental 
impacts. I believe that this makes them an ideal investigative compound to consider in terms 
of being adopted as a cement replacement in construction material. 

Zeolites have been used as a supplementary cementitious material in the construction 
industry and both natural and synthetic zeolites have shown interesting properties as mineral 
additions, notably increased compressive strength, resistance to sulphate attack and 
favourable leaching properties. However, there has been minimal research carried out on 
synthetic zeolites in this area in contrast to the abundance of natural zeolite study and notably 
research considering using zeolites as replacements for rather than in addition to cement. 

In this research programme, synthetic and natural zeolites were used to partially replace 
cement in mortar samples. Synthetic zeolites 3A, 4A and 13X were used to replace 5, 10 and 
15% of the total cement mass in the mortar specimens with chabazite, mordenite, natrolite 
and philipsite chosen as a selection of natural zeolites. Ordinary Portland cement was used 
with a water-cement ratio of 0.40 and a sand-cement ratio of 1:3. All specimens were water-
cured at 20OC before a suite of laboratory tests were performed, comprising of; specific 
gravity, ultrasonic pulse velocity, compressive strength testing, scanning electron microscopy, 
x-ray diffraction and Fourier transform infrared spectroscopy. All test results were
determined at ages of two, seven, twenty-eight and seventy curing days.

The research study demonstrated that mortar samples produced with zeolite incorporation 
as a replacement of cement demonstrated comparatively good engineering and chemical 
compositional properties when compared to control mixes. Encouraging data was recorded 
namely for the utilisation of mordenite and philipsite zeolite types, in that the zeolites 
demonstrated increased compressive strength in comparison to the control mortar as well as 
having decreased density and increased compactness. Notably, mordenite and philipsite can 
be utilised as a way of decreasing the cement content needed in a given mortar mix, indeed 
replacement of cement at 10 and 15% both produced increased compressive strength 
recordings when compared to both the control and synthetic zeolite incorporated samples. 



NOTATION 
   
ASR  Alkali silica reaction 
ASTM  American society for testing and materials 
ATR  Attenuated total reflection 
BS EN  British adoption of a European standard 
CHA  Chabazite 
CH  Calcium hydroxide 
CSH  Calcium silicate hydrate 
C/t  Carbon per tonne 
DEF  Delayed ettringite formation 
FA  Fly ash 
FTIR  Fourier transform infrared spectroscopy  
GGBS  Ground granulated blast furnace slag 
H  Water  
kHz  Kilohertz  
kN  Kilonewton  
kV  Kilovolt   
mA  Milliamp 
MOR  Mordenite 
MPa  Megapascal  
NAT  Natrolite 
OPC  Ordinary Portland cement 
PHI  Philipsite 
R2  Coefficient of determination  
S/C  Sand cement ratio 
SEM  Scanning electron microscopy 
SF  Silica fume 
USPV  Ultrasonic pulse velocity 
W/C  Water cement ratio 
XRD  X-ray diffraction 
O  Degrees 
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1 | P a g e  
 

1.0 INTRODUCTION 
 
1.1 BACKGROUND 
 
Mortar is a widely used ceramic composite material in building construction, most commonly 
used to bond brick, stone, or concrete blocks into a structure. The material consists of inert 
siliceous material, mixed with cement and water in proportions which result in a sufficiently 
plastic substance able to flow but not collapse under the weight of masonry units. As a 
construction material, mortar offers many advantageous properties including that it can be 
cast and is economically favourable, durable, fire resistant, can be fabricated on site and has 
a pleasing aesthetic appearance. However, despite the advantages mortar offers as an 
engineering material there are several adverse characteristics in that mortar has a decreased 
strength when compared to concrete, low tensile strength, low ductility and can display signs 
of shrinkage (Smith and Hashemi 2011).  
 
Due to economic considerations, there is a growing demand on increased natural source 
usage and in engineering applications, where the weight of structures is considered, natural 
light-weight materials are now preferred. Aggregate is defined as a granular material that is 
used with a cementing medium to produce either concrete or mortar and can include sand, 
gravel, crushed stone and even demolition waste. Furthermore, aggregate can be classified 
into fine, consisting of sand particles measuring up to 6mm, or coarse aggregate, which 
consists of material which can be retained on a measurement sieve which has a 1.18mm 
opening (Smith and Hashemi 2011).  
 
Despite the nature of some over-lapping particle size-ranges, it is clear that rocks compose 
most of the coarse aggregate whilst sand mineral is the principle constituent of fine 
aggregate. It is important to note that mortar samples differ from concrete in that there is an 
absence of coarse aggregate and that it consists of purely fine aggregate, namely sand, 
cement, and water. Aggregate particles in mortar are held together by cement paste, which 
acts as a glue in the composite material. Indeed, cements themselves are adhesive materials 
which have the ability to bond particles of solid matter into a compact whole (Soroka 1979). 
For engineering purposes, calcareous cements are the main type of adhesive material used 
and these contain lime as their principle constituent.  
 
It is important to note that the principle construction materials used presently, namely 
cement, aggregates, and sand as well as the techniques used to bind these materials together, 
have a detrimental effect on the environment. The production of Portland cement for 
instance, which is the most commonly used binding material in the construction and 
maintenance industry, is one of the principle carbon dioxide emission contributors. Indeed, 
the average world carbon intensity of carbon emissions in cement production is in excess of 
222kg of C/t of cement (Johnson and Worrell 2007) 
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As a result, efforts are being made to introduce new and advanced alternative construction 
materials to combat this damage, for instance polymer rubbers and alternative mineral sands 
have been developed to partially replace various cementitious materials currently utilised in 
the construction industry. Despite the recent introduction of these new advanced materials, 
the overall percentage emission of carbon dioxide produced in the construction industry has 
not decreased (Sharma et al 2016).  

 
1.2 NOVELTY AND SIGNIFICANCE OF RESEARCH 

 
The research study presented an innovative alternative to the traditional methods of utilising 
natural and synthetic zeolite. Previous literature has suggested that the replacement of 
cement with zeolite would positively contribute to the mechanical properties of mortar 
samples. Therefore, to differentiate this research study to previous studies, zeolite types that 
have not been extensively defined as potential cementitious replacement in construction 
materials in previous literature were analysed.  
 
Zeolite minerals were suggested to be used as a cement replacement due to the need to 
arrest CO2 atmospheric concentration from its current level, and the role that zeolites can 
play in the implementation of this, most notably through the process of harmful gas 
absorption. The research issue being addressed is the climate change and greenhouse gas 
effect of cement production and the potential for an eco-friendly replacement.  
 
In addition to the production of sustainable construction materials, the outcome of this 
research study could result in increased financial savings to the current economical 
constraints by decreasing the price of the costly processes involved in manufacturing ordinary 
Portland cement and decreasing the relative energy consumption of such a process. Indeed, 
there are huge environmental benefits from the prevention of increasing cement production 
with a naturally occurring mineral replacement.   
 
1.3 AIMS AND OBJECTIVES 
 
The main aim of this research study is to examine and investigate the impact of natural and 
synthetic zeolite types when used in a cementitious based system. The performance of 
mechanical and physical properties is the main parameter whilst assessing the chemical 
composition of such varying zeolite mortar mixes. This was achieved through the following 
objectives: 
 
1. To examine the physical properties of the control mortar samples and zeolite mortar 
samples through the application of density of hardened mortar. 
 
2. To determine the mechanical properties of the control mortar samples and zeolite mortar 
samples through the application of ultra-sonic pulse velocity and compressive strength testing 
of hardened mortar. 
 
3. To assess the changes in chemical composition of the control mortar samples with the 
zeolite mortar samples through the application of SEM, XRD and FTIR analysis. 
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4. To examine the relationship between different properties, notably compressive strength 
with density and compressive strength with USPV. 
 
5. To assess the impact of curing time on the physical and mechanical properties of the control 
mortar samples and zeolite mortar samples. 
 
6. To assess the potential environmental impact and leaching properties of natural and 
synthetic zeolite mortar samples and the durability and sulphate resistance properties, based 
on a review of secondary literature 
 
1.4 EXPERIMENTAL PROGRAMME 
 
The experimental research programme that was carried out to achieve the objectives of the 
research can be seen in detail in chapter 3.2 TEST SCHEDULE of this research thesis. Phase 
one consisted of the study of hardened mortar properties, including that of the control mortar 
samples and the zeolite mortar samples. Indeed, Table 3.5 provides details of the testing 
schedule of phases one and two of the research study and Table 3.6 documents details of the 
mixture proportions of the created mortar samples. 
 
Three replacement % were adopted in reference to the cement replacement by zeolite in 
mortar samples, consisting of 5, 10 and 15%. A total of four natural zeolite types were 
analysed, consisting of chabazite, mordenite, natrolite and philipsite with three synthetic 
types, namely synthetic zeolites 3A, 4A and 13X. A curing time period for the mortar samples 
was chosen at 2, 7, 28 and 70 days. A consistent W/C ratio of 0.40 was adopted in all mortar 
mix samples. The control mortar mix contained zero zeolite incorporation and consisted of 
ordinary Portland cement, sand and water, details for which are documents in Table 3.6. 
 
Phase one focused on testing of the mechanical properties of the hardened control mortar 
and zeolite mortar samples, with compressive strength, UPVC and density testing carried out. 
Phase two testing focused on analytical testing utilising SEM, XRD and FTIR analysis of the 
mortar samples. 
 
1.5 SCOPE OF THE RESEARCH STUDY 
 
The current thesis has been divided into seven chapters, the structure and content of which 
is commented as follows. 
 
Chapter 1: Introduction 
This chapter provided an overview about the research topic including the aims and objectives 
of the study. There is also a commentary on the experimental plan of the research work, 
alongside a summary of the content of each chapter. 
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Chapter 2: Literature Review 
This chapter provides detailed information about zeolites, both natural and synthetic, 
including their properties, production, and current literature incorporations. It provides an in 
depth revie of the recent research utilising zeolites in the construction industry and 
summarises these key findings. The review includes details on the effect of extenders on 
cement hydration and the pozzolanic effect on the properties of mortar.  
 
In addition, properties of fresh mortar are detailed which include workability, segregation, 
and bleeding with properties of hardened mortar also detailed, consisting of porosity, W/C 
ratio and degree of hydration in relation to the compressive strength of a mix. This chapter 
also covers additional areas including details on sulphate attack and carbonation of mortar 
samples.  
 
Chapter 3: Materials and Experimental Methodology  
This chapter provides a detailed description of the materials, instruments and techniques 
used in the research study. Detailed information about the composition of tested sample 
mixes as well as the preparation, sample curing and testing ages of samples. Additional 
information about the instruments used in the experimental programme for the analysis of 
the mortar samples is also found in this section of the thesis. 
 
Chapter 4: Results 
This chapter evaluates the physical and mechanical properties of the control mortar and 
zeolite mortar samples at 5, 10 and 15% replacement of cement with zeolite after 2, 7, 28 and 
70 days curing time. The density of the mortar mixes was determined manually by recording 
weight and dimensions. Ultra-sonic pulse velocity values were obtained following BS EN 
12504-4:2004 (BS EN 2004b). The compressive strength of mortar mixes was determined in 
accordance with ASTM C109/C109-02 (ASTM 2008). This chapter also records the results from 
the analytical testing of mortar chemical compositions from SEM, XRD and FTIR analysis. 
Graphs relating to compressive strength, density and USPV data are also present in this 
section with those showcasing the correlation between different properties, namely the 
relationship between compressive strength and USPV and compressive strength and density. 
 
Chapter 5: Discussion 
The results of the tested properties and their correlation reported in chapter 4 are discussed 
in this chapter. The tested properties include physical, mechanical, and elemental 
composition properties. In the absence of primary data, a review of secondary data in relation 
to the environmental impact, including leaching properties and durability properties, 
including sulphate attack resistance is included in this chapter. 
 
Chapter 6: Conclusions, Applications, Limitations and Future Recommendations 
This chapter states the main conclusions and defines the limitations of the research 
programme. It also suggests future recommendations with regards to the incorporation of 
natural and synthetic zeolite as a cement replacement in mortar samples. 
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2.0 LITERATURE 

 
2.1 COMPOUND COMPOSITION OF CEMENT 

 
The main raw materials used in the production of Portland cement are calcium oxide (CaO) 
produced by heating calcium carbonate, silica (SiO2) found in natural minerals and rocks, 
aluminium oxide (AI2O3) found in clay minerals and finally iron oxide (Fe2O3) which is found in 
various clays. Indeed, the cement and binder used in addition to the aggregate, mix design 
and subsequent workmanship involved in making, placing, and curing, has a great influence 
of the quality of mortar produced (Smith and Hashemi 2011). The proportion of the 
aforementioned components can produce various types of Portland cement, and these 
selected materials are then crushed, ground and subsequently blended. Indeed, Portland 
cement from a practical standpoint can be thought of to consist of four principle compounds 
which can be seen in Table 2.1. This blended mixture is then heated up to temperatures of 
around 1400-1650oC through the use of rotary kiln and during this process the mixture is 
chemically converted into cement clinker whilst simultaneously being cooled and pulverised. 
The addition of a small amount of gypsum (CaSO4.2H2O) ensures control over the setting time 
of the produced mortar.  
 
Table 2.1: Chemical composition of Portland cement 

 

Compound Chemical formula Abbreviation 
Tricalcium silicate 3CaO.SiO2 C3S 

Dicalcium silicate 2CaO.SiO2 C2S 

Tricalcium aluminate 3CaO.AI2O3 C3A 

Tetracalcium aluminoferrite 4CaO.AI2O3.Fe2O3 C4AF 

 
The four main compounds associated in the chemical composition of Portland cement are 
formed through the process of the following oxide reactions, taking place under equilibrium 
conditions (Bogue 1947). 

 

 
Fe2O3 reacts with Al2O3 and CaO to produce 4CaO.AI2O3.Fe2O3. (C4AF) 

 
The remaining AI2O3 reacts with CaO to produce 3CaO.AI2O3. (C3A) 

 
The remaining CaO reacts with SiO2 to form 2CaO.SiO2. (C2S) and the remaining calcium 

oxide reacts further with C2S to produce 3CaO.SiO2. (C3S) 
 

Any CaO that is still uncombined at this point remains as CaO in the cement. 
 

Small quantities of minor compounds can be found in the cement clinker, and these typically 
identify as magnesium oxide (MgO), titanium dioxide (TiO2), potassium oxide (K2O) and 
sodium oxide (Na2O). Indeed, the aforementioned alkali compounds K2O and Na2O have been 
found to react with specific aggregates and result in mortar disintegration (Neville, 1981) 
hence the quantity of such compounds in cement samples is of utmost importance in ensuring 
the life span of mortar specimens. 
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Under hydraulic conditions, C3S is more reactive than C2S and consequently dominates the 
initial four weeks of hydration (Javed and Kenneth, 1985). It is important to note that both 
C3S and C2S are the chemical compounds which have the greatest influence on the resulting 
physical and engineering properties of the produced mortar whilst tricalcium aluminate (C3A) 
and gypsum in contrast influence durability to a greater degree. 
 
Different types of Portland cement can be produced by varying the chemical composition of 
the mixtures and there are typically five different types that can be manufactured, of whose 
chemical compositions can be seen in Table 2.2 and the relevant British standard 
requirements in Table 2.3. The most common Portland cement is classified as type I by the 
American Society for Testing and Materials (ASTM C150) and is defined as a normal general-
purpose Portland cement. It is most effective when used in applications where mortar is not 
going to be under attack from high sulphate concentration in water or soil and where there 
is no objectionable temperature increase resulting from cement hydration. Therefore, typical 
applications of type I Portland cement include the construction of sidewalks, bridges and 
reservoirs. In contrast, ASTM C150 type II Portland cement is used where there is a moderate 
chance of influence from sulphate attack where concentrations are higher than what would 
be considered the usual. Typically, drainage structures for instance would be the ideal 
environment in which type II Portland cement would be considered for use as well as in heavy 
retaining wall construction due to the moderate heat of hydration this type of cement 
exhibits. 
 
In applications where concrete needs to be removed early from a structure that would soon 
be put into use, ASTM C150 type III Portland cement is used due to its ability to develop early 
strength properties in a small-time period. In contrast, when the rate and amount of heat 
generated in a construction project is of importance, for instance in the construction of a large 
gravity dam, then ASTM C150 type IV is the most efficient Portland cement to use as in this 
instance the heat generated by the setting of the cement is a critical factor in the quality and 
safety of the project. 
 
The final designated ASTM C150 type V Portland cement is most efficient in applications 
where mortar is subjected to severe sulphate attack such as in areas of ground waters which 
can contain a high concertation of sulphate ions. Thus, for this reason this type of Portland 
cement is commonly known as ‘sulphate-resisting’ cement (Smith and Hashemi 2011). 
 
Table 2.2 Chemical compound compositions of Portland cement 
 

Cement type ASTM C150 
designation 

Compositions (weight %) 

C3S C2S C3A C4AF 

Ordinary I 55 20 12 9 

Moderate heat of 
hydration 

II 45 30 7 12 

Rapid hardening III 65 10 12 8 
Low heat of 
hydration 

IV 25 50 5 13 

Sulphate-resistant V 40 35 3 14 
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Table 2.3 British standard requirements of Portland cement 
 

British/European 
standard 

Cement Standard 
notation 

Portland 
cement clinker 
content (%) 

Content of other 
main 
constituents (%) 

BS EN 197-1 Portland 
cement 

CEM I 95-100 - 

BS EN 197-1 Portland-fly ash 
cement 

CEM 11/B-V 65-79 21-35 

BS EN 197-1 Portland-
limestone 

cement 

CEM II/A-L (LL) 80-94 6-20 

BS EN 14216 Very low heat 
special cements 

VLH III, VLH IV 
or VLH V 

Various Various 

 
 
2.2 HYDRATION OF CEMENT 
 
The process of the reaction of cement compounds C3S and C2S with water to produce Ca (OH)2 

and calcium silicate hydrate (C-S-H) products is known as a hydration reaction. The reaction 
is exothermic in nature and results in the formation of a firm, hard mass.  The aforementioned 
calcium silicates are the main cementitious compounds present in cement hence the physical 
behaviour of cement during the hydration reaction is similar to that of these two compounds. 
The hydration reaction of calcium aluminate in the presence of gypsum, used as a setting time 
extender, produces ettringite product and additionally monosulphate upon further hydration. 
Indeed, the hydration process of the different compounds can be seen in Equations 2.1 – 2.4 
although it should be noted that the main hydrates can be classified as C2S and C3A (Neville 
2011). 
 
Tricalcium silicate: 2(3CaO.SiO2) + 6H2O = 3CaO.2SiO2.3H2O + 3Ca(OH)2  (2.1) 
   C3S  H        C-S-H                          C-H 
 

Dicalcium silicate: 2(2CaO.SiO2) + 4H2O = 3CaO.2SiO2.3H2O + Ca(OH)2  (2.2) 
C2S  H        C-S-H                          C-H 

 

Tricalcium aluminate: 3CaO.AI2O3 + 3CaSO4.31H2O = 3CaO.AI2O3.3CaSO4.31H2O (2.3) 
               C3A                          C3SH        Ettringite  
 

3CaO.AI2O3 + 6H2O = 3CaO.AI2O36H2O      (2.4) 
 C3A H Monosulphate 

 
There are two reaction types in which such compounds present in cement can react with 
water, firstly a direct addition of water molecules can take place and result in a true hydration 
reaction. In contrast, the second type of reaction with water is known as a hydrolysis reaction, 
however the term hydration is usually applied to all reactions of cement with water. 
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Le Chatelier was the first to observe that the products resulting from the hydration of cement 
are chemically the same as the hydration reaction of the individual compounds under similar 
conditions. The proviso being that the products of reaction may influence one another or may 
themselves interact with other compounds in the system (Bogue 1947).  
 
Due to the process of hydrated cement bonding firmly to the unreacted cement, the 
hydration reaction products of cement have a very low solubility in water. It is possible that 
the newly produced hydrate forms a type of envelope which can grow from within by the 
action of the water which has penetrated the surrounding film of hydrate. Alternatively, the 
dissolved silicates may precipitate as an outer layer after passing through such an envelope. 
A further explanation is for the colloidal solution to be precipitated throughout the mass after 
the condition of saturation has been reached with further hydration continuing within this 
structure. 
 
It should be noted that the rate of hydration decreases continually so that even after a long 
time period there remains an appreciable amount of anhydrous cement despite whichever 
mode of precipitation the products of the hydration reaction undergo. Indeed, grains of 
cement have been found to have been hydrated to a depth of only 4μm and 8μm after a year.  
Furthermore, complete hydration under normal conditions was found to be only possible for 
cement particles smaller than 50μm although full hydration has also been obtained by 
grinding cement in water continuously for 5 days (Powers and Brownyard 1946).  
 
Microscopic examinations of hydrated cement have shown no evidence of channelling of 
water into the cement grains of cement to hydrate selectively the more reactive compounds 
(C3S) which may lie in the centre of the particle. In addition, anhydrous grains of coarse 
cement have been found to contain C3S and C2S at the age of several months and it has been 
concluded that the small grains of C2S hydrate before the larger grains of C3S (Neville 2011). 
Further investigations have suggested that the residue of a grain after a given time period of 
hydration have the same percentage composition as the whole of the original grain, broadly 
based on the knowledge that the various compounds in cement are generally intermixed in 
all grains. It is important however to note that the composition of the residue does not change 
throughout the period of cement hydration and especially during the first 24 hours, selective 
hydration may occur (Neville 2011). 
 
The progress of the hydration of cement reaction can be determined by various means, such 
as the measurement of: (a) the quantity of Ca (OH)2 in the paste; (b) the heat evolved by 
hydration; (c) the specific gravity of the paste; (d) the quantity of chemically combined water; 
(e) the quantity of anhydrous cement present (using X-ray quantitative analysis); and (f) also 
indirectly from the strength of the hydrated paste. For the study of early reactions, 
thermogravimetric techniques and continuous x-ray diffraction scanning of west pastes 
undergoing hydration can be used (Neville 2011). Furthermore, back-scattered electron 
imaging can be adopted in a scanning electron microscope to investigate the microstructure 
of cement. 
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The formation of C-S-H gel during hydration results in the setting and hardening of cement 
paste (Soroka 1979). This process involves the C-S-H gel filling the space between the cement 
and grains causing stiffening of the paste and the subsequent hardening. As the hydration 
process continues, further C-S-H gel is formed consequently filling the capillary pores, which 
is turn results in decreasing the porosity and increasing the strength of the cement.  
 
The presence of Ca (OH)2 causes the pore solution to have high alkalinity but ensures the 
cementitious material is made sensitive to acid attack. In addition, through the use of 
pozzolanic reaction, the unreacted Ca (OH)2 can be used to improve the quality and give 
favourable characteristics to the mortar. 
 
The concept of the dormant period during cement hydration is due to ettringite layer 
formation around the C3S grain which ceases hydration for a period of time (Taylor 1997). 
Expansion will ultimately result in the layer to burst, as a volume of change, and then the 
process of hydration resumes, and the process repeated until there is no more sufficient 
sulphate content to form further ettringite.  
 
When this occurs, ettringite is converted to monosulphate and hydration once again 
commences until the stable hydrate is formed (Soroka 1979).  However, if the mortar is 
exposed to sulphate solution after the hardening process, then delayed ettringite can be 
formed, a process known as delayed ettringite formation (DEF) which can lead to cracking and 
material expansion, causing gradual deterioration. The fourth compound of hydration, 
tetracalcium aluminoferrite (C4AF), reacts with gypsum to form iron-substituted ettringite 
(Sha et al 1999). 
 
2.2.1 CALCIUM SILICATE HYDRATES 
 
The rates of hydration of C3S and C2S in a pure state differ between each other significantly 
when the compounds are present in cement. Indeed, their rates of reaction of hydration are 
influenced by various compound interactions which occur during the reaction process. In 
commercial cements, the calcium silicates contain small impurities of some of the oxides 
present in the clinker and this impure C3S is known as alite and the impure C2S belite, with 
both impurities having a strong influence on the properties of the calcium silicate hydrates. 
Indeed, C3S is believed to undergo hydrolysis producing calcium silicate of a lower basicity 
when hydration takes place in a limited amount of water, conditions which are found in 
cement paste, mortar and concrete. This C3S takes the form of C3S2H3 with the released lime 
separating out as Ca (OH)2. However, there is some uncertainty as to whether C3S and C2S 
ultimately result in producing the same hydrate, although it appears to be so taking into 
consideration the heat of hydration and the surface area of the products of hydration.  
 
On the other hand, physical observations indicate that there may be more than one distinct 
calcium hydrate (Taylor 1997) as if this is indeed the case, the C-S ratio would be affected if 
some of the lime were absorbed or held in solid solution. There is strong evidence that that 
the ultimate product of hydration, C2S, has a lime-to-silica ratio of 1.65, believed to be due to 
the hydration rate of C3S being controlled by the rate of diffusion of ions through the overlying 
hydrate films, whilst the hydration of C2S is controlled by its slow intrinsic rate of reaction 
(Taylor 1997).  
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Furthermore, the temperature of the reaction may also greatly influence the products of 
hydration of the two silicates as the permeability of the gel is sensitive to changes in 
temperature.  
 
2.3 THE EFFECT OF EXTENDERS ON CEMENT HYDRATION  
 
Previous studies have incorporated the use of various methods of analysis including X-ray 
diffraction (XRD), Differential Thermal Analysis (DTA), Thermogravimetric Analysis (TGA), 
Differential Thermogravimetry (DTG), Fourier Transform Infrared Spectroscopy (FTIR) and 
Differential Scanning Calorimetry (DSC) to assess cement hydration of plain and blended 
cements. For example, DTA and TGA were used to investigate the hydration behaviour of 
cement-water systems due to the amorphous nature of the C-S-H gel (Javed and Kenneth 
1985). Indeed, it should be noted that the process of hydration at differing temperatures 
becomes more complicated when additives are present (Singh et al 1994). 
 
An investigation into the hydration of pastes of mine tailing cement and ordinary Portland 
cement showed that tailing cement demonstrated increased hydration behaviour over the 
Portland alternative in terms of bound-water, free calcium hydroxide and degree of hydration 
when cured under identical conditions. Both cement pastes were prepared by mixing 
deionised water at a 0.49 water/cement (W/C) ratio. The analytical analysis using DTA and 
TGA highlighted that the more efficient hydration reaction behaviour of mine tailing cement 
is attributed with a higher C3S content resulting in faster reaction speed and strength 
development when compared to ordinary Portland cement. 
 
The addition of limestone and sludge to mortar to accelerate the hydration of ordinary 
Portland cement (Sharma and Pandey 1999) increased liberation of Ca (OH)2. The lime sludge 
addition was also found to improve the hydration rate of ordinary Portland cement better 
than limestone addition alone at the same replacement level of 10%. Samples with a 0.40 
W/C ratio were used and the samples with or without 10% additives were allowed to hydrate 
in plastic vials at 27+

- 2oC and analysed through the application of XRD and DTA. 
  
In addition, the thermal behaviour of hydration products in ordinary Portland cement has 
previously been investigated using Differential Scanning Colorimetry (Sha et al 1999). It was 
concluded that three major endothermic peaks in the DSC curves are a result of loss of water 
from the calcium silicate hydrate, de-hydroxylation of calcium hydroxide and the de-
carbonation of calcium carbonate respectively.  
 
The hydration of cement-zeolite pastes using XRD, FTIR and TG-DTG was investigated by 
(Perraki et al 2003). The hydrated compounds were identified using XRD and FTIR whilst TG-
DTG was used to determine the content of Ca (OH)2 in the paste. The results obtained 
highlighted a remarkable decrease of Ca (OH)2 content, especially in the sample containing 
10% zeolite. Indeed, this effect was proportional to the age of hydration highlighting that 
the natural zeolite used behaved as a pozzolanic material which had contributed to the 
consumption of Ca (OH)2 formed during the hydration of Portland cement and formation of 
cement-like hydrated products. However, further increase in zeolite content beyond 10% 
did not enhance the pozzolanic reaction and the slight decrease of Ca (OH)2 content 
observed was mainly due to dilution. 



 
 

11 | P a g e  
 

Supplementary cementitious materials (SCM), such as zeolite, are widely used as mortar 
admixtures which can substitute a part of Portland cement dose in a fresh concrete and/or 
mortar mixture. This utilisation of a SCM is thus accompanied by a lower energy demand for 
Portland clinker calcination which consequently leads to lower production costs and 
decreased carbon dioxide emissions. It has also been noted that the application of an SCM 
can improve the strength properties of hardened cement pastes. 
 
2.3.1 POZZOLANIC COMPOUNDS 
 
Also known as cement extenders, a pozzolan is defined as a ‘siliceous or siliceous and 
aluminous material, which in itself possesses little or no cementing property but will, in a 
finely divided form and in the presence of moisture, chemically react with calcium hydroxide 
at ordinary temperatures to form compounds containing cementitious properties’ (Kumar et 
al 1993).  
 
In addition, (Habert et al 2008) stated that natural pozzolans used as an admixture for the 
production of pozzolanic cements, are pyroclastic rocks rich in siliceous or siliceous and 
aluminous volcanic gas. Indeed, the origin of the pozzolanic activity lies in the high content of 
reactive silica in extenders. Artificial extenders are by-products of manufacturing processes 
and include fly ash, slag, silica fume and synthetic zeolites whereas natural pozzolans are 
naturally occurring and include volcanic ash and natural zeolite. 
 
2.3.2 FLY ASH 
 
Ash precipitated electro-statically from the exhaust fumes of coal-fired power stations is 
known as fly ash. Whilst existing as the most common artificial pozzolan (Neville 1981) the 
use of fly ash in mortar and concrete has been recognised to have many benefits which 
include improved workability, improved resistance to sulphate attack, lower cost of 
production, lower heat of hydration, higher long-term strength, opportunity for higher-
strength, improved resistance to alkali-silica reaction and lower shrinkage characteristics. 
 
The major elements present in fly ash consist of SiO2, AI2O3, and Fe2O3, similarly to other 
pozzolans. Based on these quantities of elements, fly ash is classified as either class F or C. 
Class F requiring a minimum total of 70% of these elements present in the ash whilst class C 
requires a minimum of 50% (Craig 1994). Class C Fly ash is more reactive than class F due to a 
higher reactive content of CaO being present.  
 
Despite the difference in class, fly ash has almost an identical fineness to that of cement and 
indeed sometimes finer which makes the silica readily available for reaction (Neville 1981).  
Furthermore, it is important to note that effective moist curing with mortar is essential for 
strength development and permeability and the W/C ratio for a given 28-day strength should 
be reduced to ensure the optimum efficiency of fly ash as a pozzolanic material (Addis 1994). 
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2.3.3 SLAG 
 
Ground granulated blast furnace slag (GGBS) is the ‘glassy, granular material formed when 
molten blast-furnace slag produced as a by-product of iron production is rapidly chilled by 
immersion in water’ (ASTM C125). The material exhibits both pozzolanic and cementitious 
properties in that it is self-cementing, and an external supply of calcium hydroxide is not 
required to form mortar specimens.  
 
When GGBS is used on its own, the product formed and the rates of formation are insufficient 
for structural purposes, however when used with Portland cement, due to the presence of 
calcium hydroxide and gypsum, the hydration process of GGBS is accelerated (Perraki et al 
2003).  
 
Slag demonstrates a number of beneficial characteristics when used as a separate ingredient 
in mortar such as a higher ultimate strength with a tendency towards lower early strengths 
and improved resistance to sulphates (Lewis 1981). Furthermore, improved refractory 
properties have been observed and a lower expansion from alkali silica reactions is also 
noticeable. A lower temperature rise due to a lower heat of hydration and reduced chloride 
penetration are also benefits of using slag as a pozzolanic additive (Addis 2001). 
 
The use of GGBS however as a pozzolanic material, similarly to fly ash, should be avoided for 
thin applications such as plastering and floor screed to prevent drying out and it is also not 
suitable for concrete floor slabs due to a slower rate of reaction (Addis 1994). 
 
2.3.4 SILICA FUME 
 
Silica fume (CSF) is a by-product from the manufacture of silicon or ferrosilicon alloys through 
the process of the reduction of silica with carbon taking place in an electric furnace. The 
resulting gases are condensed into an extremely fine powder possessing a high silica content 
(Greensmith 2005). Indeed, the most active material in silica fume is SiO2. The use of silica 
fume as a pozzolanic material in cementitious material leads to an increased homogeneous 
microstructure resulting in greater strength and a lower permeability. This is due to the 
extremely small CSF particles in the mixing water acting as a nuclei for the formation of 
calcium silicate hydrate which would otherwise form only on the cement grains (Addis 1994). 
Increased cohesiveness of the cementitious sample can also be observed, and increased 
strength displayed at the range of 15-20% at 28 days with 10% replacement of ordinary 
Portland cement with CSF (Addis 2001). 
 
However, a drawback in the application of CSF is that a reduction in workability can occur 
resulting in increased water addition or the application of chemical admixtures to maintain a 
given slump. In addition, no change of setting times can be observed with the addition of CSF 
to mortar when compared to ordinary Portland cement. Plasticizing admixture can be added 
to compensate for the reduced workability, and it is important to note that due to the low 
bleeding capacity of CSF, casts should be kept moist to prevent plastic-shrinkage (Addis 1994). 
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2.4 INTRODUCTION TO ZEOLITES 
 
Zeolites are hydrated aluminosilicate minerals composed of alkaline and alkaline earth 
cations, formed by the alteration of volcanic ash, which is mainly an amorphous, siliceous 
material (Fragoulis et al 1997). These cations of group one and two metals, most commonly 
sodium, magnesium, and potassium, sit in the gaps of the zeolite structure and balance out 
the excess negative charge (Turley 2015). There are around forty naturally occurring zeolites 
which are formed in volcanic and sedimentary rocks; indeed, the term zeolite refers to ‘boiling 
stone’ in that it exists as a rock which traps water inside itself. The most commonly mined 
natural zeolites are chabazite, clinoptilolite and mordenite. In addition, there are around 150 
synthetic zeolites designed for specific purposes and the most commonly known are zeolite 
A which is found in detergents and zeolite X and Y which can be found in the process of 
catalytic cracking and take on two different forms of faujasite. These are a mineral group in 
the zeolite family of silicate minerals which consist of sodium (Na), magnesium (Mg) and 
calcium (Ca) by varying amounts and occur naturally as a rare mineral as well as being able to 
be synthesised. 
 
The hydrated aluminosilicate materials are made from an interlinked tetrahedra structure of 
alumina (AIO4) and silica (SiO4) solids characterised by a large number of channels and cavities 
which possess a high surface area (Fragoulis et al 1997).  
 
An open 3-dimensional crystal structure made of the elements aluminium (Al), oxygen (O) 
and silicon (Si) with alkaline or alkaline-earth cations such as sodium (Na), potassium (K) and 
magnesium (Mg) plus water molecules trapped in the pores. Indeed, the pores in between 
the aluminium, silicon and oxygen atoms are as important as the crystal structure itself. 
 
The quantity of dissolved SiO2 in zeolites can be up to three to seven times higher than found 
in other natural pozzolans (Naiqian 1993), consequently zeolites are able to absorb more lime 
than ordinary mixtures and this results in the formation of higher amounts of hydration 
products which are responsible for strength development. Zeolites form with many different 
crystalline structures, which have large open pores in a regular arrangement which are the 
same size as smaller molecules.  
 
The open cage-like framework structure of zeolites can trap other molecules inside. This is 
how water molecules and alkaline or alkaline earth metal ions become a part of zeolite 
crystals; however, this is not necessarily a permanent feature. The cations become part of the 
zeolite crystals as a result of this process. Furthermore, zeolites, by means of cation exchange, 
can exchange positively charged ions for the metal ions originally trapped inside them.  
 
Indeed, zeolites can also lose or gain water molecules through reversible dehydration. 
Synthetic zeolites are manufactured in precise and uniform sizes ranging from 1μm -1mm to 
suit particular applications such that molecules of a certain smaller size can be trapped inside 
them (Woodford 2016). Despite zeolites being aluminosilicates there is a variation in the 
amount of alumina and silica present in each differing type. More alumina rich zeolites attract 
polar molecules such as water whereas more silica rich zeolites are better at attracting non-
polar molecules. 
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Zeolites are very stable solids that can resist environmental conditions that challenge many 
other materials. They have high melting points and have resistance to temperatures 
exceeding 1000oC. They can also resist high pressure, do not dissolve in water or inorganic 
solvents and their unreactive nature means that they exhibit no harmful environmental 
impacts. Furthermore, it has also been found that zeolite mineral can absorb carbon dioxide 
and thus reduce the potential for emission into the atmosphere (Cirajudeen and Prakash 
2017). 
 
Due in main to their high specific surface area, they are widely used for chemical engineering 
purposes as catalyst support, molecular sieves and there have even been cases of zeolites 
being used as sorbents. The use of zeolites as pozzolanic materials date back to ancient times 
when a mixture of zeolites containing tuff and lime were used for hydraulic binder purposes 
(Stanislao et al 2011). 
 
Nowadays, due to rapid climate change development, there is a large focus on the utilisation 
of naturally occurring mineral zeolites which are typically exploited in countries such as China, 
Japan, and Slovakia. Indeed, natural zeolite is mined in several regions where pre-historic 
volcanic activity has happened near alkaline or salt water. The current carbon dioxide 
concentration level in the atmosphere is leading to serious environmental damage due to the 
production of such greenhouse gases.  
 
The utilisation of zeolite powder in construction applications can help to arrest carbon dioxide 
gas from the atmosphere and can reduce the overall concentration present (Stanislao et al 
2011). 
 
Applications containing zeolite as a partial replacement of cement can absorb harmful gases 
from the atmosphere and hence is attributed with an eco-friendly nature. Generally, zeolites, 
like other pozzolans, are taking part in hydration reactions and are contributing to favourable 
mortar properties such as increasing compressive strength. (Cirajudeen and Prakash 2017). 
 
2.4.1 ZEOLITE LITERATURE 
 
Zeolites that have been derived from pumice through hydrothermal synthesis have shown 
high pozzolanic activity at variance to those based on tuff (Burriesci et al 1985). Indeed, the 
cement formation containing 10-20% zeolite lead to a low free CaO content at setting of the 
cementitious material when examined by use of the Fratini test. In addition, the flexural and 
compressive strength of the cement improved through the addition of zeolite although 
further addition did not lead to further gains in strength but acted as an inert. 
 
When zeolite was used as a component of autoclaved aerated mortar to replace quartzite, it 
was found that the resulting strength was similar to that of conventional autoclaved aerated 
mortar (Albayraka et al 2007). It was also observed that the zeolite was able to provide 
thermal conductivity values similar to those of conventional autoclaved mortar at the same 
bulk density (Yimaz et al 2007). 
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It has been concluded that natural zeolites are excellent pozzolanic materials which often 
behave better than glass of identical composition (Caputo et al 2008). It was found that zeolite 
reactivity is related to its large external specific surface and metastability which favour its 
dissolution into the saturated lime solution and the subsequent precipitation of hydrated 
calcium silicate (CSH) and hydrated calcium aluminate (CAH) phases. Consequently, the 
replacement of Portland clinker by zeolite tuff reduces workability and increases water 
demand. Furthermore, the replacement of Portland clinker by zeolite tuff is also found to 
reduce the alkali level of the blend minimising the risk of alkali-silica reaction which would 
result in undesired expansion and cracking of the mortar. 
 
Clinoptilite blend has been found to decrease the specific gravity of cement but increase 
water demand due to the microscopic pores inherently found on the structure of the 
clinoptilolite cements (Yilmaz et al 2007). The plasticity time of the mortars was also found to 
increase depending on the clinoptilolite blend ratios whilst the early strengths in the blended 
cements developed relative to the Blaine fineness values. Blended cements were produced 
by replacing ordinary Portland cement with 5, 10, 20 and 40% clinoptilolite. Mortar samples 
were produced with a W/C ratio of 0.5. In addition, the final strengths of the blended cements 
were found to develop based on the CH amount in the medium. The Blaine fineness values of 
blended cements decreased with increasing blend ratios.  
 
It has been previously concluded that the pozzolanic activity of zeolites lies between silica 
fume as the most efficient and coal fly ash as the least (Poon et al 1999). Furthermore, a 
positive effect was observed regarding compressive strength increase with zeolite as a 
cement replacement in mortar samples (Feng et al 2002). However, it has also been 
recommended that only a moderate value of 5% replacement of cement with zeolite is used 
(Bilim 2011) and (Sisman and Gezer 2011) to refrain from compressive strength decrease. 
Natural zeolite can be considered an environmentally friendly binder with a potential to 
replace a part of Portland cement in the building industry (Vejmelkova et al 2012).  
 
Although desirable from both an environmental and economic standpoint, the extent of 
cement replacement has been found to have strict limitations and in the case of the optimum 
replacement value of Portland cement by mass of natural zeolite, 20% was found to be the 
most suitable option among such studied mixes. The 7-day strengths of the zeolite cement 
mortar samples were like that of the mortar control sample but for higher amounts of zeolite 
additive the compressive strength was significantly lower. Furthermore, it has been found 
that mortar containing 15-20% natural zeolite reach suitable compressive strength, but less 
than in terms of that of fly ash mortar samples (Milovic et al 2015). 
 
There have been several studies on the compressive strength development of cement paste 
and mortar containing natural zeolite. However, with such studies there are difficulties in 
predicting the influence of natural zeolite as a SCM on the properties of cement paste and 
mortar, including that of strength development, due to the many varying parameters 
involved. Such parameters include W/C ratio, weight % of the cement replaced and the 
mineralogical and chemical composition of the natural zeolite from source (Tatomirovic and 
Radeka 2014) and (Ahmadi and Shekarchi 2010). 
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In terms of W/C ratio it seems that natural zeolite contributes more to the compressive 
strength development at lower ratios in contrast to higher ratios (Poon et al 1999) however 
the strength of mortar with a natural zeolite replacement has been found to be lower than 
that of the control sample when the W/C ratio was over 0.45 (Chan and Ji 1999). It has also 
been found that mortar containing natural zeolite with a W/C ratio of 0.40 display higher 
compressive strengths than that of control mixtures at ages 3, 7, 28 and 90 days curing. 
However, when this value was increased to 0.50 contrary results were obtained (Najimi et al 
2012).  
 
In addition, after a 56-day curing period, mortars containing natural zeolite made with a W/C 
ratio of 0.48 displayed slower compressive strength development but exceeded the strength 
of the control cement mortar at age 91 days curing (Shon and Kim 2013).  
 
The influence of varying the percentage of natural zeolite blends on the compressive strength 
of mortar samples have also been researched previously, indeed, natural zeolite replacement 
at 15% and 25% did not increase the compressive strength of the blended paste (Poon et al 
1999). However, the 90-day compressive strength of fly ash cement paste was higher than 
that of the cement paste with 25% natural zeolite as SCM, control paste, and cement paste 
with 15% as SCM respectively.  
 
Compressive strengths of mortar samples made up with 5%, 10%, 15% and 20% replacement 
of Portland cement with natural zeolite were found to be 14%, 16%, 23% and 25% higher than 
that of the control sample. In addition, in terms of the 90-day compressive strength, the 
optimum replacement level was found to be 15% (Ahmadi and Shekarchi 2010  
 
An investigation to study the effect of zeolite powder addition on the properties of M30 grade 
concrete consisted of the replacement of cement by zeolite percentages of 0-35% in 5% 
increments. The research focus was to arrest CO2 atmospheric concentration from its current 
level and highlight the role that zeolites can play in the implementation of this, most notably 
through the process of harmful gas absorption. Indeed, zeolites can occur naturally in the 
environment and the quarrying process of obtaining such natural pozzolanic material is 
relatively easy. It was concluded that the mineralogical composition, metastability and large 
surface area of zeolites result in the pozzolanic activity. (Cirajudeen and Prakash 2017) 
 
Furthermore, the natural porosity of zeolites is attributed to their crystalline nature. When 
investigating the mechanical properties and durability of cement mortar containing zeolite as 
a natural pozzolan, it was determined that regardless of replacement % level of Portland 
cement with zeolite, compressive strength decreased at 7 days (Ramezanianpour et al 2014). 
This reduction was about 6% for a 10% replacement and 9% for a 15%. Compressive strength 
at 28 days however increased due to the delayed pozzolanic reaction. It was established that 
the optimum replacement level was around 10% whilst there was no noticeable difference 
with a 15% replacement value. 
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It has been found that synthetic zeolite type a at a low concentration is able to improve the 
mechanical strength and also increase the liquid-like behaviour of cement mortar paste to 
give better rheological properties than other pozzolanic additives (Baldino et al 2014). 
Synthetic zeolite 5a was produced by ionic exchange of zeolite 4A through the addition of 1M 
aqueous solution of calcium nitrate to 250g of zeolite 4A at room temperature. The neat 
cement paste was prepared using a W/C ratio of 0.45. Indeed, the rate of structure 
development with time also increased with the addition of zeolite type a in both cases. 
 
Further investigation to study the effect of zeolite structure on the pozzolanic activity of 
zeolites was conducted using two synthetic Na-zeolites A and X with an Si/Al ratio equal to 1-
1.2 with zeolite X being slightly more siliceous than A. It was concluded that the pozzolanic 
action of both zeolites involved the following steps: cation exchange, dissolution and/or 
breakdown, possible formation of a transient alumina-silicate gel and precipitation of 
hydrated calcium silicates and aluminates from solution (Caputo et al 2008). The study 
showed that zeolite a reacted more readily than zeolite X, but the latter due to being slightly 
more siliceous, contributed to greater development of the mechanical resistances of the 
cement pastes at short curing times. 
 
Synthetic zeolites used to replace 10% of cement in mortar preparation have been found to 
improve the compressive strength and increase workability when compared to silica fume 
addition (Frontera et al 2006). Zeolite types 4A and 5A were used with crystal sizes 0.2-1μm 
and 1-5μm for 4A and 0.2-1μm and 1-5μm for 5A as well as three different cements types 
with differing clinker contents, CEM I 42.5R, CEM II / A-S 42.5R and CEM III / A-S 42.5N.  The 
S/C ratio adopted was 3 and a W/C ratio of 0.5 was used for the mortars. Each sample was 
water cured at 20oC for 2, 7 and 28 days. It was concluded that zeolite 5A produced high 
strength cement mortar with a high workability showcasing the potential for use of calcium 
zeolite 10% by weight of cement in differing applications. 
 
Silica fume is the most commonly used fine material in the preparation of high-performance 
strength concrete which is typically adopted in extreme and adverse climatic conditions. The 
rheological, mechanical and durability properties are more favourable in high strength 
concrete when compared to conventional concrete. The use of silica fume as a pozzolanic 
material is a recent trend but there are cost implications of using such a material. The goal is 
to utilise a lower cost pozzolanic material that can compare favourably with the silica fume 
incorporated mortar (Frontera et al 2006). 
 
Synthetic zeolites LTA and FAU, with differing Na+ and Ca++ alkali cations and micronic particle 
size were examined to detect ion influence on the properties of a zeolite incorporated sample 
mix. The large number of channels and cavities of said zeolites give rise to the observed large 
surface area. Indeed, this open structure chemistry characteristic of zeolites are what 
contribute to the associated pozzolanic activity (Frontera et al 2006). The presence of SiO2 

and Al2O3 which when reacted with Ca (OH)2 influences the degree of pozzolanic activity. This 
reaction results in the conversion of said compounds into C-S-H gels and aluminates, which in 
turn improves the microstructure of hardened cement concrete in that it becomes more 
impervious. 
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A modified zeolite additive was tested by replacement of 5% and 10% of cement mass in 
cementitious samples which produced hardened cement paste with significant freeze-thaw 
and de-icing salt resistance (Nagrockiene at al 2014). It was found that the zeolite addition 
altered the morphology of the paste as Ca (OH)2 content decreased and the C-S-H reaction 
phase increased improving density, strength and resistance of paste to salts.  
 
Furthermore, X-ray analysis highlighted that the incorporation of a zeolite admixture leads to 
the formation of a carbonisation film on the surface of the cement paste increasing durability 
and preventing penetration of water and salt in the pores. 
 
Synthetic zeolite produced through use of industrial by-products was able to decrease the 
initial setting time of blended cement samples (Vaiciukyniene et al 2015) whilst retaining the 
compressive strength of control sample cement after 3 days. X-ray powder diffraction (XRD), 
scanning electron microscopy (SEM) and Fourier transform infrared spectroscopy (FTIR) were 
used as investigative methods to determine the influence of zeolites on the rate of Portland 
cement hydration. It was found that there was an increase of 3% of the maximum hydration 
temperature when 5% of the modified zeolite was added. Hydration temperature decreased 
with increasing addition of zeolite, 10% and 15% resulting in an 8 and 10oC drop from that of 
5% zeolite with a hydration temperature of 58oC. The highest value for compressive strength 
was observed after 28 days with 5% replacement of Portland cement with zeolite exerting a 
9% increase in compressive strength.  
 
A further study also concluded that synthetic zeolite obtained from aluminium fluoride waste 
production can reduce the weight of structural building elements whilst exhibiting no 
decrease in strength whilst actually increasing the hydration process of Portland cement 
(Girskas 2016). It was found that the aluminium fluoride waste modified zeolite altered the 
process of hydration by binding to portlandite and creating new hydration products such as 
calcium hydro aluminium C3AH6 and increased the content of calcium hydro-sulphate-
aluminates C4ASH12 in the cement paste. Through SEM, it could be observed that the cubic 
structure of the aluminosilicates allowed the filling of the pores of the cement paste resulting 
in decreased porosity. The compressive strength of the cement paste remained the same as 
that of the gibbsite control sample after 7 days but increased by as much as 28.6% using 10% 
zeolite replacement after 28 days.  
 
2.5 POZZOLANIC REACTION EFFECT ON PROPERTIES OF MORTAR 
 
A pozzolanic reaction is the term used to describe the reaction between a pozzolan and Ca 
(OH)2 and this differs between a hydration reaction due to a slower rate of reaction resulting 
in a slower rate of heat liberation and strength development. Furthermore, a pozzolanic 
reaction is lime-consuming instead of lime-producing as is with a hydration reaction. The 
strength and impermeability of the pozzolanic reaction system is also more efficient than that 
of the hydration reaction due to the filling up the capillary spaces (Kumar et al 1993). Indeed, 
Equations 2.5 and 2.6 show the differences between a hydration and pozzolanic reaction.  
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C3S + H = C-S-H + CH         (2.5) 
 
Pozzolan + CH + H = C-S-H        (2.6) 
 
The effect of a pozzolan on Portland cement depends on the type of pozzolan being used and 
its replacement proportion. General effects of common pozzolans on fresh mortar can be 
seen in Table 2.3. 
 
Table 2.3 General effects on properties of mortar by common pozzolans (Addis 2001). 
 

Extender Effects on fresh mortar properties 

Ground granulated blast furnace slag Slight improvement in workability 
Retards setting slightly 

Low heat of hydration exhibited 

Fly ash Improves workability and reduces water 
requirement for a given slump 

Retards setting slightly 
Low heat of hydration exhibited 

Silica fume Reduces workability 
Increases cohesiveness 

Reduces bleeding significantly  
Low heat of hydration exhibited 

 
 
2.5.1 POZZOLANIC REACTION EFFECT ON HEAT OF HYDRATION 
 
Due to being a characteristically slower reaction than that of a hydration reaction, A 
pozzolanic reaction exhibits a lower heat of hydration when both are compared. Indeed, there 
is a decrease in the heat of hydration with an increase in the proportion of pozzolan 
incorporated in the cement, this can be seen in Figure 2.1. 
 
 
 
 
 
 
 
 
 
 

 

 

 

Figure 2.1: The relationship between the heat of hydration and the pozzolan content in 
cement (Kumar et al 1993). 
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2.5.2 POZZOLANIC REACTION EFFECT ON THE STRENGTH DEVELOPMENT OF MORTAR 
 
The strength development of mortar containing a pozzolan is generally slower than that of 
pure Portland cement during the early stages of hydration. This is due to the slow rate of the 
pozzolanic reaction in that the extenders must wait for CH production from the Portland 
cement before the pozzolanic reaction can take place. However, late strength is enhanced 
due to the pore refinement associated with a pozzolanic reaction (Kumar et al 1993), the 
increase in C-S-H and the consumption of Ca (OH)2.  
 
2.5.3 POZZOLANIC REACTION EFFECT ON MORTAR DURABILITY 
 
The pozzolanic reaction causes an increase in strength of the cement paste at the interfacial 
zone due to the process of pore-size and grain-size refinement. This increases the 
impermeability of the sample matrix and improves durability. The reduction of permeability 
and Ca (OH)2 content due to pozzolanic reaction enhance mortar resistance to ingress of 
moisture and dangerous chemical agents. Indeed, combinations of high-alkali Portland 
cement with pozzolan enhance reduction in expansion due to alkali-aggregate reaction 
(Kumar et al 1993). However, these alkalis are harmless if they are insoluble in the high-pH 
environment of Portland cement samples. Some types of pozzolanic material are also able to 
promote resistance to alkali-silica reaction (Ekolu et al 2006).  
 
2.6 PROPERTIES OF FRESH MORTAR 
 
The engineering properties of mortar can be divided, namely into two sections: properties of 
fresh mortar and properties of hardened mortar. Indeed, properties of fresh mortar are those 
that affect the mortar’s ability to be transported, handled, placed, and finished and these 
must be of satisfactory quality to enable hardened mortar to be strong and durable. 
Furthermore, mortar must be uniform throughout a batch and between batches whilst also 
being able to be easily mixed and transported. The mortar must be able to flow adequately 
to fill casting forms and be able to be easily compacted fully without the need to exert 
excessive energy. Finally, it is important that the mortar does not segregate during placement 
or indeed compaction, so that it can be properly finished through means of trowelling or 
within the formwork. It is important to note that it is the workability, segregation and bleeding 
which influence the overall strength and durability of fresh mortar samples. 
 
2.6.1 WORKABILITY OF FRESH MORTAR 
 
The ability of mortar to flow freely in formwork without segregation, relating to the 
consistency of the cement is known as the workability, and the more workable a mortar 
sample is, the easier it is to be transported, placed, and finished without segregation. The 
type of structure, placement and degree of compaction influences the level of workability 
desired in a particular application, for instance, mortar which needs to be placed in a high 
reinforced congested area must be more workable than in the case of mass mortar 
production. In this instance compaction helps in the process of eliminating entrapped air and 
this in turn can overcome the friction between individual particles in the cement.  
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The water content of a mix greatly affects workability, in that the higher the water content 
present, the greater the sample consistency. Additional important factors which affect fresh 
sample workability are aggregate presence, size and characteristics, mortar content, cement 
type and admixture.  
 
Mortar mixtures with high consistency are vulnerable to segregation (non-uniform mix) and 
bleeding (appearance of water on the surface of the sample after consolidation) whilst 
mixtures with too low a consistency will be difficult to place and compact. Indeed, highly wet 
mixes can lead to separation of coarse aggregate from the rest of the sample (Kumar et al 
1993). Consistency of a dry mix can be improved by adding a water-reducing admixture. The 
most universal method of assessing workability is by measuring a samples consistency 
through the Slump test whilst the workability of mortar can be assessed through the Flow 
test. 
 
2.6.2 SEGREGATION OF FRESH MORTAR 
 
The separation of mortar content constituents within a mix so that their distribution is no 
longer uniform is known as segregation. This is mainly due to differences in the specific 
weights of the constituents (Soroka 1979). This can be aggravated through careless handling 
and the use of inadequate methods of transporting and placing; mortar placed at a high 
distance and velocity may result in segregation.  
 
A large maximum particle size (>25mm) and a large proportion of aggregate contribute to 
segregation as well as fine aggregate having a low specific gravity and a decreased amount of 
coarse material. In addition, increased irregular shape or rough texture and mixes that are 
too dry or too wet can also contribute (Donahue 2004).  
 
2.6.3 BLEEDING OF FRESH MORTAR 
 
The rise of water onto the surface of cast cement as the solid materials settle to the bottom, 
is known as bleeding. Mild bleeding is normal for high quality mortar samples as it can prevent 
the sample from drying out prior to complete hydration but excessive bleeding is deleterious 
to the sample structure as the mortar will become porous, weak, and non-durable as a result 
(Neville 1981).  
 
Weak zones can arise, and bond strength can be reduced if bleeding water accumulates 
beneath large aggregate or underneath reinforcing steel. Furthermore, plastic shrinkage may 
also result if the bleeding water evaporates more than bleeding rates, typical in hot or dry 
weather conditions. In this case, paste at the surface does not adequately hydrate leading to 
dusting and reduced durability of the wearing surface (Donahue 2004). External 
manifestation can be described as the rising of water in the internal channel within mortar, 
carrying along cement and fine particles and depositing them in the form of scum on the 
sample surface. This phenomenon is known as laitance and can result in weak, porous 
surfaces that are prone to dusting (Kumar et al 1993).  
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By modifying the mortar mix in various ways, bleeding can be reduced, and the detrimental 
effects inhibited. First of all, cement fineness can be increased or an alternative pozzolan or 
finely divided extender can be used. Also, an increased hydration rate by using cements with 
high alkali content or high C3A content could be considered, or the use of an air entrainment 
admixture could be applied. Finally reducing the water content of the mix can be efficient in 
preventing bleeding although a volume which allows adequate workability will need to be 
maintained.  
 
2.7 PROPERTIES OF HARDENED MORTAR 
 
The strength of hardened mortar is an important parameter for sample design and notably it 
indicates the samples’ ability to resist stress. Strength indicates the overall view of sample 
quality and consequently is considered as the foremost property of a mortar sample, however 
in certain cases durability and impermeability may be as equally if not more important. The 
strength of the cement has an important influence on overall mortar strength, the formation 
of C-S-H gel due to the hydration reaction when water is added to cement, is responsible for 
the strength development.  
 
2.7.1 COMPRESSIVE STRENGTH OF HARDENED MORTAR 
 
Different forms of strength measurements can be determined by subjecting the mortar 
sample to compressive, tensile and shear tests. Compressive strength is the most commonly 
used sample design parameter out of the aforementioned tests. The relationship between 
tensile and compressive strength does not have a specific pattern, this is due to the 
knowledge that the factors affecting strength do not affect tensile and compressive strength 
to the same degree (Addis 1994).  
 
Clinoptilolite has been found to enhance late compressive strength of mortar mixes when 
used as a partial substitute to Portland cement, despite slightly reducing the early strength 
(Poon et al 1999) and (Canpolat et al 2004). This is similar behaviour to other pozzolanic 
materials such as slag and fly ash (Vagelis 2000) and (Targana et al 2002). This however is in 
contrast to silica fume, which causes an early strength increase rather than decrease. These 
varied effects are attributed to the slow pozzolanic reactions of fly ash, slag, and zeolite at 
early stages and large pozzolanic contribution of silica fume at these early ages (Toutanji et al 
2004). 
 
The pozzolanic reactivity of clinoptilolite has previously been found to be higher than that of 
fly ash but lower than that of silica fume (Poon et al 1999) highlighting that zeolite-based 
mortar sample mixes may have higher early strength than fly ash equivalents. However, since 
natural zeolite has a greater surface area, higher water absorption ability, a need for more 
water or superplasticizer to maintain slump and an early strength decreasing effect when 
used at high percentage proportions, modification of the zeolite is needed such that the 
cation exchange of the modified product is increased and this in turn gives better results when 
zeolite is used as a cement improver (Quanlin and Naiqian 2005).  
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The use of modified mordenite as conversion-preventing additives for inhibition of hydro 
garnet formation in high alumina cement can effectively prevent strength reduction in high 
alumina cement mortars when used in quantities between 12-50% by mass of high alumina 
cement (Yan et al 1996). The modified mordenite derived from immersion of mordenite in 
2M ammonium chloride (NH4CI) solution gave the same effect on sample strength as natural 
mordenite with less than 5% dosage of modified mordenite used (Quanlin and Naiqian 2005). 
The chemical composition (%) of the mordenite can be seen in Table 2.4.  The strength of any 
mortar sample is generally dependant on the cementitious mix, the bond between mortar 
and fine aggregate, the strength of fine aggregate and the presence of micro cracks and pores 
in the sample. Consequently, the factors affecting cement strength will invariably affect 
mortar strength.  
 
Table 2.4 Chemical composition of mordenite 
 

 
 
2.7.1.(1) INFLUENCE OF POROSITY 
 
There is an inverse relationship between porosity and strength of a mortar mix (Soroka 1979), 
(Kumar 1993) and (Addis 1994). The relationship is expressed in Equation 2.7 below: 
 
 S = SOe-kp    (2.7) 

 
S = Strength of sample at given porosity p 
So = Strength of sample at zero porosity 

K = Constant, which depends on the type of cement, age of the sample and other factors 
 
This relationship can also be observed in other materials such as iron, plaster of Paris and 
zirconia. Typical results for the various materials can been in Figures 2.2 and 2.3. The general 
pattern establishes that porosity is an important factor that affects strength of materials, and 
it explains why samples of low porosity display high strength.  
 

Mordenite Chemical composition (weight %) 

SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O LOI 

68.42 11.78 1.61 3.12 1.12 - 2.16 0.62 9.49 
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Figure 2.2: Porosity-strength relation in zirconia, iron, plaster of Paris and sintered alumina 
(Kumar et al 1993). 
 

 

 

 

 

 

 

 

 

Figure 2.3: Porosity-strength relation in normally cured cements, autoclaved cements and 
aggregates (Kumar et al 1993). 
 

 
The strength of the interfacial transition zone at any point depends on the volume and the 

size of the voids present (Kumar et al 1993). However, it has been observed that the effect of 

porosity on sample strength is mostly based on the volume of pores and not the pore size or 

their continuity (Hearn et al 1994). In summary, the presence of pores and cracks contribute 

to the overall porosity of the sample and thus effect the overall strength. 

 
2.7.1 (2) INFLUENCE OF PASTE-AGGREGATE BOND 
 
The bond between the paste matrix and the aggregates significantly influences the strength 
of mortar samples. Since the bond strength between paste and aggregate is less than the 
paste strength, failure tends to occur from the paste-aggregate interface rather than the 
paste itself. 
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Indeed, at the initial stage of hydration, the volume and size of voids based at the interfacial 

zone is greater than that in bulk mortar. However, as hydration increases, the volume and 

size of voids decrease at the interfacial zone due to filling by C-S-H gel and the reduction of 

the concentration of Ca (OH)2 at the interfacial zone. Ca (OH)2 reduces adhesion capacity at 

the zone (Neville 1981). 

Reduction in the volume and size of void results in dense mortar with improved strength 
whereas the presence of micro cracks at the interfacial zone results in decreased strength. 
Factors including aggregate size, W/C ratio, degree of hydration, cement content and curing 
condition all affect the presence of micro cracks at the interfacial zone.  
 
2.7.1 (3) INFLUENCE OF WATER/CEMENT RATIO 
 
The most important factor when considering the strength of a mortar sample is the 
water/cement ratio adopted in the mix, this is due to the effect on the porosity of the 
hardened paste as hydration progresses. Indeed, the strength of the sample is a function of 
the strength of paste and the strength of the aggregate-paste bond of which the W/C ratio 
affects both factors. The quantity of water used affects the rheology of the mixture as well as 
the cohesion between the paste and the aggregate which influences the overall strength of 
the mortar. In addition, the quantity of water has an overall effect on volume since the volume 
of the wet paste is the sum of the volume of the anhydrous cement and the mixing water.  
 
If the effect of aggregate on the strength of a sample is ignored and the same degree of 
hydration and compaction are undergone, sample strengths can be determined solely by the 
W/C ratio according to Abram’s law, which gives the following expression: 
 

S = A / BW 
 

S = Strength 
W = Water/cement ratio (W/C) 

 
A and B are constants which depend on the properties of aggregate, such as type of cement 

and weight (Neville 1981). Typically, A = 96.5266 MPa and B = >1 (Popovics 1998). 
 

It is important to note that this law is valid on the basis of full compaction taking place. An 
increase in the W/C ratio beyond a certain value, results in an increase in porosity and a 
weakening of the mortar sample matrix. On the other hand, below a certain W/C ratio value 
the expected increase in strength does not occur because limited water is available for 
complete hydration and therefore a reduction in strength occurs. The relationship between 
the W/C ratio and compressive strength is shown in Figure 2.4. 
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Figure 2.4: The relationship between logarithm of strength and W/C ratio (Neville 1981). 
 

2.7.1 (4) INFLUENCE OF CHEMICAL ADMIXTURES 
 
A chemical admixture is defined as a ‘material other than aggregate, cement and water, which 
are added to the sample batch, immediately before or during mixing’ (Kumar et al 1993). 
These admixtures influence the setting time, rate of hydration and hardening, capillary 
porosity, sample density, microscopic structure, durability, and overall strength. This 
influence on strength however varies, depending on the chemical composition of the cement 
and the type of admixture being used. Examples of chemical admixtures that affect strength 
include retarders, accelerators, water-reducing agents (WRA), air entraining mixtures and 
extenders. In the case of retarders, a temporary inhibition of setting time occurs as they 
reduce the rate of cement hydration and rate of strength gain at early ages, but they generally 
do not adversely affect the ultimate strength. Indeed, most retarders are based on sugars or 
soluble salts of zinc. 
 
Accelerators, such as calcium chloride (CaCI2) and sodium chloride (NaCI), increase the rate 
of hydration and rate of strength gain during early ages. However, it should be noted that 
chloride-based accelerators are no longer used in certain applications such as in reinforced 
concrete as they can contribute to steel corrosion. 
 
Water-reducing agents are classed as surfactants which develop charges at the cement 
particle surface for the repulsion of water molecules. This in turn leads to a high workability 
for a given mix or can allow for the W/C ratio to be reduced whilst maintaining the same 
workability level. Air entrainment is used to incorporate voids in the concrete matrix which is 
usually applied for freeze-thaw resistance for cementitious samples subjected to cold 
climates or to withstand severe winter conditions. A percentage range of 5-8% of air 
entrainment is typically used to minimise adverse effects on sample strength and durability. 
 
It is important to note that extenders, when used as a partial replacement to cement, can 
increase the tensile and improve the ultimate strength of a mortar sample (Kumar et al 1993). 
However, extenders also usually exhibit a reduction in the early strength of a sample. 
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2.7.1 (5) INFLUENCE OF DEGREE OF HYDRATION 
 
The degree of hydration can be considered as a measure of the amount of water required to 
cover the surface of the CSH gel with a mono-molecular layer (Vm) as a proportion of the 
original mixing water (Wo), that is Vm / Wo measures the degree of hydration. The relationship 
between the compressive strength of cement paste and Vm / Wo can be seen in Figure 2.5. 
 
 
 
 
 
 
 

 

 

 

 

Figure 2.5: The compressive strength of cement paste plotted against Vm / Wo (Soroka 
1979). 
 
During the hydration process, C-S-H gel is formed, and the layer encapsulates the hydrating 
cement grains, this process ultimately is responsible for strength development. Chemical 
compounds of cement, most notably C3S and C2S, form the C-S-H gel. The degree of hydration 
is dependent on the density and thickness of the C-S-H gel formed, in that the denser and 
thicker the C-S-H gel layer, the lower the subsequent rate of hydration. These events in turn 
have a bearing on the overall degree of hydration (Soroka 1979).  
 
The effect on capillary porosity can highlight the significance of the degree of the hydration 
as capillary porosity decreases with an increase in the degree of hydration which results in an 
increase in strength. Factors which affect the degree of hydration include the age of paste, 
type of cement characterised by the compound composition and fineness, admixtures, and 
the temperature of curing. 
 
 
2.8 THE DURABILITY OF MORTAR 
 
The ability for a mortar sample to be serviceable and withstand environmental conditions 
without major deterioration throughout its design period is referred to as the durability. 
Serviceability can be affected by internal causes such as alkali-aggregate reaction, sulphate 
attack, volume changes within the sample components and permeability. Deleterious 
environmental effects on the sample can include weathering, abrasion, exposure to high 
temperatures, ingress of chemicals and/or gases and these factors can be a result of natural 
occurrences. Consequently, durable samples must be dense and impermeable to liquids and 
gases and possess high intrinsic resistance to external penetration of ionic species such as 
sulphates and chloride (Osbourne 1999). 
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Indeed, durability is of great concern to researchers because it determines the length of the 
life of sample structures in that many structural failures can be attributed to poor durability 
(Canan 2003). The use of cement extenders or pozzolanic material in cementitious mixtures 
can improve the durability (Tarun et al 1994) and (Bai et al 2002). The durability of is directly 
related to the type, size and quantity of pores present (Ha-Won and Seung-Jun 2007). A 
decrease in final permeability, reduction in sorptivity, higher resistance to sulphate attack and 
a reduction in carbonation depth of blended samples occur due to pore refinement as a result 
of the addition of cement extenders (Banthia 1989). Indeed, permeability, sorptivity, sulphate 
attack, alkali-aggregate reaction and carbonation are all important properties which can 
affect the degree of durability.  
 
2.8.1 PERMEABILITY AND SORPTIVITY 
 
Permeability is considered a major property for determining a samples durability and it 
measures the rate of flow of water through continuous pores at a given pressure and 
temperature (Banthia 1989) and (Tarun et al 1994). Indeed, a highly permeable sample is 
vulnerable to deleterious attacks such as frost damage and reinforcement steel attacks by 
corrosive agents. This is in difference to sorptivity, which measures the volume of open pores 
accessible to water by capillary suction (Soroka 1979). It is important to note that despite the 
difference in function both permeability and sorptivity are porosity related properties. 
 
Porosity allows the movement/transport of water and other substances, which can then in 
turn cause deterioration. This transportation is aided by the pore structure of the sample, 
exposure condition and the characteristics of the diffusing substances (Gonen and Yaziioglu 
2007). Incorporating cement extenders in mortar and sample mixes can improve both the 
permeability and sorptivity in the samples.  
 
Indeed, cement mixes incorporating 10% glass powder and 10% fly ash have a lower moisture 
intake compared to those without such additions (Schwarz et al 2008). These results were 
obtained from mix samples subjected to a one-dimensional moisture intake test after moist 
curing for 90 days. In addition, the 50% fly ash cement mixture reduced air, water, and 
chloride ion permeability relative to the plain Portland cement when cured beyond 91 days 
(Tarun et al 1994).  
 
Furthermore, increasing the metakaolin (MK) content of Portland cement – pulverised fuel 
ash – metakaolin (PC-PFA-MK) system in a water-cured mix reduced the sorptivity value 
compared to the control mix of Portland cement. More recently researchers have given 
attention to developing index tests that could be used to quantify the potential durability of 
a cementitious sample. Such tests include oxygen permeability and water sorptivity tests and 
despite the existence of different methods of testing, the concept has stayed the same 
(Nambair and Ramamurthy 2007) and (Schwarz et al 2008). 
 
A gas permeability test involves the forceful passage of gas through mortar and concrete 
samples such that it passes through the continuous pores of the samples. In contrast, the 
sorptivity test involves the absorption and transmission of water by the samples, through 
capillary action, the rate of which is dependent on the degree of saturation of the samples.  
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Indeed, the primary transport mechanisms through which chloride and sulphate ions ingress 
concrete are through diffusion and capillary action and thus this is an important test (Martys 
and Ferraris 1997).  
 
2.8.1 (1) INFLUENCE OF CURING 
 
Curing condition is critical to the durability properties of mortar samples (Gopalan 1996). 
Indeed, water-cured samples exhibit lower sorptivity and permeability than air-cured or 
steam-cured alternatives (Neville 1981) and (Bai et al 2002). There is a direct relationship in 
that the longer the curing period, the smaller the sorptivity and permeability of the sample. 
This indicates that the additional curing reduces the pore size and volume (Martys and 
Ferraris 1997). Hydration is responsible for the reduction of pore size and improvement of 
sample durability and sufficient curing is needed for complete hydration to occur. It is also 
important to note that extenders require a longer curing period than cement for complete 
pozzolanic reaction to occur (Soroka 1979). 
 
2.8.1 (2) INFLUENCE OF PORE STRUCTURE 
 
The rate of ionic transport is influenced by the pore size distribution of a sample in that a 
continuous pore structure of cement paste will lead to high porosity and high permeability. 
The interconnectivity of micro cracks and pores in the paste matrix and at the interfacial zone 
are responsible for pore continuity. Consequently, sufficient hydration is important in 
reducing a continuous pore system. 
 
2.8.1.(3) INFLUENCE OF WATER/CEMENT RATIO 
 
The porosity of a sample, which is central to the permeability and sorptivity tests is a function 
of the W/C ratio of the mixture. It can be seen in Figure 2.6 that at a high W/C ratio, the 
coefficient of permeability increases due to the continuity of capillary pores within the 
cement paste. On the other hand, these capillary pores are discontinuous at a low W/C ratio, 
specifically, less than 0.6. 
 
 
 
 

 

 

 

 

 

 

Figure 2.6: The relationship between the water/cement ratio and the coefficient of 
permeability of cement paste (Soroka 1979). 
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2.8.1 (4) THE INFLUENCE OF EXTENDERS 
 
The pore structure in a cementitious sample can be refined in reducing permeability and 
sorptivity through the addition of cement extenders. Silica fume can cause a decrease in 
permeability in a sample mix due to pore refinement by the extender (Banthia 1989). Indeed, 
the finer the grain size of the extender, the higher the tendency to serve as a filler in the 
sample matrix and help in the refining of the pore structure. Not only do the extenders exhibit 
a pozzolanic effect, but they also additionally result in the blockage of pore channels and 
consequently result in the reduction of permeability and sorptivity (Banthia 1989). 
 
2.8.1 (5) THE INFLUENCE OF DEGREE OF HYDRATION 
 
The pore structure of a sample at a given time is determined by the degree to which hydration 
has taken place during a particular time interval. The typical pore size in the cement paste 
matrix is reduced through hydration and consequently the sorption of water is slowed down 
(Martys and Ferraris 1997). Furthermore, the coefficient of permeability decreases with an 
increase in the degree of hydration (Banthia 1989).  
 
2.8.2 SULPHATE ATTACK 
 
One of the most aggressive environmental factors that affects long term durability of mortar 
structures is sulphate attack (Nabil 2006). Indeed, sulphate attack is caused by the reaction 
of sulphate ions with calcium hydroxide and calcium aluminate hydrate to form ettringite and 
gypsum. These products are voluminous and can result in cracking, expansion, and 
deterioration of structures when formed after cement has hardened (Torri et al 1995) and 
(Salah 2007).  
 
Leaching of calcium compounds and degradation of C-S-H can occur from sulphate attack as 
well as overall deterioration of the cement paste matrix (Nabil 2006). The incorporation of 
extenders (pozzolans) in mortar mixes have been shown to increase sulphate resistance. 
(Osbourne 1999), (Rodriguez-Camacho and Uribe-Afif 2002) and (Courard et al 2003). 
 
The consumption of calcium hydroxide produced during hydration by cement extenders and 
decreased presence of C3A due to reduced quantity of cement content when the extender is 
incorporated (Rodriguez-Camacho and Uribe-Afif 2002) can help in increasing the resistance 
of a sample to sulphate attack, due to the reduction of gypsum and ettringite formation within 
the cementitious system.  
 
Sulphate attack can occur internally due to the sulphate content of the cement, or externally 
due to the exposure of the concrete to a sulphate environment. Indeed, both forms of 
sulphate attack are manifested by the expansion and cracking of concrete. The formation of 
gypsum and ettringite are a function of sulphate attack (Omar 2002), gypsum formation 
results in the degradation of hydrated cement paste, characterised by the softening of the 
cement matrix which in turn causes a reduction in the cross-sectional area of the structural 
component and strength due to a loss in cohesion. Ettringite product formation, tricalcium-
sulfo-aluminate, results in expansion and cracking when reactive hydrated aluminate phases 
are attacked by sulphate ions. Factors that affect sulphate attack are discussed below:  
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2.8.2 (1) THE INFLUENCE OF CEMENT TYPE 
 
Sulphate ions can be introduced into a cementitious mix from internal sources, a cement type 
with a high content of C3A will exhibit a low resistance to sulphate attack. If the C3A content 
is more than 5%, most of the alumina it contains will be in the form of monosulphate hydrate, 
(C3A.CS.H18) or (C3A.CS.H12). If the C3A content is more than 8% the hydration product will also 
contain hydrogarnet, (C3A.CH.H18) or (C3A.CH.H12). 
 
Alumina containing hydrates will be converted to ettringite, which generates excessive 
expansion in hardened cementitious mixes when cement paste comes contact with sulphate 
ions in the presence of moisture. The resulting reactions can be seen in Equations 2.8 and 
2.9.  
 
 
C4ASH12 + 2CSH2 + 16H = C6AS3H32 (ettringite)     (2.8) 
 
C4AH13 + 3CSH2 + 14H = C6AS3H32 (ettringite) + CH     (2.9) 
 
High content of C3S in cement is essential for early strength development, whilst also 
producing high quantities of calcium hydroxide as a by-product of hydration. Indeed, CH will 
aid gypsum formation when exposed to sulphate ions (Al-Dulaijan et al 2003).  
 
 
2.8.2 (2) SULPHATE TYPE AND CONCENTRATION 
 
With an increase of the concentration of sulphate, deterioration of a sample due to sulphate 
attack tends to increase (Omar 2002). However, the rate of increase in intensity of the attack 
becomes smaller when beyond 0.5% of magnesium sulphate (MgSO4) or 1% of sodium 
sulphate (Na2SO4) (Neville 1981). In the case of Na2SO4 attack, formation of sodium hydroxide 
(NaOH), a by-product of the reaction, causes continuation of high alkalinity within the system 
which reduces sulphate attack and is essential for the stability of the ettringite. On the other 
hand, in the case of MgSO4 attack, gypsum formation is accompanied by the simultaneous 
formation of magnesium hydroxide (Mg (OH)2, which is insoluble and causes a reduction in 
the alkalinity of the system. The C-S-H is no longer stable in the absence of hydroxyl ions in 
the solution, and it is attacked by the sulphate solution (Kumar et al 1993). Consequently, the 
attack by magnesium is more severe than the sodium hydroxide.  
 
2.8.2 (3) THE EFFECT OF WATER/CEMENT RATIO ON SULPHATE ATTACK 
 
The water/cement ratio, by affecting the ingress of sulphate ions into a mix, has a great 
influence on the sample permeability.  A low W/C ratio leads to dense and less porous cement 
when sufficiently cured resulting in a more refined pore structure which in turn decreases the 
diffusion of sulphate ions and other deleterious agents into the sample. An increase in cement 
content reduces the W/C ratio and leads to less permeability with improved sulphate resisting 
properties. The effect of W/C ratio on the rate of deterioration of cementitious samples 
exposed to sulphate bearing soils can be seen in Figure 2.7. 
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Figure 2.7: The effect of W/C ratio on the rate of deterioration of concrete exposed to 
sulphate-bearing soils (Soroka 1979). 
 
 

2.8.2 (4) EFFECT OF POZZOLANS ON SULPHATE ATTACK 
 
The formation of secondary calcium-silicate-hydrate as a product of the Pozzolanic reaction 
between calcium hydroxide and Pozzolans helps in increasing the resistance of a cementitious 
structure to sulphate attack (Omar 2002) and (Sideris et al 2006) firstly because the 
consumption of calcium hydroxide reduces the formation of gypsum. In addition, the 
reduction in the quantity of cement used by replacing part of it with a pozzolanic material 
leads to a reduction in C3A content. The formation of C-S-H produces a coating around the 
reactive phases, thereby hindering the formation of secondary ettringite, furthermore, the 
formation of secondary C-S-H results in a denser and impermeable sample, reducing the 
ingress of sulphate ions.  
 
2.8.2 (5) ALKALI-AGGREGATE REACTION 
 
Chemical reactions involving alkali and hydroxyl ions originating from the cement paste and 
various reactive siliceous minerals that are present in certain aggregates can result in the 
cracking of a cementitious sample. The most common form is the alkali silicate reaction (ASR), 
by silica-based reactive phases with the other form known as an alkali-carbonate reaction. 
The mode of attack involves the breakdown of the silica structure of the aggregate by 
hydroxyl ions derived from the alkalis sodium oxide (Na2O) and potassium oxide (K2O) in the 
cement (Neville 1981). This is then followed by the formation of the alkali-silicate gel and 
alteration of the borders of the aggregate. Expansion and cracking occur as a result of the 
alkali-silicate gel imbibing water which accounts for its mobility from the interior of the 
aggregate particles to the micro-cracked part of the aggregate and the cement. The typical 
crack pattern of ASR is irregular, characterised by map cracking.  
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The ASR reaction involves the slow diffusion process of anions and cations into the aggregate, 
occurring after much of the available Ca2+ ions are already bound into the cement hydration 
product, consequently, free Na+ and K+ ions are more readily available than Ca2+ ions to 
balance out SiO- groups. The resulting alkali-silica gel is loosely structured and can imbibe 
water easily, causing expansion, the extent of which depends on the amount of size and the 
type of reactive aggregate present, and the chemical composition of the alkali-silicate gel 
formed. Both hydroxyl and alkali-metal ion presence are necessary for the expansive 
phenomenon (Kumar et al 1993). 
 
The effect of cement extenders on the alkali-silicate reaction has been reviewed by a number 
of researchers, it has been shown that the effective replacement levels of supplementing 
cementing materials in reducing expansion due to ASR are 15% or greater, for the condensed 
silica fumes: 20-30% for the natural pozzolans; 40-50% for the fly ashes; and 50-65% for the 
slags (Chen et al 1993). In addition, modified zeolite derived from immersion of natural zeolite 
in 2M ammonium chloride (NH4CI) solution, reduces expansion due to alkali-silicate reaction 
decreasing the concentration of soluble alkalis in pore solution (Quanlin and Naiqian 2005). 
Furthermore, it was suggested that alkali ions (Na + K) could be exchanged by the NH4

+ 
existing in the modified zeolite forming ammonium hydroxide (NH3.H2O) rather than 
participate in ASR.  
 
The alkaline content of fly ash is lower than that of CEM I, therefore, ASR occurs slowly and 
expansion can also be prevented by the reduction of soluble alkaline concentration and the 
pH of the pore solution due to pozzolanic reaction between fly ash and Ca (OH)2 (Ilker et al 
2008). It was concluded from the study that usage of more than 20% fly ash is required to 
improve ASR resistance. Avoiding reactive aggregate, the use of low-alkali cement, the use of 
chemical additive and the partial replacement of high-alkali cement by supplementary 
cementing material are all used to control harmful ASR expansion. (Chen et al 1993). Factors 
controlling expansion due to alkali-aggregate reaction are discussed below:  
 
2.8.2 (5) [1] ALKALI CONTENT IN CEMENT 
 
When used in combination with an alkali-reactive aggregate, cement that contains no more 
than 0.6% Na2O can exhibit significant expansion due to the alkali-aggregate reaction (Kumar 
1993). Indeed, if a very high content of cement is used in the mix, then the case will be much 
worse. The alkalinity of the pore solution and to what extent the reaction with a reactive 
aggregate will occur, is determined by the alkali content of the cement and the cement 
content of the concrete (Addis 2001). The higher the alkali contents in the cement, the greater 
the expansion when used with a given reactive aggregate.  
 
2.8.2 (5) [2] ADMIXTURES 
  
In most slags and natural pozzolans the alkalis present are acid insoluble and not available for 
reaction with aggregate (Kumar 1993). Pozzolans can be added to the cementitious mix to 
reduce the alkali content in cement, indeed, the use of pozzolanic admixtures can also result 
in the formation of less expansive alkali-silicate products with a high silica/alkali ratio. 
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Certain pozzolans however, can promote ASR reactions, for instance volcanic ash reduced 
mortar ASR to 0.02% when used at 20% replacement of cement and cured for 14 days (Ekolu 
et al 2006). The expansion value was much less than the required 0.06% according to ASTM 
C-618 and it was also observed that Ugandan tuff increased ASR expansion, notwithstanding 
the proportion of tuff used in the mixtures.  
 
2.8.2 (5) [3] AGGREGATE TYPE 
 
Dense aggregate with sufficient alkali-reactive constituent aids deleterious expansion as 
porous aggregate will have enough void space to accommodate the expansive gel that 
develops (Addis 1994). The reactivity of aggregates from different geological formations is 
different and as such each aggregate should be ascertained individually before use. 
 
2.8.2 (5) [4] EXPOSURE OF SAMPLE 
 
Expansive ASR is encouraged through high temperatures, continual dampness, and the 
exposure to moisture. In addition, if leaking joints are left unrepaired, deleterious ASR 
expansion may be even further promoted. Indeed, any environmental condition that prevents 
the cementitious material from drying out and the internal humidity dropping below the 
critical value will create room for deleterious ASR expansion to occur (Addis 1994).  
 
2.8 (3) CARBONATION 
 
The reaction of dissolved Ca (OH)2 in the sample pore solution with the atmospheric carbon 
dioxide (CO2) to form calcium carbonate (CaCO3) and water (H2O) as shown in Equation 2.10 
is known as carbonation. 
 
Ca (OH2) + CO2 = CaCO3 + H2O        (2.10) 
 
This reaction causes a reduction in the pH of the pore solution from 12.6 to less than 9 (Lo 
and Lee 2002) and (Ha-Won and Seung-Jun 2007) and contributes to the corrosion of steel in 
carbonated concrete by destroying the passivation layer of the steel (Atis 2003). This process 
occurs progressively as the carbonation front moves through the sample until it reaches the 
steel. The change in capillary pore structure due to consumed hydrates and CaCO3 formation 
is the main influence on the degree of carbonation effect on a cementitious sample (Ha-Won 
and Seung-Jun 2007).  
 
The concentration gradient of CO2 that is being diffused into the pore system determines the 
carbonation rate. Indeed, the concentration gradient of CO2 is affected by the sample 
porosity, time of curing, type and amount of cement and the type and quantity of pozzolanic 
additions (Gonen and Yaziioglu 2007). Furthermore, an increase in the W/C ratio also 
increases the carbonation depth (Neville 1981). 
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Relative humidity is crucial in studying the process of carbonation, as shown in a study on the 
accelerated carbonation of blast-furnace cement (Ceukelaire and Nieuwenburg 1993). 
Indeed, the maximum carbonation rate was observed at a relative humidity level of 50%. In 
addition, the effects of initial curing on the depth of carbonation using material consisting of 
W/C ratios 0.38, 0.48 and 0.54, water-cured and air-cured for 28 days before being exposed 
to 2% concentration of carbon dioxide for 30, 60 and 90 days have been investigated (Lo and 
Lee 2002). 
 
The water-cured samples were found to exhibit lower carbonation depth than the air-cured 
samples at early ages, but the difference diminished and became stable after 3 months 
regardless of the W/C ratio used. It was found that cement subjected to low humidity does 
not react with carbon dioxide because there is insufficient water for the material to dissolve, 
whilst the penetration of CO2 into saturated cement under conditions of high humidity is 
difficult. Indeed, this diffusion of CO2 is greatly dependant on the pressure differential when 
the concentration of CO2 outside the sample is high with the optimum conditions for the 
carbonation process being in the humidity range of 50-70%. 
 
Furthermore, the effect of curing on cementitious sample carbonation was investigated using 
cement with fillers (CPJ 45) containing 75% of clinker and 25% of limestone fillers to produce 
samples (Balayssac et al 1995). Water/cement ratios of 0.48, 0.53, 0.61 and 0.65 were 
adopted in the study with the samples being water-cured for 1, 3 and 28 days before being 
exposed to 3% CO2 for 90, 180, 360 and 540 days. The effect of curing is dependent on the 
W/C ratio with the lower ratio resulting in a shorter curing period for reduced carbonation.  
 
Mortar with a W/C ratio of 0.65 showed more significant carbonated depths than others, for 
3- and 28-day curing periods. Carbonated depths of between 10 and 15mm were observed at 
18 months with a 24-hour curing period. By increasing the curing period from one to 3 days 
for mortar with cement content higher than 380 kg/m3, W/C ratio of below 0.53, this was 
found to be sufficient although for others the duration of curing must be longer.  
 
The carbonisation-resistance properties of super-pulverised blast-furnace slag binder pastes 
have been shown to be superior to pastes made with original blast-furnace slag (Xiong et al 
2004). Two paste samples were prepared by replacing ordinary Portland cement with 
pulverised blast-furnace slag and original blast-furnace slag and the samples were exposed to 
20% carbon dioxide after being water-cured for 27 days and later cured in saturated sodium 
bromide (NaBr) solution for another 5 days. The formation of a dense paste structure and the 
production of lower Ca (OH)2 observed with the super-pulverised blast-furnace slag binder 
pastes reduced the diffusion of CO2 and the extent of its reaction in hardened binder pastes 
containing super-pulverised blast-furnace slag.  
 
In addition, the carbonation depth of blended cements has been shown to be greater than 
that of plain cement mixtures at all ages (Sideris et al 2006). Two Greek natural pozzolans of 
volcanic origin, milo’s earth (ME) and skydras’ earth (SkE) and two lignite fly ashes, megalopoli 
(MFA) and ptolemaida (PFA) were used in the study. The mixing of cement clinker, pozzolanic 
material in proportions of 10%, 20% and 30% and gypsum took place except for the PFA where 
gypsum was not added. Indeed, for the PFA, proportions of 30%, 40%, 50% and 60% were 
used.  
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To keep the mixtures’ fluidity constant, different water/binder ratios were adopted, and the 
mortar samples were cured in a room with a relative humidity of 95-98% and temperature of 
21 ± 2oC for 28 days. The samples were then exposed to CO2 concentration of 354ppm in a 
laboratory environment with a relative humidity of 50-60% and a temperature of 21 ± 2oC. 
The mortar samples were then tested for carbonation at 12 and 24 months after exposure to 
CO2 and it was reported that the rate of carbonation was greater with the plain mixture and 
reduced as the pozzolanic content in the mixture increased. Indeed, PFA had the smallest 
carbonation depth at all test ages which can be attributed to the internal source of CaO in the 
material and the increased fineness. The general behaviour of the pozzolanic materials used 
was attributed to the consumption of Ca (OH)2 available in the pore solution by the pozzolanic 
solution which yielded a smaller pH value and resulted in a higher carbonation depth at the 
early stages of hydration.  
 
Furthermore, it has been observed that carbonation resistance of pozzolanic mixtures in the 
case of fly ash and slag, is lower than that of pure concrete at an early curing age (Kritsada 
and Lutz 2007). In this case Portland cement concrete (CEM I 42,5R), blast-furnace slag 
concrete (CEM III-B) and fly ash blended concrete, in a proportion of 25% and 50% of cement 
weight, were used. Effective water/binder ratios of 0.42 and 0.6 were adopted and the 
hardened concrete samples were water-cured for 3, 7 and 28 days before being subjected to 
accelerated carbonation with 3% carbon dioxide after aging 5 months. It was also found that 
carbonation depth increased as a result of a corresponding increase of fly ash. If the curing 
period is extended from 3 to 28 days the carbonation depth of fly ash blended concrete is 
comparable to those of concrete made with CEM I, water-cured for 3 days.  
 
In summary, the rate and depth of carbonation is dependent on the concentration of CO2 and 
the moisture content of a sample and relative humidity of the ambient medium. In addition, 
porosity is an important factor as well as the time of curing and cement type and amount. 
Finally, the type and quantity of pozzolanic addition and the adopted W/C ratio also influence 
the carbonation depths of a mortar sample. 
 
2.9 SUMMARY AND CONCLUSIONS 

The quality and characteristics of cement go a long way in determining the lifetime of a mortar 

structure. Indeed, a lot of research has been conducted with the aim to improve the quality 

of mortar. Sample material of high quality is needed, if the structure is to be exposed to 

aggressive environmental conditions. Additional studies have been conducted in 

incorporating extenders into mortar mixes and it has been found that most extenders 

improve various properties of the mix, especially in the case of durability. In most cases, early 

strength is reduced but high replacement contents are used within optimal proportions. The 

use of an artificially produced zeolite admixture may be investigated to improve cement 

strength and its durability at the same time with little addition of the extender in the mix. 

Indeed, from the literature it is evident that modified pozzolans may have a significant effect 

on mortar properties, particularly in the case of compressive strength. It is clear from the 

literature however that little work has been carried out on the effect of synthetic zeolite 

pozzolans on mortar properties in contrast to the use of natural zeolite.  
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Indeed, literature is prevalent in the use of natural zeolite as a substituent material for cement 

in mortar and concrete. Such literature has highlighted the tendency of natural zeolites to 

combat the environmental and economic problems associated with the usage of high quantity 

of cement. It is additionally favourable that strength enhancement and durability 

improvements occur with such associated cement and concrete composites with the 

incorporation of natural zeolite. 

Despite the potential for decreased CO2 emissions in construction activity, there are few 
cement producers that commercialize the incorporation of zeolites in their composite 
material. The challenge to researchers and in extension the construction industry, is to 
develop a cement paste that utilises as larger quantity of zeolite as possible whilst being 
capable of equalising the effectiveness of Portland cement, ideally above 50%. With new 
methods of research being conducted for the synthesis and management of new materials, 
achieving a balance between the costs of production and the effectiveness of the resulting 
product is now edging closer to a reality.  
 
Silica fume and fly ash may be advantageous over zeolites in terms of mechanical 

performance, but the potential for production savings due to availability, resistance to 

carbonation, absorption of contaminants and hydration of mixture highlight the need for 

investigation into the development and implementation of such materials. In response to this, 

the present study investigates the effect of a range of synthetic zeolite admixtures on mortar 

mixes whilst also using a range of natural zeolites that have not been extensively researched 

in the replacement of cement. 

 

3.0 MATERIALS AND EXPERIMENTAL METHODOLOGY 
 
The experimental work conducted in this research programme was carried out in two phases. 
Phase one dealt with the initial studies on mortar properties, which included compressive 
strength and ultrasonic pulse velocity on samples with natural and synthetic zeolite 
incorporation at levels from 5% to 15% respectively. Phase two utilised the use of a range of 
complex analytical testing which included SEM, XRD and FTIR. Test procedures and materials 
used are presented in this chapter of the thesis. 
 
3.1 MATERIALS 
 
3.1.1 BINDERS 
 
In this study, ordinary Portland cement, natural and synthetic zeolites were used as respective 
binding materials. Natural zeolites were obtained from the collection of Professor Craig 
Williams at the University of Wolverhampton, United Kingdom, notably named chabazite, 
mordenite, natrolite and philipsite. In the case of synthetic zeolites, types 3a, 4a and 13x were 
selected for testing, obtained from Baltimore Innovations ltd whilst ordinary Portland cement 
CEM II 42,5N was sourced from Hanson Heidelberg Cement Group, United Kingdom 
confirming to (BSI 2011a). Cement data can be seen in Table 3.1. 
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Table 3.1 Technical data for Hanson Portland cement 
 

                 Property 

Filler content  6 - 20% 
Bulk density Fresh blown 900 – 1100 kg/m3 

 Settled 1100 – 1350 kg/m3 

 Compacted 1350 – 1450 kg/m3 

Chemistry CaO 60 – 70% 
(Main oxides) SiO2 15 – 25% 

 AI2O3 3 – 5% 

 Fe2O3 2.0 – 3.5% 

 MgO 0.5 - 1.5% 
Sulphate SO3 < 3.5% 

Chloride CI < 0.05% 

Declared mean alkali Na2Oeq < 0.75% 

Surface area  350-550 m2/kg 
Setting time  100 – 200 minutes 

Strengths 2 days 15 - 30 MPa 

 7 days 20 – 45 MPa 

 28 days 40 – 60 MPa 
 
 
3.1.2 NATURAL ZEOLITES 
 
A selection of four natural zeolite types were used as cementitious replacement in the 
creation of a series of mortar samples. 
 
3.1.2.1 CHABAZITE 
 
Chabazite is a very common zeolite with a hydrothermal origin, based on its association with 
basalts. Two main environmental formation zones for chabazite include continental zones 
with normal water drainage, known as hydrologic open systems, and saline lakes which are 
an example of hydrologic closed systems (Gottardi and Galli 1985). It is a hydrated sodium 
and calcium aluminosilicate mineral with the chemical formula seen below (Baerlocher et al 
2007: 96-97):  
 

(Ca,Na2)AI2SiO4O12.6H2O 
 

It’s rhombohedral crystals often appear glassy white or flesh-red and within the crystals, 
atoms of silicon, oxygen and aluminium are linked in a rigid, cage like three-dimensional 
network trans versed by open channels occupied by the ions of sodium, calcium, and water.  
 
Chabazite demonstrates cation-exchange properties due to the presence of aluminium atoms 
in place of silicon which in turn creates negatively charged sites in its structural framework 
(Tatomirovic and Radeka 2014). 
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3.1.2.2 MORDENITE 
 
One of the most abundant zeolites in altered volcanic deposits, mordenite commonly appears 
as a grouping of white, glassy needles. Its orthorhombic framework structure contains chains 
of five-membered rings of linked silicate and aluminate tetrahedra, four oxygen atoms 
arranged at the points of a triangular pyramid about a central silicon or aluminium atom. It is 
more resistant to attack by acids than other zeolites due to its high ratio of silicon to 
aluminium atoms. The chemical formula of the hydrated sodium, potassium and calcium 
aluminosilicate can be seen below (Baerlocher et al 2007: 218-219): 
 
     (Na2K2,Ca) AI2Si10O24.7H2O 
 
Mordenite is widely used in catalysis, separation and purification because of its uniform and 
small pore size, high internal surface area and flexible framework. Mordenite-type zeolites 
possessing high silica content are also preferred when reactions take place at high 
temperatures and where acidic compounds are involved (Xu et al 2012). 
 
 
3.1.2.3 NATROLITE 
 
Natrolite is known for its needle-like crystal habits and can display very brittle properties in 
acicular form. It can appear white, colourless, or light grey and has a high sodium content. 
The chemical formula of the zeolite can be seen below (Baerlocher et al 2007: 238-239): 
 
     Na2AI2Si3O10.2H2O 
 
Natrolite is commonly found in cavities and fractures in intermediate and basic magmatic 
rocks, particularly in volcanic rocks. The orthorhombic structure of the zeolite is characterised 
with chains of silicate tetrahedrons aligned in a single direction which in turn produces the 
needle-like crystals. The weaker bonds between the chains constitute the cleavage present in 
the system (Gottardi and Galli 1985).  
 
 
3.1.2.4 PHILIPSITE 
 
Philipsite is the zeolite primarily found in clay and volcanogenic sediments, in carbonate ooze 
and areas where slow sedimentation occurs. A monoclinic structure is observed, and the 
zeolite is characterised by a white or reddish physical appearance. The chemical formula of 
philipsite can be seen below (Baerlocher et al 2007: 262-263): 
 
     (Ca,Na2K2)3AI6SI10O32. 12H2O 
 
It is a mineral that habituates in vugs of large rocks. Formation is also possible at ambient 
temperature due to philipsite being a frequent component of deep-sea sediments (Gottardi 
and Galli 1985).  
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The chemistry of the four selected natural zeolites can be seen and compared in Table 3.2. 
 
Table 3.2 Chemistry content and weight (%) of the natural zeolites  
 

Compound Natural zeolite and associated compound weight (%) 

Chabazite Mordenite Natrolite Philipsite 

SiO2 47.56 66.06 47.60 46.03 

AI2O3 20.40 12.32 27.40 21.43 
FeO + Fe2O3 - - - 0.99 

MgO 0.20 0.36 - - 

CaO 10.52 3.02 0.13 5.73 

Na2O 0.32 3.86 15.36 3.13 
K2O 0.92 0.50 0.23 5.59 

H2O - - 9.47 17.22 

H2O+ 16.28 9.19 - - 

H2O- 3.44 4.68 - - 
 
 
 
3.1.3 SYNTHETIC ZEOLITES 
 
A selection of three synthetic zeolite types were used as a cementitious replacement in the 
creation of a series of mortar samples. The zeolites and chemical composition can be seen in 
Table 3.3. 
 
Table 3.3 Chemical composition of the synthetic zeolites  
 

Zeolite Composition Pore size 
(nm) 

3A 0.6 K2O: 0.4 Na2O: 1 AI2O3: 2± 0.1 SiO2: x H2O < 0.3 
4A 1 Na2O: 1 AI2O3: 2.0 ± 0.1 SiO2: x H2O < 0.4 

13X 1 Na2O: 1 AI2O3: 2.8 ± 0.2 SiO2: x H2O < 1.0 

 
(Gottardi and Galli 1985) 

 
 
3.1.4 AGGREGATES 
 
Building sand obtained from Hanson Heidelberg Cement Group, United Kingdom, was 
selected as aggregate in this research project. The washed sand conformed to (BSI 2002d) 
aggregate for mortar, with a typical moisture content of 7.5%. Further notable building sand 
data can be seen in Table 3.4. 
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Table 3.4 Hanson building sand data 
 

                 Property 

Silica content < 95% 
Grain size < 0.5mm 

 
3.1.5 REAGENTS 
 
The reagents used during the experimental work constituted of distilled water for use in the 
creation of the mortar samples in addition to acetone for ensuring the SEM, FTIR AND XRD 
sample apparatus remained free of contamination. Furthermore, ethanol was utilised for 
cleaning the cubic moulds after each sample mix. 
 
3.2 TEST SCHEDULE 
 
The test schedule of both phases one and two of the experimental research programme can 
be seen in Table 3.5 and are listed in the order of analysis. The number of samples prepared, 
the testing methods and the mould sizes are included for reference. 
 
Table 3.5 Testing schedule of phases one and two 
 

Test Sample sizes Test ages Number of 
samples 

Total Test 
methods 

Density 100 x 100 x 
100mm 
cubes 

2, 7, 28 and 
70 days 

12 
cubes/mix 

96 cubes BS 4550 

Ultrasonic 
pulse 

velocity 

100 x 100 x 
100mm 
cubes 

2, 7, 28 and 
70 days 

12 
cubes/mix 

BS EN 
12504-
4:2004 

Compressive 
strength 

100 x 100 x 
100mm 
cubes 

2, 7, 28 and 
70 days 

12 
cubes/mix 

With 
guidance to 
BS EN 1015-

11 
Scanning 
electron 

microscopy  

1.0g powder 28 days 3 cubes/mix BS ISO 
16700:2004 

X-ray 
diffraction 

1.0g powder 28 days 3 cubes/mix BS EN 
13925-
3:2005 

Fourier 
transform 
infrared 

spectroscopy 

1.0g powder 28 days 3 cubes/mix BS EN 197-
1:2011 

 
Total samples: 96 (100 x 100 x 100mm cubes) 
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3.3 PHASE ONE - THE STUDY OF MORTAR PROPERTIES 
 
The studies of the effects of cement replacement with natural and synthetic zeolites were 
carried out using density, ultrasonic pulse velocity and compressive strength testing. 
 
3.3.1 STANDARD FINE SAND PREPARATION 
 
Standard building sand was obtained from Hanson Heidelberg Cement Group, United 
Kingdom, already prepared according to the (BSI 2002d) aggregate for mortar standard. The 
sand was used to prepare mortars for density measurement testing in the first instance. 
 
3.3.2 MOULD PREPARATION 
 
Cube moulds of 100 x 100 x 100 mm were cleaned sparingly and covered with lubricant before 
the mortar mixing operation commenced. The use of such lubricant was to assist in the easy 
release of hardened samples. The detailed mix proportions used to produce the 
aforementioned mortar samples are displayed in Table 3.6. A constant W/C ratio of 0.40 was 
adopted. 
 
Table 3.6 Mixture proportions for 1m3 of mortar for compressive strength testing 
 

Sample Cement (g) Building 
sand (g) 

Zeolite (g) Water (g) W/C ratio S/C ratio 

Control 550.00 1650.00 0.00 220.00 0.40 1:3 
Mortar Inc. 
5% zeolite 

522.50 1650.00 27.50 220.00 0.40 1:3 

Mortar Inc. 
10% 

zeolite 

495.00 1650.00 55.00 220.00 0.40 1:3 

Mortar Inc. 
15% 

zeolite 

467.50 1650.00 82.50 220.00 0.40 1:3 

 
 
3.3.2 (1) MIXING PROCEDURE 
 
Ordinary Portland cement, natural and synthetic zeolites and building sand were weight 
batched and mixed according to (BSI 2000a) using a HOBART mortar mixer for 3 minutes. 
Water and binder were mixed for approximately 30 seconds at a low speed, after which the 
building sand was added over another 30 seconds. The use of a trowel was adopted to 
manipulate adhering mortar from the wall of the mixing bowl into the middle of the mixing 
bowl. An increased speed was used for a further mixing run of approximately 1 minute to 
ensure a thorough mortar mix was achieved.  
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3.3.2 (2) CASTING AND COMPACTION 
 
The casting of mortar samples was carried out employing the use of 100 x 100 x 100mm iron 
moulds. Sufficient mortar was added to fill the mould whilst a mechanical vibrating table was 
utilised to ensure that the mortar samples would fill the necessary voids in the mould. This 
was carried out for approximately 30 seconds.  
 
3.3.2 (3) CURING  
 
Once thorough compaction had been achieved, the moulds were covered using a moist 
polyethylene bag for 24 hours to preserve the initial moisture condition of the samples. After 
this time delay the respective mortar cubes were removed from the moulds and placed into 
a water curing tank, with a regulated temperature of 23 ± 2OC. This temperature was 
maintained throughout the curing period until testing with the use of a built-in thermostat 
and circulation pump. In addition, the tank was periodically filled with water to cater for the 
loss of water due to evaporation and the removal of samples for testing. 
 
3.3.3 DENSITY MEASUREMENT OF MORTAR 
 
All weights of the mortar cube specimens were measured at curing ages of 2, 7, 28 and 70 
days respectively. Utilising this data then allowed the average density of the three replicate 
samples to be calculated. 
 
3.3.4 ULTRA-SONIC PULSE VELOCITY 
 
The testing method of ultra-sonic pulse velocity (USPV), according to (BS EN 2004b), was 
performed on each mortar cube sample at curing ages of 2, 7, 28 and 70 days. The USPV 
testing system consists of a pulsar receiver unit with a built-in data acquisition system 
alongside two transducers. Measurements were conducted with the transducers coupled to 
opposite ends of the specimens using petroleum jelly, a viscous material, between the 
transducer and the specimen. Firm contact between the transducers against the mortar cube 
surfaces was applied. 
 
A pulse meter with an associated transducer pair through a direct transmission mode was 
used to measure the pulse velocities, having a nominal frequency of 54kHz. 
 
The acquisition of the pulse arrival time measurement directly relates to the time taken 
between the time of pulse application and the arrival of such pulse on the opposite face of 
the sample. This measured travel time can be used to calculate the pulse velocity according 
to Equation 3.1. The results recorded are the average of two measurement readings (km/s). 
 
v = L/t           (3.1) 
 
v is the pulse velocity in m/s 
L is the travel path length of ultrasound in the cube 
T is the measured travel time  
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3.3.5 COMPRESSIVE STRENGTH TESTING 
 
The mortar samples obtained from the 100 x 100 x 100mm cubic moulds after the ultra-sonic 
pulse velocity testing were used for compressive strength testing with guidance to BS EN 
12504-4:2004. The same procedure outlined in this standard was followed and applied to the 
100 x 100 x 100mm cubes rather than the specified prism moulds.  
 
During the period between the testing, it was ensured that the mortar moulds were kept 
damp through the use of a plastic tray containing water originating from the curing tank. This 
was to ensure the samples would not dry out whilst waiting for testing to take place, which 
could have had an influence on the resulting data. 
 
The side faces of the mortar cubes were used for testing in a Tinus Olsen compression testing 
machine, showcasing a load capacity of 600 kN. The uniaxial load was applied perpendicular 
to the direction of casting at a load casting rate of 2400 kN ± 200 N/s until failure occurred. 
The debris of mortar specimens after failure were collected in individual plastic containers for 
the preparation of further analysis in phase two. 
 
The compressive strength tests were conducted on the mortar samples after curing ages of 
2, 7, 28 and 70 days respectively. This value of compressive strength (Rc) was calculated in 
N/mm2 as shown in Equation 3.2. The results recorded are the average of three samples. 
 
Rc = Fc / A           (3.2) 
 
Rc is the compressive strength in N/mm2 
Fc is the maximum load at fracture in N 
A is the area of the load bearing plates in mm2  
 
 
3.4 PHASE TWO – ANALYTICAL TESTING 
 
Once compressive strength testing had been carried out and the relevant data obtained, 
phase two of the experimental methods could commence.  
 
3.4.1 BALL MILL GRINDING 
 
A ball mill grind apparatus, namely a Retsch PM 200, was utilised to pulverise the debris of 
the 28-day mortar samples so that the resulting powder debris could be used for inorganic 
chemical testing. Sample debris were ground for 3 minutes at 350 rpm and was stored in 
labelled plastic containers, individually assigned to the mortar content and % replacement of 
cement with zeolite. 
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3.4.2 SCANNING ELECTRON MICROSCOPY 
 
3.4.2.(1) RECENT APPLICATION 
 
The utilisation of SEM in the analysis of mortar samples has become increasingly common in 
recent times. Indeed, the method has been used to analyse and compare limestone 
aggregates with those of a silica nature to assess the impact of aggregate type on the 
properties of air lime mortar (Scannell et al 2014). Strength differences were observed which 
were revealed to be related to differences at the binder/aggregate interface between 
limestone and silica sand mortars. 
 
In addition, SEM has recently been used to observe the bond between cement and wood ash, 
when the latter is used as a cement replacement in mortar (Sisman 2011). Compressive 
strength of mixes containing 10% replacement of cement with wood ash exhibited an 
improved value for both 7- and 28-days curing time. 
 
Amelioration of the microstructure at the interfacial transition zone of mortar was found to 
be responsible for the increase of compressive strength of mortar under microwave curing by 
SEM (Kong et al 2016). This was found through comparison with normal and steam curing, 
which had lower associated compressive strength values. 
 
Furthermore, SEM analysis has found that the use of GGBS, when used as a geopolymer 
mixture after 150 days of immersion in 1 M sodium hydroxide solution at 80oC, contributes 
to mortar expansion through increased alkali-silica reactions in mixes with increases of such 
slag (De Silva et al 2019). 
 
3.4.2.(2) METHODOLOGY 
 
All mortar samples for SEM were mounted on aluminium stubs, with a 12mm diameter, using 
a carbon sticky pad and given the assigned reference numbers presented in Table 3.7. 
Specimens were then mounted onto the sample stage and run through a ZEISS Gemini brand 
SEM to obtain elemental composition. The Gemini 500 FESEM comprises of a digital system 
with full function computer control. A resolution of 0.5nm at 15kV: 0.9nm at 1kV and 1nm at 
500V. An accelerating voltage of 0.02 to 30kV and a magnification of 50 to 2,000,000 times is 
also a feature of the apparatus. The Gemini system also possesses a high efficiency In lens 
secondary detector to enable ultra-high resolution surface information whilst the In lens 
energy selective backscattered (EsB) electron detector allows for material compositional 
contrast imaging at low voltages. 
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Table 3.7 Mortar debris for SEM reference samples 
 

Mortar debris SEM reference 

3A 1 
4A 2 

13X 3 

CEM 4 

NAT 5 
MOR 6 

PHI 7 

CHA 8 

  
The use of carbon stubs was adopted due to the need for elemental analysis, in that carbon 
interferes less than its gold counterpart when it comes to producing spectral results. Three 
areas of interest were examined for each mortar debris sample and all elements were 
analysed. A magnification value of 5.00 X was used to study the surface area of the mortar 
debris and the analysis was carried out according to the BS ISO 16700:2004 standard. 
 
3.4.3 X-RAY DIFFRACTION 
 
3.4.2.(1) RECENT APPLICATION 
 
Strength properties of mortars incorporating manufactured sand performed better when 
compared to river sand and granite powder mortars, irrespective of curing period time 
(Baldino et al 2014). It was found through the application of XRD that 15% was the optimum 
substitution level for the maximum compressive strength value. 
 
(Yan et al 1996)’s use of XRD was able to conclude that the use of calcium carbonate 
nanoparticles can improve both flexural and compressive strength of mortar containing high 
% content of ground phosphorous slag at curing ages 7, 28, 56 and 90 days.  
 
High compressive strength of lime mortar has been attributed to the use of hydraulic lime 
and crumbs of ceramic bricks as mortar aggregate through the use of microstructure analysis 
by XRD (Ilker et al 2008).  
 
XRD has helped to discover that the use of a calcareous aggregate, measuring below 6mm 
with curing conditions at 90% relative humidity, gives place to improved textural and 
mechanical properties of hydraulic lime mortars due to the avoidance of mechanical 
discontinuities in the mortar samples. (Arizzi et al 2015). 
 
3.4.3.(2) METHODOLOGY 
 
The use of x-ray diffraction using a PANalytical Empyrean was employed to further analyse 
the elemental composition of the 28-day curing age mortar specimens according to the (BS 
EN 13925-3:2005) standard. Sample powder previously obtained from the ball mill grinding 
procedure, described in 3.4.1, was used for analysis. Discs of the mortar specimens and 
control were created in the reference order of 3A, 13X, NAT, MOR, CEM, PHI, CHA and 4A. 
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The PANalytical Empyrean features a vertical goniometer in theta-theta geometry with a 
240mm radius. A maximum useable range of -1110 < 20 θ < 1680 is also a feature of the 
apparatus with an additional hybrid pixel detector.  
 
A small amount of sample powder, approximately 1.0g was placed into a sample holder with 
a smooth surface finish for each specimen. The holder was then placed into the X-ray 
diffractometer using copper (Cu) radiation at 40 Kv / 40mA. The samples were scanned with 
an angle of o2Theta from approximately 5-80o.  
 
3.4.4 FOURIER TRANSFORM INFRARED SPECTROSCOPY 
 
3.4.4.(1) RECENT APPLICATION 
 
Recently (Jordan et al 2018) were able to characterise vernacular mortars by utilisation of 
FTIR analysis through identification of the exact composition of historical mortars. Mixtures 
of different minerals and gypsum were used in order to measure the minimum band intensity 
that must be considered for calculations and a detection limit. 
 
FTIR is considered to be a convenient tool to measure the weight ratios of CaCO3 to SiO2 in 
the binders of mortars. A good linear correlation coefficient for the plot of peak area intensity 
ratios of CaCO3 to SiO2 has been obtained by experimental methods conducted by (Sagin et 
al 2011). 
 
Alkali quantification by FTIR has been performed quicker and safer than that of x-ray 
fluorescence (XRF) (Sisman and Gezer 2011). Alkali levels are indicative of the potential for 
alkali silica reaction likelihood at high levels and therefore are important to monitor and 
quantify. FTIR is useful in the study of the early stages of the hydration of cement and allows 
the evaluation of additives regarding the nature of the effect on the overall performance of 
cement (Turley 2015). Indeed, sulphate transformations and the interplay between hydration 
and carbonation are two instances where FTIR has proved to be an ideal method of analysis. 
 
3.4.4.(2) METHODOLOGY 
 
The utilisation of FTIR, with an attenuated total reflection (ATR) method, was used to obtain 
infrared spectra relating to the 28-day mortar sample powder surface. A small amount of 
sample, previously obtained in procedure 3.4.1, was pressed against a high refractive index 
prism and a spectrum was obtained using internally reflected infrared light.  
 
A germanium prism was used as the ATR accessory in a BRUKER IFS 66/S instrument 
spectrometer. In each case, three samples were run per mortar specimen and the resulting 
peaks analysed. The BRUKER IFS 66/S FTIR features full spectral range coverage from far 
infrared (<5cm-1) up to the vacuum UV (55,000 cm-1) with a peak-to-peak noise of less than 5-
10 AU achieved with a 4cm-1 spectral resolution. The precise air bearing, and high quality 
optics ensure that sensitivity and stability are maintained. Furthermore, the stable 
construction ensures demanding experiments such as step-scan, ultrafast rapid scan, high 
resolution and UV measurements can be obtained.  
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4.0 RESULTS 
 
4.1 PHYSICAL PROPERTIES OF BINDERS 
 
As can be seen in Table 4.1, the relative density of CEM II 42,5 N was higher than that of the 
natural and synthetic zeolite powder replacements. Indeed, according to Equation 4.1 
stated by [Daly 1994] it can be seen that absolute volume is inversely proportional to that of 
relative density. 
 
 Absolute volume (m3) = Mass of materials (kg)     (4.1) 
      Relative density x 1000      
      
This observable trend could indicate that the zeolite mineral replacements are more 
voluminous than CEM 11 42,5 N additive. 
 
Table 4.1 Physical properties of binders 
 

Binders Relative density 
(kg/m3) 

CEM II 42,5 N 3040 
Chabazite 2150 

Mordenite 2130 

Natrolite 2240 

Philipsite 2250 
3A 1100 

4A 1140 

13X 1220 

 
 

4.2 DENSITY DATA OF MORTAR 
 
The density measurements for the control mortar samples can be seen in Table 4.2. 
 
Table 4.2 Density measurements for control mortar samples  
 

 
 
 
 
 
 
 
 

 
 
 

 
 

CEM 11 
42,5 N 

Sample 
reference 

Density (kg/m3) 

2 days 7 days 28 days 70 days 

1.0 1947 1960 1991 1968 

1.1 1960 1967 2000 1967 

1.2 1939 1949 1991 1979 

Mean (μ)  1949 1959 1994 1971 
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The density measurements for mortar samples containing 5% replacement of cement with 
natural zeolite can be seen in Table 4.3. 
 
Table 4.3 Density measurements for mortar samples with 5% replacement of cement with 
natural zeolite 

 
 
 
 

 

 

 

                                     
 
 
 
 
 
 
 
 
 
 
 
 

 
The density measurements for mortar samples containing 5% replacement of cement with 
synthetic zeolite can be seen in Table 4.4. 
 
Table 4.4 Density measurements for mortar samples with 5% replacement of cement with 
synthetic zeolite 
 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Zeolite  Sample 
reference 

Density (kg/m3) 

2 days 7 days 28 days 70 days 

CHA 1.0 1904 1930 1951 1958 
1.1 1899 1928 1922 1950 

1.2 1900 1935 1926 1930 

Mean (μ)  1901 1931 1933 1946 

MOR 1.0 1889 1916 1901 1949 

1.1 1874 1890 1905 1901 

1.2 1877 1901 1910 1945 

Mean (μ)  1880 1902 1905 1932 

NAT 1.0 1888 1899 1916 1917 

1.1 1869 1908 1920 1917 

1.2 1866 1904 1910 1964 

Mean (μ)  1874 1904 1915 1933 

PHI 1.0 1900 1931 1935 1936 

1.1 1881 1913 1950 1932 
1.2 1896 1916 1943 1939 

Mean (μ)  1892 1920 1943 1939 

Zeolite  Sample 
reference 

Density (kg/m3) 
2 days 7 days 28 days 70 days 

3A 1.0 1920 1939 1944 1964 

1.1 1913 1936 1929 1937 

1.2 1923 1917 1964 1944 
Mean (μ)  1919 1931 1946 1948 

4A 1.0 1924 1939 1964 1952 

1.1 1917 1940 1975 1952 

1.2 1925 1940 1979 1952 
Mean (μ)  1922 1940 1973 1952 

13X 1.0 1888 1887 1918 1907 

1.1 1881 1890 1925 1906 

1.2 1876 1876 1929 1903 
Mean (μ)  1882 1884 1924 1905 
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Figure 4.1 Correlation graph of the relationship between density and curing time of mortar 
samples with 5% replacement of cement with zeolite. 
 

  

The density values of mortar mixes with 5% replacement of cement with natural zeolite are 
seen in Table 4.3. A constant W/C ratio of 0.40 was adopted in all of the mixes. For comparison 
purposes, synthetic zeolites at 5% replacement of cement were also analysed, the values can 
be seen in Table 4.4 with the control mortar mix density data documented in Table 4.2. The 
results show that the maximum density was achieved at 28 days for all of the synthetic zeolite 
mixes and for the philipsite mix. Indeed, the control mortar mix also displayed its highest 
density value after 28 days, however for the natural zeolite mixes this was evident at 70 days. 
It is important to note that density values for the control mortar mix were comparatively 
greater at all curing time ages. 
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The density measurements for mortar samples containing 10% replacement of cement with 
natural zeolite can be seen in Table 4.5. 
 
Table 4.5 Density measurements for mortar samples with 10% replacement of cement 
with natural zeolite 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

The density measurements for mortar samples containing 10% replacement of cement with 
synthetic zeolite can be seen in Table 4.6. 
 
Table 4.6 Density measurements for mortar samples with 10% replacement of cement 
with synthetic zeolite 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Zeolite  Sample 
reference 

Density (kg/m3) 

2 days 7 days 28 days 70 days 

CHA 1.0 1835 1895 1908 1897 

1.1 1830 1897 1904 1894 

1.2 1831 1900 1905 1890 
Mean (μ)  1832 1897 1906 1894 

MOR 1.0 1878 1881 1903 1956 

1.1 1868 1876 1896 1964 

1.2 1871 1887 1900 1915 
Mean (μ)  1872 1881 1900 1945 

NAT 1.0 1881 1880 1905 1917 

1.1 1885 1894 1913 1925 

1.2 1881 1888 1905 1925 
Mean (μ)  1882 1887 1908 1922 

PHI 1.0 1855 1919 1934 1908 

1.1 1851 1908 1924 1904 

1.2 1851 1919 1930 1916 
Mean (μ)  1852 1915 1929 1909 

Zeolite  Sample 
reference 

Density (kg/m3) 

2 days 7 days 28 days 70 days 
3A 1.0 1884 1898 1926 1928 

1.1 1885 1893 1929 1913 

1.2 1877 1885 1940 1918 

Mean (μ)  1882 1892 1932 1920 
4A 1.0 1893 1908 1949 1933 

1.1 1891 1901 1952 1929 

1.2 1884 1901 1953 1933 

Mean (μ)  1889 1903 1951 1932 
13X 1.0 1809 1828 1869 1853 

1.1 1816 1828 1865 1843 

1.2 1810 1816 1862 1853 

Mean (μ)  1812 1824 1865 1850 
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Figure 4.2 Correlation graph of the relationship between density and curing time of mortar 
samples with 10% replacement of cement with zeolite. 
 

 

 

 
The density values of mortar mixes with 10% replacement of cement with natural zeolite are 
seen in Table 4.5. A constant W/C ratio of 0.40 was adopted in all of the mixes. For comparison 
purposes, synthetic zeolites at 10% replacement of cement were also analysed, the values 
can be seen in Table 4.6 with the control mortar mix density data documented in Table 4.2. 
The results show that the maximum density was achieved at 28 days for all of the synthetic 
zeolite mixes and for the philipsite mix. Indeed, the control mortar mix also displayed its 
highest density value after 28 days, however for the natural zeolite mixes this was evident at 
70 days. Synthetic zeolite 13X mixes demonstrated the lowest mean value for density at 10% 
replacement of cement. 
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The density measurements for mortar samples containing 15% replacement of cement with 
natural zeolite can be seen in Table 4.7. 
 
Table 4.7 Density measurements for mortar samples with 15% replacement of cement 
with natural zeolite 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

The density measurements for mortar samples containing 15% replacement of cement with 
synthetic zeolite can be seen in Table 4.8. 
 
Table 4.8 Density measurements for mortar samples with 15% replacement of cement 
with synthetic zeolite 
 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Zeolite  Sample 
reference 

Density (kg/m3) 
2 days 7 days 28 days 70 days 

CHA 1.0 1839 1847 1854 1876 

1.1 1836 1843 1847 1859 

1.2 1837 1850 1848 1866 

Mean (μ)  1837 1847 1850 1867 
MOR 1.0 1871 1864 1885 1877 

1.1 1859 1859 1873 1876 

1.2 1885 1861 1874 1885 

Mean (μ)  1872 1861 1877 1879 
NAT 1.0 1891 1885 1900 1909 

1.1 1906 1896 1894 2056 

1.2 1888 1885 1892 1907 

Mean (μ)  1895 1889 1895 1957 
PHI 1.0 1864 1879 1884 1906 

1.1 1861 1864 1874 1899 

1.2 1864 1864 1892 1903 

Mean (μ)  1863 1869 1883 1903 

Zeolite  Sample 
reference 

Density (kg/m3) 

2 days 7 days 28 days 70 days 

3A 1.0 1828 1830 1853 1855 
1.1 1821 1821 1827 1858 

1.2 1822 1822 1837 1858 

Mean (μ)  1824 1824 1839 1857 

4A 1.0 1869 1846 1861 1864 
1.1 1846 1862 1866 1865 

1.2 1844 1822 1861 1867 

Mean (μ)  1853 1843 1863 1865 

13X 1.0 1766 1761 1785 1785 
1.1 1762 1757 1774 1787 

1.2 1763 1764 1782 1778 

Mean (μ)  1764 1761 1780 1783 
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Figure 4.3 Correlation graph of the relationship between density and curing time of mortar 
samples with 15% replacement of cement with zeolite. 
 
 

  

The density values of mortar mixes with 15% replacement of cement with natural zeolite are 
seen in Table 4.7. A constant W/C ratio of 0.40 was adopted in all of the mixes. For comparison 
purposes, synthetic zeolites at 15% replacement of cement were also analysed, the values 
can be seen in Table 4.8 with the control mortar mix density data documented in Table 4.2. 
The results show that the maximum density was achieved at 70 days for all of the synthetic 
and natural zeolite sample mixes. However, the control mortar mix displayed its highest 
density value after 28. Natrolite mixes demonstrated the highest mean value for density at 
15% replacement of cement. 
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4.3 ULTRA-SONIC PULSE VELOCITY DATA 
 
The ultra-sonic pulse velocity measurements for the control mortar samples can be seen in 
Table 4.9. 
 
Table 4.9 Ultra-sonic pulse velocity measurements for control mortar samples  
 

 

 

 

 

 

 

 

 

 

It is evident from the results of the control mortar mix that the UPV data value increases 
over curing age time from 2 to 70 days. A constant W/C ratio of 0.40 was adopted in the 
control mixes. For comparison purposes, natural and synthetic zeolites at 5-15% 
replacement of cement were also analysed, the values can be seen in Table 4.10 for the 
natural zeolites and Table 4.11 for the synthetic types at 5% replacement. 
 
The ultra-sonic pulse velocity measurements for mortar samples containing 5% replacement 
of cement with natural zeolite can be seen in Table 4.10. 
 
Table 4.10 Ultra-sonic pulse velocity measurements for mortar samples with 5% 
replacement of cement with natural zeolite 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

CEM 11 
42,5 N 

Sample 
reference 

Longitudinal pulse velocity (m/s) 

2 days 7 days 28 days 70 days 

1.0 2305 2554 2752 2752 
1.1 2305 2554 2701 2752 

1.2 2305 2554 2649 2752 

Mean (μ)  2305 2554 2701 2752 

Zeolite  Sample 
reference 

Longitudinal pulse velocity (m/s) 

2 days 7 days 28 days 70 days 

CHA 1.0 2383 2649 2752 2752 
1.1 2383 2554 2701 2752 

1.2 2383 2602 2653 2701 

Mean (μ)  2383 2602 2702 2735 

MOR 1.0 2233 2465 2649 2649 

1.1 2233 2465 2649 2602 

1.2 2233 2465 2649 2602 

Mean (μ)  2233 2465 2649 2618 

NAT 1.0 1983 2554 2602 2554 
1.1 1983 2383 2602 2701 

1.2 1983 2424 2602 2609 

Mean (μ)  1983 2454 2602 2621 

PHI 1.0 2233 2554 2649 2752 
1.1 2233 2554 2701 2752 

1.2 2269 2465 2649 2752 

Mean (μ)  2245 2524 2666 2752 
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The ultra-sonic pulse velocity measurements for mortar samples containing 5% replacement 
of cement with synthetic zeolite can be seen in Table 4.11. 
 
Table 4.11 Ultra-sonic pulse velocity measurements for mortar samples with 5% 
replacement of cement with synthetic zeolite 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
The results show that the maximum UPV value was achieved at 70 days for all of the synthetic 
and natural zeolite sample mixes baring mordenite, of which the highest value was observed 
at 28 days. Similarly, the control mortar mix displayed its highest UPV value after 70 days. 
Philipsite mixes demonstrated the highest mean value for UPV at 5% replacement of cement 
and this was equal to that of the control mortar mix UPV value after 70 days curing. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4 Correlation graph of the relationship between USPV and curing time of mortar 
samples with 5% replacement of cement with zeolite. 

Zeolite  Sample 
reference 

Longitudinal pulse velocity (m/s) 
2 days 7 days 28 days 70 days 

3A 1.0 2305 2465 2554 2649 

1.1 2305 2465 2554 2602 

1.2 2305 2424 2554 2649 

Mean (μ)  2305 2451 2554 2633 
4A 1.0 2305 2424 2554 2649 

1.1 2305 2424 2554 2649 

1.2 2269 2465 2554 2649 

Mean (μ)  2293 2438 2554 2649 
13X 1.0 2344 2554 2602 2649 

1.1 2344 2554 2602 2649 

1.2 2344 2509 2649 2649 

Mean (μ)  2344 2539 2618 2649 
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The ultra-sonic pulse velocity measurements for mortar samples containing 10% 
replacement of cement with natural zeolite can be seen in Table 4.12. 
 
Table 4.12 Ultra-sonic pulse velocity measurements for mortar samples with 10% 
replacement of cement with natural zeolite 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

The ultra-sonic pulse velocity measurements for mortar samples containing 10% 
replacement of cement with synthetic zeolite can be seen in Table 4.13. 
 
Table 4.13 Ultra-sonic pulse velocity measurements for mortar samples with 10% 
replacement of cement with synthetic zeolite 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Zeolite  Sample 
reference 

Longitudinal pulse velocity (m/s) 

2 days 7 days 28 days 70 days 

CHA 1.0 2305 2465 2602 2701 
1.1 2233 2465 2649 2649 

1.2 2233 2465 2602 2557 

Mean (μ)  2257 2465 2618 2636 

MOR 1.0 2165 2465 2701 2649 

1.1 2101 2465 2701 2649 

1.2 2133 2465 2649 2649 

Mean (μ)  2133 2465 2684 2649 

NAT 1.0 2071 2424 2602 2602 

1.1 2199 2424 2808 2554 

1.2 2040 2383 2554 2602 

Mean (μ)  2103 2410 2655 2586 

PHI 1.0 2305 2554 2701 2752 

1.1 2269 2510 2701 2752 
1.2 2199 2510 2649 2653 

Mean (μ)  2258 2525 2684 2719 

Zeolite  Sample 
reference 

Longitudinal pulse velocity (m/s) 

2 days 7 days 28 days 70 days 
3A 1.0 2305 2383 2465 2554 

1.1 2344 2424 2509 2554 

1.2 2305 2424 2509 2554 

Mean (μ)  2318 2410 2494 2554 
4A 1.0 2305 2424 2509 2554 

1.1 2305 2424 2509 2554 

1.2 2305 2383 2509 2554 

Mean (μ)  2305 2410 2509 2554 
13X 1.0 2269 2465 2465 2554 

1.1 2269 2383 2509 2554 

1.2 2305 2383 2509 2510 

Mean (μ)  2281 2410 2494 2539 
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Values for UPV can be seen in Table 4.12 for the natural zeolites and Table 4.13 for the 
synthetic types at 10% replacement. The results show that the maximum UPV value was 
achieved at 70 days for all of the synthetic, chabazite and philipsite sample mixes. Similarly, 
the control mortar mix displayed its highest UPV value after 70 days. Philipsite mixes 
demonstrated the highest mean value for UPV at 10% replacement of cement although this 
was lower than that of the control mortar mix UPV value after 70 days curing, which 
showcased a mean value of 2752 m/s respectively when compared to 2719 m/s. 
 
 

 
Figure 4.5 Correlation graph of the relationship between USPV and curing time of mortar 
samples with 10% replacement of cement with zeolite. 
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The ultra-sonic pulse velocity measurements for mortar samples containing 15% 
replacement of cement with natural zeolite can be seen in Table 4.14. 
 
Table 4.14 Ultra-sonic pulse velocity measurements for mortar samples with 15% 
replacement of cement with natural zeolite 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

The ultra-sonic pulse velocity measurements for mortar samples containing 15% 
replacement of cement with synthetic zeolite can be seen in Table 4.15. 
 
Table 4.15 Ultra-sonic pulse velocity measurements for mortar samples with 15% 
replacement of cement with synthetic zeolite 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Zeolite  Sample 
reference 

Longitudinal pulse velocity (m/s) 

2 days 7 days 28 days 70 days 

CHA 1.0 2199 2465 2554 2602 
1.1 2165 2465 2554 2649 

1.2 2165 2383 2554 2557 

Mean (μ)  2176 2438 2554 2603 

MOR 1.0 2165 2424 2649 2602 

1.1 2133 2424 2649 2554 
1.2 2133 2424 2649 2554 

Mean (μ)  2144 2424 2649 2570 

NAT 1.0 2305 2510 2649 2602 

1.1 2344 2510 2649 2554 
1.2 2269 2602 2602 2554 

Mean (μ)  2306 2541 2633 2570 

PHI 1.0 2233 2465 2649 2752 

1.1 2233 2465 2649 2752 
1.2 2233 2465 2649 2752 

Mean (μ)  2233 2465 2649 2752 

Zeolite  Sample 
reference 

Longitudinal pulse velocity (m/s) 

2 days 7 days 28 days 70 days 

3A 1.0 2199 2305 2344 2383 

1.1 2233 2269 2383 2424 

1.2 2199 2269 2383 2424 
Mean (μ)  2210 2281 2370 2410 

4A 1.0 2165 2269 2344 2424 

1.1 2199 2269 2344 2383 
1.2 2165 2269 2383 2424 

Mean (μ)  2176 2269 2357 2410 

13X 1.0 2305 2383 2465 2510 

1.1 2233 2344 2465 2510 

1.2 2233 2344 2465 2510 

Mean (μ)  2257 2357 2465 2510 
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Figure 4.6 Correlation graph of the relationship between USPV and curing time of mortar 
samples with 15% replacement of cement with zeolite. 
 
Values for UPV can be seen in Table 4.14 for the natural zeolites and Table 4.15 for the 
synthetic types at 15% replacement. The results show that the maximum UPV value was 
achieved at 70 days for all of the synthetic, chabazite and philipsite sample mixes. Indeed, 
UPV values typically increased over curing age time. Philipsite mixes demonstrated the 
highest mean value for UPV at 15% replacement of cement and this was equal to than that of 
the control mortar mix UPV value after 70 days curing, which showcased a mean value of 
2752 m/s. 
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4.4 COMPRESSIVE STRENGTH OF MORTAR DATA 
 

The compressive strength measurements for the control mortar samples can be seen in 
Table 4.16. 
 
Table 4.16 Compressive strength measurements for control mortar samples  
 

 
 

 

 

 

 

 

 

 

It is evident from the results of the control mortar mix that the compressive strength data 
value increases over curing age time from 2 to 70 days. A constant W/C ratio of 0.40 was 
adopted in the control mixes. For comparison purposes, natural and synthetic zeolites at 5-
15% replacement of cement were also analysed, the values can be seen in Table 4.17 for the 
natural zeolites and Table 4.18 for the synthetic types at 5% replacement. 
 
The compressive strength measurements for mortar samples containing 5% replacement of 
cement with natural zeolite can be seen in Table 4.17. 
 
Table 4.17 Compressive strength measurements for mortar samples with 5% replacement 
of cement with natural zeolite 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

 
 

CEM 11 
42,5 N 

Sample 
reference 

Compressive strength (MPa) 

2 days 7 days 28 days 70 days 

1.0 24.84 40.22 57.34 59.94 
1.1 24.67 42.97 52.19 54.91 

1.2 23.77 39.74 50.77 63.42 

Mean (μ)  24.43 40.98 53.43 59.42 

Zeolite  Sample 
reference 

Compressive strength (MPa) 

2 days 7 days 28 days 70 days 

CHA 1.0 26.22 36.96 48.38 53.89 

1.1 23.84 38.16 47.30 52.99 

1.2 25.40 36.93 48.73 46.89 

Mean (μ)  25.15 37.35 48.14 51.26 

MOR 1.0 21.93 35.46 48.83 59.41 
1.1 21.86 32.95 46.82 60.24 

1.2 21.52 36.03 44.56 51.96 

Mean (μ)  21.77 34.81 46.74 57.20 
NAT 1.0 10.81 24.05 32.62 47.38 

1.1 10.39 25.87 38.94 44.11 

1.2 9.94 25.72 38.28 41.52 

Mean (μ)  10.38 25.21 36.61 44.34 
PHI 1.0 20.29 36.37 53.95 57.79 

1.1 20.67 35.73 50.90 57.25 

1.2 19.93 34.34 51.47 61.97 

Mean (μ)  20.30 35.48 52.11 59.00 
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The compressive strength measurements for mortar samples containing 5% replacement of 
cement with synthetic zeolite can be seen in Table 4.18. 
 
Table 4.18 Compressive strength measurements for mortar samples with 5% replacement 
of cement with synthetic zeolite 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

Figure 4.7 Correlation graph of the relationship between compressive strength and curing 
time of mortar samples with 5% replacement of cement with zeolite. 
 
 
 
 

Zeolite  Sample 
reference 

Compressive strength (MPa) 

2 days 7 days 28 days 70 days 

3A 1.0 20.67 29.41 39.14 46.10 

1.1 20.88 28.01 39.84 45.01 

1.2 20.23 28.64 36.67 47.61 
Mean (μ)  20.59 28.69 38.55 46.24 

4A 1.0 19.63 27.53 39.30 42.44 

1.1 19.66 27.66 38.41 43.69 

1.2 21.27 28.18 36.83 44.88 
Mean (μ)  20.19 27.79 38.18 43.67 

13X 1.0 22.89 34.38 39.79 42.72 

1.1 24.28 35.65 42.13 43.38 

1.2 24.21 29.26 39.71 45.19 
Mean (μ)  23.79 33.10 40.54 43.76 
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The results show that the maximum compressive strength value was achieved at 70 days for 
all of the synthetic and natural zeolite sample mixes. Similarly, the control mortar mix 
displayed its highest compressive strength value after 70 days. Philipsite mixes demonstrated 
the highest mean value for compressive strength at 5% replacement of cement and this was 
very slightly less than that of the control mortar mix compressive strength value after 70 days 
curing, which exhibits a mean value difference of 0.42 MPa. 
 
 
The compressive strength measurements for mortar samples containing 10% replacement 
of cement with natural zeolite can be seen in Table 4.19. 
 
Table 4.19 Compressive strength measurements for mortar samples with 10% 
replacement of cement with natural zeolite 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Zeolite  Sample 
reference 

Compressive strength (MPa) 

2 days 7 days 28 days 70 days 

CHA 1.0 22.57 33.23 36.58 46.65 
1.1 20.07 31.90 39.36 46.50 

1.2 22.05 34.06 38.01 44.39 

Mean (μ)  21.56 33.06 37.98 45.85 

MOR 1.0 15.47 34.03 60.48 53.98 

1.1 16.77 32.38 50.47 57.87 
1.2 15.81 33.35 59.59 59.80 

Mean (μ)  16.02 33.25 56.85 57.22 

NAT 1.0 11.87 28.18 45.84 47.94 

1.1 11.63 28.08 43.29 48.92 
1.2 11.58 27.62 45.56 46.56 

Mean (μ)  11.69 27.96 44.90 47.81 

PHI 1.0 24.02 38.31 52.65 47.25 

1.1 22.81 38.04 48.59 42.01 
1.2 23.59 37.70 54.89 41.80 

Mean (μ)  23.47 38.02 52.04 43.69 



 

 

64 | P a g e  

 

The compressive strength measurements for mortar samples containing 10% replacement 
of cement with synthetic zeolite can be seen in Table 4.20. 
 
Table 4.20 Compressive strength measurements for mortar samples with 10% 
replacement of cement with synthetic zeolite 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 
Figure 4.8 Correlation graph of the relationship between compressive strength and curing 
time of mortar samples with 10% replacement of cement with zeolite. 
 
 
 

Zeolite  Sample 
reference 

Compressive strength (MPa) 

2 days 7 days 28 days 70 days 

3A 1.0 22.26 30.26 35.85 38.12 
1.1 23.73 33.12 35.68 38.34 

1.2 24.16 32.35 38.34 43.27 

Mean (μ)  23.38 31.91 36.62 39.91 

4A 1.0 22.27 26.27 37.75 37.74 

1.1 21.02 29.11 38.25 41.38 
1.2 21.09 27.12 37.60 39.82 

Mean (μ)  21.46 27.50 37.87 39.65 

13X 1.0 19.75 26.60 33.36 38.81 

1.1 20.57 25.47 36.90 41.74 
1.2 20.32 27.03 35.72 38.52 

Mean (μ)  20.21 26.37 35.33 39.69 
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Values for compressive strength can be seen in Table 4.19 for the natural zeolites and Table 
4.20 for the synthetic types at 10% replacement. The results show that the maximum 
compressive strength value was achieved at 70 days for all of the synthetic and all of the 
natural zeolite sample mixes baring philipsite. Indeed, compressive strength values increased 
over curing age time not taking into account the philipsite sample data which decreased from 
28 days to 70 days curing time. Mordenite mixes demonstrated the highest mean value for 
compressive strength at 10% replacement of cement although this was lower than that of the 
control mortar mix compressive strength value after 70 days curing, which showcased an 
increased value of 3.70%. 
 
The compressive strength measurements for mortar samples containing 15% replacement 
of cement with natural zeolite can be seen in Table 4.21. 
 
Table 4.21 Compressive strength measurements for mortar samples with 15% 
replacement of cement with natural zeolite 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 
 
 
 
 
 
 
 
 
 

Zeolite  Sample 
reference 

Compressive strength (MPa) 
2 days 7 days 28 days 70 days 

CHA 1.0 18.90 26.80 37.91 40.14 

1.1 18.67 29.57 36.91 39.29 

1.2 19.08 28.52 35.49 33.66 

Mean (μ)  18.88 28.30 36.77 37.70 
MOR 1.0 16.81 31.18 46.07 60.49 

1.1 17.73 30.56 58.82 58.33 

1.2 18.16 31.16 58.65 56.04 

Mean (μ)  17.57 30.97 54.51 58.29 
NAT 1.0 21.73 28.92 46.07 43.56 

1.1 21.81 31.57 46.48 45.37 

1.2 20.80 30.54 46.61 43.49 

Mean (μ)  21.45 30.34 46.39 44.14 
PHI 1.0 20.50 32.82 55.09 64.89 

1.1 20.40 30.54 49.03 63.09 

1.2 20.01 31.78 54.12 64.29 
Mean (μ)  20.30 31.71 52.75 64.09 
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The compressive strength measurements for mortar samples containing 15% replacement 
of cement with synthetic zeolite can be seen in Table 4.22. 
 
Table 4.22 Compressive strength measurements for mortar samples with 15% 
replacement of cement with synthetic zeolite 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

Figure 4.9 Correlation graph of the relationship between compressive strength and curing 
time of mortar samples with 15% replacement of cement with zeolite. 
 
 
 
 

Zeolite  Sample 
reference 

Compressive strength (MPa) 
2 days 7 days 28 days 70 days 

3A 1.0 15.92 21.63 23.56 27.88 

1.1 15.54 20.30 22.01 30.91 

1.2 14.90 20.38 22.64 29.03 

Mean (μ)  15.45 20.77 22.74 29.27 
4A 1.0 16.92 23.18 29.05 31.34 

1.1 17.21 18.80 28.55 31.83 

1.2 17.35 23.56 23.98 28.46 

Mean (μ)  17.16 21.85 27.19 30.54 
13X 1.0 17.27 23.13 24.99 29.86 

1.1 17.55 21.35 26.57 27.01 

1.2 19.22 22.14 27.24 30.29 

Mean (μ)  18.01 22.21 26.27 29.05 
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Values for compressive strength can be seen in Table 4.21 for the natural zeolites and Table 
4.22 for the synthetic types at 15% replacement. The results show that the maximum 
compressive strength value was achieved at 70 days for all of the synthetic and all of the 
natural zeolite sample mixes baring natrolite. Indeed, compressive strength values increased 
over curing age time not taking into account the natrolite sample data which decreased from 
28 days to 70 days curing time. Philipsite mixes demonstrated the highest mean value for 
compressive strength at 15% replacement of cement and this was higher than that of the 
control mortar mix compressive strength value after 70 days curing, which showcased a 
decreased value of 7.29%. 
 
The compressive strength, USPV and density of mortar mixes with different zeolite types and 
% replacement levels of cement was investigated with curing age. These values were plotted 
on calibration graphs for comparison purposes. 
 
The density of the control mortar samples over 2 to 70 days curing time is shown in Figure 
4.1 plotted with mortar samples containing 5% replacement of cement with both natural and 
synthetic zeolite types. The graph highlights that the control mortar sample, which 
incorporates no zeolite leads to increased density values on average, the highest value 
reading of 1994 kg/m3 occurs after 28 days curing time. 
 
In contrast, it can be noted that after 2 days curing time, all zeolite incorporated mortar 
samples on average demonstrate a decreased density values than that of the control mortar. 
Indeed, mordenite mortar samples demonstrate the lowest density value of average at 2 days 
curing time, a reading of 1880 kg/m3 when compared to the control mortar sample reading 
of 1949 kg/m3.  
 
The density of the control mortar samples over 2 to 70 days curing time is shown in Figure 
4.2 plotted with mortar samples containing 10% replacement of cement with both natural 
and synthetic zeolite types. Similarly, to the aforementioned 5% replacement data, the graph 
highlights that the control mortar sample, which incorporates no zeolite leads to increased 
density values on average.  
 
In this instance, synthetic zeolite 13X mortar samples exhibit the smallest value of average for 
density, a value of 1812 kg/m3 that occurs after 2 days curing time. Furthermore, zeolite 13X 
has the lowest associated density values at 10% replacement of cement for all curing time 
ages of 2, 7, 28 and 70 days. 
 
The density of the control mortar samples over 2 to 70 days curing time is shown in Figure 
4.3 plotted with mortar samples containing 15% replacement of cement with both natural 
and synthetic zeolite types. Similarly, to the aforementioned 5 and 10% replacement data, 
the graph highlights that the control mortar sample, which incorporates no zeolite leads to 
increased density values on average. Once again, synthetic zeolite 13X mortar samples exhibit 
the smallest value of average for density, a value of 1761 kg/m3 that occurs after 7 days curing 
time. Furthermore, zeolite 13X once again has the lowest associated density values at 10% 
replacement of cement for all curing time ages of 2, 7, 28 and 70 days. 
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In summary, both the natural and synthetic zeolite types analysed in this study demonstrate 
decreased density values on average when compared to the control mortar sample. 
Synthetic zeolite 13X mortar samples appear on average to exhibit decreased density data 
overall when compared to all zeolite types adopted in this study. 
 
The USPV of the control mortar samples over 2 to 70 days curing time is shown in Figure 4.4 
plotted with mortar samples containing 5% replacement of cement with both natural and 
synthetic zeolite types. The graph highlights that the control mortar sample, which 
incorporates no zeolite produces both increased and decreased USPV readings on average 
when compared to zeolite incorporated mortar samples. 
 
All zeolite mortar samples baring chabazite and synthetic zeolite 13X produced increased 
USPV values on average at 2, 7, 28 and 70 days curing time when compared to the control 
mortar samples. At 7 and 28 days curing time, only chabazite mortar samples have a 
decreased data value on average in comparison to the control mortar sample. However, after 
70 days curing time, the control mortar samples on average had the lowest value for USPV, a 
reading of 2752 m/s.  
 
The USPV of the control mortar samples over 2 to 70 days curing time is shown in Figure 4.5 
plotted with mortar samples containing 10% replacement of cement with both natural and 
synthetic zeolite types. The graph highlights that the control mortar sample, which 
incorporates no zeolite produces both increased and decreased USPV readings on average 
when compared to zeolite incorporated mortar samples. 
 
All zeolite mortar samples baring synthetic zeolite 3A produced increased USPV values on 
average at 2 days curing time when compared to the control mortar samples. At 7 and 28 
days curing time, all zeolite mortar samples have an increased data value on average in 
comparison to the control mortar sample. This is also the case after 70 days curing time with 
synthetic zeolite 13X mortar having the highest value for USPV on average of 2539 m/s.  
 
The USPV of the control mortar samples over 2 to 70 days curing time is shown in Figure 4.6 
plotted with mortar samples containing 15% replacement of cement with both natural and 
synthetic zeolite types. Once again, the graph highlights that the control mortar sample, 
which incorporates no zeolite produces both increased and decreased USPV readings on 
average when compared to zeolite incorporated mortar samples. 
 
All zeolite mortar samples baring natrolite, which has an identical reading on average of 2306 
m/s, resulted in increased USPV values on average at 2 days curing time when compared to 
the control mortar samples. At 7, 28 and 70 days curing time, all zeolite mortar samples have 
an increased data value on average in comparison to the control mortar sample apart from 
philipsite mortar samples which have the same average data reading of 2752 m/s after 70 
days curing time.  
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In summary, both the natural and synthetic zeolite types analysed in this study typically 
demonstrate increased USPV readings on average when compared to the control mortar 
sample. Indeed, the highest average value obtained for the USPV of the mortar samples was 
found to be for natrolite mortar samples at 10% replacement of cement, which was recorded 
to be 2655 m/s.  
 
The compressive strength of the control mortar samples over 2 to 70 days curing time is 
shown in Figure 4.7 plotted with mortar samples containing 5% replacement of cement with 
both natural and synthetic zeolite types. The graph highlights that the control mortar sample, 
which incorporates no zeolite leads to optimum compressive strength values on average, the 
highest value reading of 59.42MPa occurs after 70 days curing time. 
 
However, it can be noted that after 2 days curing time, chabazite mortar samples on average 
demonstrate a higher compressive strength than that of the control mortar. Natrolite mortar 
samples on average give lead to the lowest compressive strength values. 
 
The compressive strength of the control mortar samples over 2 to 70 days curing time is 
shown in Figure 4.8 plotted with mortar samples containing 10% replacement of cement with 
both natural and synthetic zeolite types. The graph highlights that the control mortar sample, 
which incorporates no zeolite leads to optimum compressive strength values on average, the 
highest value reading of 59.42MPa occurs after 70 days curing time. 
 
However, it can be noted that after 28 days curing time, mordenite mortar samples on 
average demonstrate a higher compressive strength than that of the control mortar. Natrolite 
mortar samples on average give lead to the lowest compressive strength values. 
 
The compressive strength of the control mortar samples over 2 to 70 days curing time is 
shown in Figure 4.9 plotted with mortar samples containing 15% replacement of cement with 
both natural and synthetic zeolite types. The graph highlights that the control mortar sample, 
which incorporates no zeolite leads to optimum compressive strength values on average, the 
highest value reading of 59.42MPa occurs after 70 days curing time. It is important to note 
that there are two instances where the control mortar sample has decreased compressive 
strength value when compared to zeolite incorporated mortar samples.  
 
In instance one, at 28 days curing time, mordenite mortar samples show increased strength 
over the control mortar mix, with philipsite having a slight 0.68MPa decrease in strength 
when also compared to the control mortar. Furthermore, after 70 days curing time, philipsite 
mortar samples have increase compressive strength values over the control mortar samples 
on average, with a value of 64.09MPa in comparison to 59.42MPa. 
 
In summary, the natural zeolite types analysed in this study demonstrate increased 
compressive strength over the synthetic counterparts, although typically all of the zeolite 
mortar samples continued to exhibit increased compressive strength over curing time. 
Mordenite and philipsite mortar samples appear on average to provide similar compressive 
strength values when compared to the control mortar samples, and philipsite in particular, 
outperform the control sample at 70 days curing at 15% replacement of cement. 
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4.5 SCANNING ELECTRON MICROSCOPY OF MORTAR SPECIMENS 
 
The SEM data for the control mortar samples can be seen in Table 4.23 and the produced 
micrograph of the area examined in Figure 4.10. 
 
Table 4.23 Obtained SEM measurements for control mortar samples.  
 

 

 

Figure 4.10 Scanning electron micrograph of control mortar specimen 
 

An example EDX spectra produced from the examination of the above micrograph referring 
to the control mortar sample is shown below in Figure 4.11. 
 

 

 

 

 

 
 

CEM II 
42,5 N 

Sample 
reference 

Atomic (%) 

C O Na  Mg  AI  Si  S  K  Ca  Fe  

1.0 24.70 60.65 - 0.24 0.87 3.12 0.46 0.06 9.75 0.14 
1.1 24.46 57.44 - 0.27 0.99 4.30 0.72 0.07 11.51 0.24 

1.2 27.91 51.66 - 0.20 0.58 3.00 0.29 0.07 16.14 0.15 

Mean (μ)  25.69 56.58 - 0.24 0.81 3.47 0.49 0.07 12.47 0.18 
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Figure 4.11 EDX spectra of control mortar sample 
 
 
The SEM data for the natural zeolite mortar samples can be seen in Table 4.24. 
 
Table 4.24 Obtained SEM measurements for natural zeolite mortar samples 10% 
 

 

Zeolite  Sample 
reference 

Atomic (%) 

C O Na  Mg  AI  Si  S  K  Ca  Fe  

CHA 1.0 47.95 39.47 0.20 0.13 0.75 2.63 0.50 0.05 8.23 0.11 

1.1 51.68 39.83 0.26 0.09 0.37 1.83 0.22 0.03 5.61 0.07 

1.2 59.49 31.66 0.25 0.10 0.74 2.72 0.22 0.10 4.57 0.15 
Mean (μ)  53.04 36.99 0.24 0.11 0.62 2.39 0.31 0.06 6.14 0.11 

MOR 1.0 56.67 34.86 0.19 0.06 0.73 4.04 0.16 0.12 3.15 0.04 

1.1 52.52 38.54 0.19 0.10 0.57 2.27 0.23 0.04 5.44 0.10 

1.2 51.14 39.86 0.28 - 0.79 4.90 0.10 0.17 2.73 0.03 
Mean (μ)  53.44 37.75 0.22 0.05 0.70 3.74 0.16 0.11 3.77 0.06 

NAT 1.0 40.23 49.96 0.12 0.35 2.60 0.47 0.24 - 5.87 0.17 

1.1 39.86 46.01 0.10 0.07 0.19 4.81 0.12 0.03 8.69 0.04 

1.2 41.96 49.23 0.14 0.11 0.49 2.24 0.32 0.03 5.41 0.06 
Mean (μ)  40.68 48.40 0.12 0.18 1.09 2.51 0.23 0.02 6.66 0.09 

PHI 1.0 45.43 42.24 0.26 0.13 0.59 2.25 0.23 0.04 8.70 0.08 

1.1 42.25 45.91 0.25 0.17 0.76 2.04 0.19 0.04 8.23 0.12 
1.2 42.58 44.22 0.15 - 0.48 1.03 0.26 - 11.17 0.05 

Mean (μ)  43.42 44.12 0.22 0.10 0.61 1.77 0.23 0.03 9.37 0.08 
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The produced micrographs of the areas of the chabazite mortar can be seen in Figure 4.12. 

 
Figure 4.12 Scanning electron micrograph of chabazite mortar specimen 
 
An example EDX spectra produced from the examination of the above micrograph referring 
to the chabazite mortar sample is shown below in Figure 4.13. 
 

 
 
Figure 4.13 EDX spectra of chabazite mortar sample 
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The SEM micrograph of the chabazite mortar sample is characterised by pseudo-cubic 
rhombohedra corresponding to the shape of the unit cell. 
 
It can be deduced from the data that an element atomic value of 53.04% for C is considerably 
higher than the value for the control mortar sample 25.69%. In contrast, it can be observed 
that the O element atomic value of 36.99% is significantly lower than that of the control 
mortar sample value of 56.58%. 
 
Finally, the lowest element atomic value is 0.06% and is observed for K, a value that reads 
0.07% for the control sample, indeed, these values are almost identical. 
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The produced micrographs of the areas of the mordenite mortar can be seen in Figure 4.14. 
 

 
Figure 4.14 Scanning electron micrograph of mordenite mortar specimen 
 
An example EDX spectra produced from the examination of the above micrograph referring 
to the mordenite mortar sample is shown below in Figure 4.15. 
 

 
 
Figure 4.15 EDX spectra of mordenite mortar sample 
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The SEM micrograph of the mordenite mortar sample demonstrates the formation of twinned 
and intergrown lath-shape crystal. Indeed, a small portion of the crystal cluster with a flaky 
habit is depicted in the micrograph. It can be observed that most of the formed crystals are 
plates, and the high silica content has contributed to the formation of flat and prismatic 
crystals. 
 
Indeed, an element atomic value of 53.44% for C is considerably higher than the value for the 
control mortar sample 25.69%. In contrast, it can be observed that the O element atomic 
value of 37.75% is lower than that of the control mortar sample value of 56.58%. 
 
Finally, the lowest element atomic value is 0.05% and is observed for Mg, a value that reads 
0.24% for the control sample. 
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The produced micrographs of the areas of the natrolite mortar can be seen in Figure 4.16. 
 

 
 
Figure 4.16 Scanning electron micrograph of natrolite mortar specimen 
 
An example EDX spectra produced from the examination of the above micrograph referring 
to the natrolite mortar sample is shown below in Figure 4.17. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.17 EDX spectra of natrolite mortar sample 
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The SEM micrograph of the natrolite mortar sample is recognisable by the typical prismatic 
habit and well-formed crystal faces.  
 
Indeed, an element atomic value of 40.68% for C is considerably higher than the value for the 
control mortar sample 25.69%. In contrast, it can be observed that the O element atomic 
value of 44.12% is lower than that of the control mortar sample value of 56.58%. 
 
Finally, the lowest element atomic value is 0.02% and is observed for K, a value that reads 
0.07% for the control sample. 
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The produced micrographs of the areas of the philipsite mortar can be seen in Figure 4.18. 
 

 
 
Figure 4.18 Scanning electron micrograph of philipsite mortar specimen 
 
An example EDX spectra produced from the examination of the above micrograph referring 
to the philipsite mortar sample is shown below in Figure 4.19. 
 

 
 
Figure 4.19 EDX spectra of philipsite mortar sample 
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The SEM micrograph of the philipsite mortar sample is characterised by short prismatic 
pseudo-orthorhombic crystals with elongation.  
 
It can be deduced from the data that an element atomic value of 43.42% for C is considerably 
higher than the value for the control mortar sample 25.69%. In contrast, it can be observed 
that the O element atomic value of 48.40% is lower than that of the control mortar sample 
value of 56.58%. 
 
Finally, the lowest element atomic value is 0.03% and is observed for K, a value that reads 
0.07% for the control sample. 
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The SEM data for the synthetic zeolite mortar samples can be seen in Table 4.25. 
 
Table 4.25 Obtained SEM measurements for synthetic zeolite mortar samples 10% 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Zeolite  Sample 
reference 

Atomic (%) 
C O Na  Mg  AI  Si  S  K  Ca  Fe  

3A 1.0 40.20 46.87 0.47 0.10 1.35 3.10 0.33 0.35 7.15 0.09 

1.1 48.20 45.46 0.29 0.08 0.52 1.23 0.15 0.08 3.96 0.03 

1.2 52.32 36.39 0.28 0.10 1.28 2.30 0.29 0.19 6.75 0.08 

Mean (μ)  46.91 42.91 0.35 0.09 1.05 2.21 0.26 0.21 5.95 0.07 
4A 1.0 40.72 47.04 0.54 0.18 0.79 1.93 0.22 0.06 8.47 0.06 

1.1 44.84 47.59 0.72 0.10 1.05 1.70 0.19 0.05 3.70 0.06 

1.2 45.69 43.54 0.52 0.32 1.22 2.12 0.39 0.06 5.70 0.35 

Mean (μ)  43.75 46.06 0.59 0.20 1.02 1.92 0.27 0.06 5.96 0.16 
13X 1.0 30.09 57.58 0.43 0.10 2.56 2.41 0.28 0.17 6.31 0.08 

1.1 33.87 54.83 0.54 0.16 1.36 2.58 0.42 0.24 5.92 0.07 

1.2 37.60 52.60 0.32 0.09 1.31 1.91 0.29 0.12 5.66 0.08 

Mean (μ)  33.85 55.00 0.43 0.12 1.74 2.30 0.33 0.18 5.96 0.08 
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The produced micrograph of the three areas of the synthetic zeolite 3A mortar can be seen 
in Figure 4.20. 

 
Figure 4.20 Scanning electron micrograph of synthetic zeolite 3A mortar specimen 
 
An example EDX spectra produced from the examination of the above micrograph referring 
to the synthetic zeolite 3A mortar sample is shown below in Figure 4.21. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.21 EDX spectra of synthetic zeolite 3A mortar sample 
 



 

 

82 | P a g e  

 

The SEM micrograph of the synthetic zeolite 3A mortar sample is characterised very well 
developed cubic shaped crystals. 
 
It can be seen from the data that an element atomic value of 46.91% for C is considerably 
higher than the value for the control mortar sample 25.69%. In contrast, it can be observed 
that the O element atomic value of 42.91% is lower than that of the control mortar sample 
value of 56.58%. 
 
Finally, the lowest element atomic value is 0.07% and is observed for Fe, a value that reads 
0.18% for the control sample. Indeed, the mean K value of synthetic zeolite mortar is 0.21% 
which is noticeably higher than that of the control sample mortar reading of 0.07%. 
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The produced micrograph of the three areas of the synthetic zeolite 4A mortar can be seen 
in Figure 4.22. 
 

 
 
Figure 4.22 Scanning electron micrograph of synthetic zeolite 4A mortar specimen 
 
An example EDX spectra produced from the examination of the above micrograph referring 
to the synthetic zeolite 4A mortar sample is shown below in Figure 4.23. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.23 EDX spectra of synthetic zeolite 4A mortar sample 
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The SEM micrograph of the synthetic zeolite 4A mortar sample is characterised very well 
developed cubic shaped crystals. 
 
It can be seen from the data that an element atomic value of 43.75% for C is considerably 
higher than the value for the control mortar sample 25.69%. In contrast, it can be observed 
that the O element atomic value of 46.06% is lower than that of the control mortar sample 
value of 56.58%. 
 
Finally, the lowest element atomic value is 0.06% and is observed for K, a value that reads 
0.07% for the control sample. 
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The produced micrograph of the three areas of the synthetic zeolite 13X mortar can be seen 
in Figure 4.24. 
 

 
 
Figure 4.24 Scanning electron micrograph of synthetic zeolite 13X mortar specimen 
 
An example EDX spectra produced from the examination of the above micrograph referring 
to the synthetic zeolite 13X mortar sample is shown below in Figure 4.25. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.25 EDX spectra of synthetic zeolite 13X mortar sample 
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The SEM micrograph for synthetic zeolite 13X is characterised by crystallites that exhibit a 
tetrahedral morphology with sharp edges.  
 
It can be seen from the data that an element atomic value of 33.85% for C is higher than the 
value for the control mortar sample 25.69%. In contrast, it can be observed that the O element 
atomic value of 55.00% is similar to that of the control mortar sample mean value of 56.58%. 
 
Finally, the lowest element atomic value is 0.08% and is observed for Fe, a value that reads 
0.018% for the control sample. Indeed, the mean K value of 0.18% is higher than that of the 
control mortar sample mean value of 0.07%. 
 
The average atomic (%) values for all zeolite mortar samples and the control are recorded in 
Table 4.26 and the data was plotted using a calibration graph, the results of which can be 
seen in Figure 4.26. Data for C and O were omitted in the creation of the graph in response 
to potential C contamination originating from any contact with organic material, for example 
carbon coating being used for SEM stub preparation or from the air. Indeed, any organic 
contamination tends to produce hydrocarbon under the electron beam of a sample surface, 
which can increase during measurement. This would render the C data analysis unreliable. 
 
Furthermore, for alloys and in particular AI alloys, it is difficult to avoid O contamination 
since AI will passivate at the first possible contact with O. 
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Table 4.26 Obtained average SEM measurements for control, natural and synthetic zeolite 
mortar samples after 28-days curing time with 10% replacement of cement. 
 

 
 
 
 

 
 
 
Figure 4.26 Calibration graph showcasing the atomic element % of mortar samples 
incorporating natural and synthetic zeolite at 10% replacement of cement after 28 days 
curing time 
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Zeolite  Average atomic (%) 

C O Na  Mg  AI  Si  S  K  Ca  Fe  

3A 46.91 42.91 0.35 0.09 1.05 2.21 0.26 0.21 5.95 0.07 

4A 43.75 46.06 0.59 0.20 1.02 5.12 0.27 0.06 5.96 0.16 
13X 33.85 55.00 0.43 0.12 1.74 2.30 0.33 0.18 5.96 0.08 

CHA 53.04 36.99 0.24 0.96 0.62 2.39 0.31 0.06 6.14 0.11 

MOR 53.44 37.75 0.22 0.08 0.70 3.74 0.16 0.11 3.77 0.06 

NAT 40.68 48.40 0.12 0.18 1.09 2.51 0.23 0.03 6.66 0.09 
PHI 43.42 44.12 0.22 0.15 0.61 4.03 0.23 0.04 9.37 0.08 

CEM 25.69 56.58 - 0.24 0.81 3.47 0.49 0.07 12.47 0.18 
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4.6 X-RAY DIFFRACTION OF MORTAR SPECIMENS 
 
The XRD patterns analysis of the control mortar specimen is shown in Figure 4.27. 
 

Figure 4.27 XRD patterns of control mortar sample after 28-days curing 
 
 
It can be observed from the XRD patterns that the main crystalline phases of the mortar mix 
consisted of alite, belite, aluminite and ferrite. Indeed, these phases correspond to the main 
components of the clinker. In addition, the main peaks of C3S were found to be at 18.030, 
29.390, 34.06o, 47.05o and 50.76o. In contrast, the main peaks of C2S are identifiable at 22.98o 
and 39.37o respectively.   
 
Peak intensity values in order of the aforementioned main peaks are 40.14, 100, 67.10, 36.89, 
21.81% respectively for C3S with values of 12.68 and 19.92% for C2S. 
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The XRD patterns analysis of the chabazite mortar specimen is shown in Figure 4.28 
 

Figure 4.28 XRD patterns of chabazite mortar sample after 28-days curing with 10% 
replacement of cement 
 
 
It can be observed from the XRD patterns that the main crystalline peaks of the chabazite 
mortar mix of C3S were found to be at 17.990, 29.36o, 34.03o, 47.02o and 50.70o. In contrast, 
the main peaks of C2S are identifiable at 22.97o and 39.39o respectively.  Peak intensity values 
in order of the aforementioned main peaks are 28.66, 100, 69.01, 30.79 and 21.99% 
respectively for C3S with values of 16.64 and 20.59% for C2S. 
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The XRD patterns analysis of the mordenite mortar specimen is shown in Figure 4.29 
 

 
Figure 4.29 XRD patterns of mordenite mortar sample after 28-days curing with 10% 
replacement of cement 
 
 
It can be observed from the XRD patterns that the main crystalline peaks of the mordenite 
mortar mix of C3S were found to be at 18.010, 29.40o, 34.01o, 47.04o and 50.72o. In contrast, 
the main peaks of C2S are identifiable at 22.94o and 39.39o respectively.  Peak intensity values 
in order of the aforementioned main peaks are 30.89, 100, 51.32, 26.40 and 21.39% 
respectively for C3S with values of 13.71 and 22.47% for C2S. 
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The XRD patterns analysis of the natrolite mortar specimen is shown in Figure 4.30 
 

Figure 4.30 XRD patterns of natrolite mortar sample after 28-days curing with 10% 
replacement of cement 
 
 
It can be observed from the XRD patterns that the main crystalline peaks of the natrolite 
mortar mix of C3S were found to be at 18.020, 29.39o, 34.06o, 47.09o and 50.76o. In contrast, 
the main peaks of C2S are identifiable at 23.00o and 39.40o respectively.  Peak intensity values 
in order of the aforementioned main peaks are 40.32, 100, 64.97, 32.23 and 28.82% 
respectively for C3S with values of 13.43 and 21.27% for C2S. 
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The XRD patterns analysis of the philipsite mortar specimen are shown in Figure 4.31 
 

 
Figure 4.31 XRD patterns of philipsite mortar sample after 28-days curing with 10% 
replacement of cement 
 
 
It can be observed from the XRD patterns that the main crystalline peaks of the philipsite 
mortar mix of C3S were found to be at 18.010, 29.38o, 34.04o, 47.05o and 50.75o. In contrast, 
the main peaks of C2S are identifiable at 23.02o and 39.39o respectively.  Peak intensity values 
in order of the aforementioned main peaks are 30.71, 100, 56.34, 27.22 and 17.37% 
respectively for C3S with values of 11.31 and 20.03% for C2S. 
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The XRD patterns analysis of the synthetic zeolite 3A mortar specimen is shown in Figure 
4.32 
 

 
Figure 4.32 XRD patterns of synthetic zeolite 3A mortar sample after 28-days curing with 
10% replacement of cement 
 
 
It can be observed from the XRD patterns that the main crystalline peaks of the synthetic 
zeolite 3a mortar mix of C3S were found to be at 17.890, 29.34o, 34.25o, 47.47o and 51.60o. In 
contrast, the main peaks of C2S are identifiable at 22.94o and 39.33o respectively. Peak 
intensity values in order of the aforementioned main peaks are 3.62, 100, 17.42, 19.30 and 
12.10% respectively for C3S with values of 11.11 and 18.31% for C2S. 
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The XRD patterns analysis of the synthetic zeolite 4A mortar specimen is shown in Figure 
4.33. 
 

 
Figure 4.33 XRD patterns of synthetic zeolite 4A mortar sample after 28-days curing with 
10% replacement of cement 
 
It can be observed from the XRD patterns that the main crystalline peaks of the synthetic 
zeolite 4A mortar mix of C3S were found to be at 17.920, 29.43o, 34.32o, 47.56o and 51.65o. In 
contrast, the main peaks of C2S are identifiable at 22.95o and 39.43o respectively. Peak 
intensity values in order of the aforementioned main peaks are 2.97, 100, 24.74, 15.93 and 
10.89% respectively for C3S with values of 11.31 and 20.03% for C2S. 
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The XRD patterns analysis of the synthetic zeolite 13X mortar specimen is shown in Figure 
4.34. 
 

Figure 4.34 XRD patterns of synthetic zeolite 13X mortar sample after 28-days curing with 
10% replacement of cement 
 

It can be observed from the XRD patterns that the main crystalline peaks of the synthetic 
zeolite 13X mortar mix of C3S were found to be at 18.050, 29.44o, 34.34o, 47.54o and 51.70o. 
In contrast, the main peaks of C2S are identifiable at 23.03o and 39.47o respectively.   
 
Peak intensity values in order of the aforementioned main peaks are 7.08, 100, 17.87, 16.68 
and 9.85% respectively for C3S with values of 10.72 and 17.54% for C2S. 
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4.7 FOURIER TRANSFORM INFRARED SPECTROSCOPY OF MORTAR SPECIMENS 
 
Spectra produced from the FTIR analysis of the control mortar specimen is shown in Figure 
4.35. 
 

 
Figure 4.35 FTIR spectra of the control mortar sample after 28-days curing 
 
 
The presence of carbonates can be observed from the FTIR spectra of the control mortar, 
characterised by the absorption peaks 1796, 1440, 874 and 713cm-1. Indeed, the band 
occurring at around 1440cm-1 are from extinct CO2 vibrations. Furthermore, the weak band 
that arises at 1796cm-1 originates from C=O bond vibration. 
 
The medium intensity bands that appear in the spectra of the sample around 1024cm-1 

originate extensively from Si-O-Si vibrations of quartz.  
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Spectra produced from the FTIR analysis of the chabazite mortar specimen is shown in 
Figure 4.36 
 

 
 
Figure 4.36 FTIR spectra of the chabazite mortar sample after 28-days curing at 10% 
replacement of cement 
 
Notable vibrations for chabazite are observed such as H2O bending and T-O stretching at 
1658-1044cm-1 and double ring vibrations at 640cm-1. In addition, the main band centred at 
3500cm-1 is caused by water molecules (crystal water). 
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Spectra produced from the FTIR analysis of the mordenite mortar specimen is shown in 
Figure 4.37 
 

 
Figure 4.37 FTIR spectra of the mordenite mortar sample after 28-days curing at 10% 
replacement of cement 
 
Typical vibrations for mordenite are observed, notably asymmetric stretching in the region of 
1219cm-1053cm-1, and symmetric stretching in the region of 810-721cm-1. Furthermore, 
double ring vibrations 578-559cm-1 are evident upon inspection of the FTIR spectra.  
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Spectra produced from the FTIR analysis of the natrolite mortar specimen is shown in Figure 
4.38  
 

 
 
Figure 4.38 FTIR spectra of the natrolite mortar sample after 28-days curing at 10% 
replacement of cement 
 
 
The FTIR spectroscopy shows bands between 950 and 1200cm-1 which correspond to 
stretching vibration of Si-O-Si and Si-O-Al bonds. In addition, the peak at 3200-3600cm-1 

highlights the presence of absorbed water. Furthermore, peaks at 500-800cm-1 relate to 
pseudo-lattice vibrations.  
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Spectra produced from the FTIR analysis of the philipsite mortar specimen is shown in 
Figure 4.39 
 
 

 
 
Figure 4.39 FTIR spectra of the philipsite mortar sample after 28-days curing at 10% 
replacement of cement 
 
 
It can be observed from the FTIR spectra for the philipsite mortar sample that absorption 
bands are present at 1040cm-1 and can be attributed to Si-O stretching vibrations. Indeed, 
absorption bands at 3400cm-1 in the water stretching regions are broad and are stretched 
towards higher frequencies.  
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Spectra produced from the FTIR analysis of the synthetic zeolite 3A mortar specimen is 
shown in Figure 4.40  
 
 
 

 
 
Figure 4.40 FTIR spectra of the synthetic zeolite 3A mortar sample after 28-days curing at 
10% replacement of cement 
 
 
The band observed at 3454cm-1 can be attributed to zeolitic water whilst those bands at 
100cm-1 characterise Si-O-Al. Furthermore, the bands identified at 680-456cm-1 indicate the 
crystallisation of zeolite A. It is important to note that the band at 680cm-1 represents typical 
symmetrical stretches of the primary internal vibrations T-O where T can be Si or Al.  
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Spectra produced from the FTIR analysis of the synthetic zeolite 4A mortar specimen is 
shown in Figure 4.41 
 

 
 
 
Figure 4.41 FTIR spectra of the synthetic zeolite 4A mortar sample after 28-days curing at 
10% replacement of cement 
 
Similarly, to synthetic zeolite 3a, the band observed at 3454cm-1 can be attributed to zeolitic 
water whilst those bands at 100cm-1 characterise Si-O-Al. Furthermore, the bands identified 
at 680-456cm-1 indicate the crystallisation of zeolite A. It is important to note that the band 
at 680cm-1 represents typical symmetrical stretches of the primary internal vibrations T-O 
where T can be Si or Al.  
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4.8 CORRELATION GRAPHS OF COMPRESSIVE STRENGTH AND DENSITY DATA 
 
The relationship between compressive strength and density of mortar mixes with different 
zeolite types and % replacement levels of cement was investigated with curing age. 
Correlation R2 values were calculated to accurately evaluate the strength of said relationship. 
 
Table 4.27 Density and compressive strength data of the control mortar samples over 2 to 
70 days curing time. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 4.42 The relationship between compressive strength and density of the control 
mortar samples over 2 to 70 days curing time. 
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1939 23.77 
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2000 52.19 
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1979 63.42 
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Table 4.28 Density and compressive strength data of the mortar samples with 5% 
replacement of cement with natural zeolite over 2 to 70 days curing time. 

 

Natural 
zeolite 

Density 
(kg/m3) 

Compressive strength 
(MPa) 

CHA 1904 26.22 

1899 23.84 

1900 25.40 

1930 36.96 

1928 38.16 

1935 36.93 

1951 48.38 

1922 47.30 

1926 48.73 

1958 53.89 

1950 52.99 

1930 46.89 

MOR 1889 21.93 

1874 21.86 
1877 21.52 

1916 35.46 

1890 32.95 

1901 36.03 
1901 48.83 

1905 46.82 

1910 44.56 

1949 59.41 

1901 60.24 

1945 51.96 

NAT 1888 10.81 

1869 10.39 
1866 9.94 

1899 24.05 

1908 25.87 

1904 25.72 

1916 32.62 

1920 38.94 

1910 38.28 
1917 47.38 

1917 44.11 

1964 41.52 

PHI 1900 20.29 

1881 20.67 

1896 19.93 



 

 

105 | P a g e  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.43 The relationship between compressive strength and density of the natural 
zeolite mortar samples at 5% replacement of cement over 2 to 70 days curing time. 
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Table 4.29 Density and compressive strength data of the mortar samples with 10% 
replacement of cement with natural zeolite over 2 to 70 days curing time. 

Natural zeolite Density (kg/m3) Compressive strength (MPa) 

CHA 1835 22.57 

1830 20.07 

1831 22.05 

1895 33.23 

1897 31.90 

1900 34.06 

1908 36.58 

1904 39.36 

1905 38.01 

1897 46.65 

1894 46.50 

1890 44.39 

MOR 1878 15.47 

1868 16.77 

1871 15.81 

1881 34.03 

1876 32.38 

1887 33.35 

1903 60.48 

1896 50.47 

1900 59.59 

1956 53.98 

1964 57.87 

1915 59.80 

NAT 1881 11.87 

1885 11.63 

1881 11.58 

1880 28.18 

1894 28.08 

1888 27.62 

1905 45.84 

1913 43.29 

1905 45.56 

1917 47.94 

1925 48.92 

1925 46.56 

PHI 1855 24.02 

1851 22.81 

1851 23.59 

1919 38.31 

1908 38.04 

1919 37.70 

1934 52.65 
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1924 48.59 

1930 54.89 

1908 47.25 

1904 42.01 

1916 41.80 

 

 

 

 

Figure 4.44 The relationship between compressive strength and density of the natural 
zeolite mortar samples at 10% replacement of cement over 2 to 70 days curing time. 
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Table 4.30 Density and compressive strength data of the mortar samples with 15% 
replacement of cement with natural zeolite over 2 to 70 days curing time. 
 

Natural zeolite Density (kg/m3) Compressive strength (MPa) 

CHA 1839 18.90 

1836 18.67 

1837 19.08 

1847 26.80 

1843 29.57 

1850 28.52 

1854 37.91 

1847 36.91 

1848 35.49 

1876 40.14 

1859 39.29 

1866 33.66 

MOR 1871 16.81 

1859 17.73 

1885 18.16 

1864 31.18 

1859 30.56 

1861 31.16 

1885 46.07 

1873 58.82 

1874 58.65 

1877 60.49 

1876 58.33 

1885 56.04 

NAT 1891 21.73 

1906 21.81 

1888 20.80 

1885 28.92 

1896 31.57 

1885 30.54 

1900 46.07 

1894 46.48 

1892 46.61 

1909 43.56 

2056 45.37 

1907 43.49 

PHI 1864 20.50 

1861 20.40 

1864 20.01 

1879 32.82 

1864 30.54 

1864 31.78 



 

 

109 | P a g e  

 

1884 55.09 

1874 49.03 

1892 54.12 

1906 64.89 

1899 63.09 

1903 64.29 

 

 

 

 

Figure 4.45 The relationship between compressive strength and density of the natural 
zeolite mortar samples at 15% replacement of cement over 2 to 70 days curing time. 
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Table 4.31 Density and compressive strength data of the mortar samples with 5% 
replacement of cement with synthetic zeolite over 2 to 70 days curing time. 
 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Natural zeolite Density (kg/m3) Compressive strength (MPa) 

3A 1920 20.67 

1913 20.88 

1923 20.23 

1939 29.41 

1936 28.01 

1917 28.64 

1944 39.14 

1929 39.84 

1964 36.67 

1964 46.10 

1937 45.01 

1944 47.61 

4A 1924 19.63 

1917 19.66 

1925 21.27 

1939 27.53 

1940 27.66 

1940 28.18 

1964 39.30 

1975 38.41 

1979 36.83 

1952 42.44 

1952 43.69 

1952 44.88 

13X 1888 22.89 

1881 24.28 

1876 24.21 

1887 34.38 

1890 35.65 

1876 29.26 

1918 39.79 

1925 42.13 

1929 39.71 

1907 42.72 

1906 43.38 

1903 45.19 
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Figure 4.46 The relationship between compressive strength and density of the synthetic 
zeolite mortar samples at 5% replacement of cement over 2 to 70 days curing time. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

y = 9E-11e0.0138x

R² = 0.4433

y = 3E-10e0.0131x

R² = 0.5261

y = 1E-07e0.0103x

R² = 0.5423

0

5

10

15

20

25

30

35

40

45

50

1860 1880 1900 1920 1940 1960 1980 2000

C
o

m
p

re
ss

iv
e 

st
re

n
gt

h
 (

M
P

a)

Density (kg/m3 )

The relationship between compressive strength and density of the mortar 
samples with 5% replacement of cement with synthetic zeolite types over 2 

to 70 days curing time

3A 4A 13X Expon. (3A) Expon. (4A) Expon. (13X)



 

 

112 | P a g e  

 

Table 4.32 Density and compressive strength data of the mortar samples with 10% 
replacement of cement with synthetic zeolite over 2 to 70 days curing time. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 

Natural zeolite Density (kg/m3) Compressive strength (MPa) 

3A 1884 22.26 

1885 23.73 

1877 24.16 

1898 30.26 

1893 33.12 

1885 32.35 

1926 35.85 

1929 35.68 

1940 38.34 

1928 38.12 

1913 38.34 

1918 43.27 

4A 1893 22.27 

1891 21.02 

1884 21.09 

1908 26.27 

1901 29.11 

1901 27.12 

1949 37.75 

1952 38.25 

1953 37.60 

1933 37.74 

1929 41.38 

1933 39.82 

13X 1809 19.75 

1816 20.57 

1810 20.32 

1828 26.60 

1828 25.47 

1816 27.03 

1869 33.36 

1865 36.90 

1862 35.72 

1853 38.81 

1843 41.74 

1853 38.52 



 

 

113 | P a g e  

 

 
 
Figure 4.47 The relationship between compressive strength and density of the synthetic 
zeolite mortar samples at 10% replacement of cement over 2 to 70 days curing time. 
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Table 4.33 Density and compressive strength data of the mortar samples with 15% 
replacement of cement with synthetic zeolite over 2 to 70 days curing time. 
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Natural zeolite Density (kg/m3) Compressive strength (MPa) 

3A 1828 15.92 

1821 15.54 

1822 14.90 

1830 21.63 

1821 20.30 

1822 20.38 

1853 23.56 

1827 22.01 

1837 22.64 

1855 27.88 

1858 30.91 

1858 29.03 

4A 1869 16.92 

1846 17.21 

1844 17.35 

1846 23.18 

1862 18.80 

1822 23.56 

1861 29.05 

1866 28.55 

1861 23.98 

1864 31.34 

1865 31.83 

1867 28.46 

13X 1766 17.27 

1762 17.55 

1763 19.22 

1761 23.13 

1757 21.35 

1764 22.14 

1785 24.99 

1774 26.57 

1782 27.24 

1785 29.86 

1787 27.01 

1778 30.29 
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Figure 4.48 The relationship between compressive strength and density of the synthetic 
zeolite mortar samples at 15% replacement of cement over 2 to 70 days curing time. 
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4.9 CORRELATION GRAPHS OF COMPRESSIVE STRENGTH AND USPV DATA 
 
The relationship between compressive strength and USPV of mortar mixes with different 
zeolite types and % replacement levels of cement was investigated with curing age. 
Correlation R2 values were calculated to accurately evaluate the strength of said relationship. 
 
Table 4.34 USPV and compressive strength data of the control mortar samples over 2 to 70 
days curing time 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.49 The relationship between compressive strength and USPV of the control mortar 
samples over 2 to 70 days curing time. 
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Table 4.35 USPV and compressive strength data of the mortar samples with 5% replacement 
of cement with natural zeolite over 2 to 70 days curing time. 

 
Natural zeolite Longitudinal 

pulse velocity 
(m/s) 

Compressive strength (MPa) 

CHA 2383 26.22 

2383 23.84 

2383 25.40 

2649 36.96 

2554 38.16 

2602 36.93 

2752 48.38 

2701 47.30 

2653 48.73 

2752 53.89 

2752 52.99 

2701 46.89 

MOR 2233 21.93 

2233 21.86 

2233 21.52 

2465 35.46 

2465 32.95 

2465 36.03 

2649 48.83 

2649 46.82 

2649 44.56 

2649 59.41 

2602 60.24 

2602 51.96 

NAT 1983 10.81 

1983 10.39 

1983 9.94 

2554 24.05 

2383 25.87 

2424 25.72 

2602 32.62 

2602 38.94 

2602 38.28 

2554 47.38 

2701 44.11 

2609 41.52 

PHI 2233 20.29 

2233 20.67 

2269 19.93 

2554 36.37 
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2554 35.73 

2465 34.34 

2649 53.95 

2701 50.90 

2649 51.47 

2752 57.79 

2752 57.25 

2752 61.97 

 
 
 
 

 
Figure 4.50 The relationship between compressive strength and USPV of the natural zeolite 
mortar samples at 5% replacement of cement over 2 to 70 days curing time. 
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Table 4.36 USPV and compressive strength data of the mortar samples with 10% 
replacement of cement with natural zeolite over 2 to 70 days curing time 

Natural zeolite Longitudinal 
pulse velocity 

(m/s) 

Compressive strength (MPa) 

CHA 2305 22.57 

2233 20.07 

2233 22.05 

2465 33.23 

2465 31.90 

2465 34.06 

2602 36.58 

2649 39.36 

2602 38.01 

2701 46.65 

2649 46.50 

2557 44.39 

MOR 2165 15.47 

2101 16.77 

2133 15.81 

2465 34.03 

2465 32.38 

2465 33.35 

2701 60.48 

2701 50.47 

2649 59.59 

2649 53.98 

2649 57.87 

2649 59.80 

NAT 2071 11.87 

2199 11.63 

2040 11.58 

2424 28.18 

2424 28.08 

2383 27.62 

2602 45.84 

2808 43.29 

2554 45.56 

2602 47.94 

2554 48.92 

2602 46.56 

PHI 2305 24.02 

2269 22.81 

2199 23.59 

2554 38.31 

2510 38.04 
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2510 37.70 

2701 52.65 

2701 48.59 

2649 54.89 

2752 47.25 

2752 42.01 

2653 41.80 

 
 

 
Figure 4.51 The relationship between compressive strength and USPV of the natural zeolite 
mortar samples at 10% replacement of cement over 2 to 70 days curing time. 
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Table 4.37 USPV and compressive strength data of the mortar samples with 15% 
replacement of cement with natural zeolite over 2 to 70 days curing time 
 

Natural zeolite Longitudinal 
pulse velocity 

(m/s) 

Compressive strength (MPa) 

CHA 2199 18.90 

2165 18.67 

2165 19.08 

2465 26.80 

2465 29.57 

2383 28.52 

2554 37.91 

2554 36.91 

2554 35.49 

2602 40.14 

2649 39.29 

2557 33.66 

MOR 2165 16.81 

2133 17.73 

2133 18.16 

2424 31.18 

2424 30.56 

2424 31.16 

2649 46.07 

2649 58.82 

2649 58.65 

2602 60.49 

2554 58.33 

2554 56.04 

NAT 2305 21.73 

2344 21.81 

2269 20.80 

2510 28.92 

2510 31.57 

2602 30.54 

2649 46.07 

2649 46.48 

2602 46.61 

2602 43.56 

2554 45.37 

2554 43.49 

PHI 2233 20.50 

2233 20.40 

2233 20.01 

2465 32.82 
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2465 30.54 

2465 31.78 

2649 55.09 

2649 49.03 

2649 54.12 

2752 64.89 

2752 63.09 

2752 64.29 

 

 
 
Figure 4.52 The relationship between compressive strength and USPV of the natural zeolite mortar 
samples at 15% replacement of cement over 2 to 70 days curing time. 
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Table 4.38 USPV and compressive strength data of the mortar samples with 5% replacement 
of cement with synthetic zeolite over 2 to 70 days curing time 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Natural zeolite Longitudinal 
pulse velocity 

(m/s) 

Compressive strength (MPa) 

3A 2305 20.67 

2305 20.88 

2305 20.23 

2465 29.41 

2465 28.01 

2424 28.64 

2554 39.14 

2554 39.84 

2554 36.67 

2649 46.10 

2602 45.01 

2649 47.61 

4A 2305 19.63 

2305 19.66 

2269 21.27 

2424 27.53 

2424 27.66 

2465 28.18 

2554 39.30 

2554 38.41 

2554 36.83 

2649 42.44 

2649 43.69 

2649 44.88 

13X 2344 22.89 

2344 24.28 

2344 24.21 

2554 34.38 

2554 35.65 

2509 29.26 

2602 39.79 

2602 42.13 

2649 39.71 

2649 42.72 

2649 43.38 

2649 45.19 
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Figure 4.53 The relationship between compressive strength and USPV of the synthetic 
zeolite mortar samples at 5% replacement of cement over 2 to 70 days curing time. 
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Table 4.39 USPV and compressive strength data of the mortar samples with 10% 
replacement of cement with synthetic zeolite over 2 to 70 days curing time 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Natural zeolite Longitudinal 
pulse velocity 

(m/s) 

Compressive strength (MPa) 

3A 2305 22.26 

2344 23.73 

2305 24.16 

2383 30.26 

2424 33.12 

2424 32.35 

2465 35.85 

2509 35.68 

2509 38.34 

2554 38.12 

2554 38.34 

2554 43.27 

4A 2305 22.27 

2305 21.02 

2305 21.09 

2424 26.27 

2424 29.11 

2383 27.12 

2509 37.75 

2509 38.25 

2509 37.60 

2554 37.74 

2554 41.38 

2554 39.82 

13X 2269 19.75 

2269 20.57 

2305 20.32 

2465 26.60 

2383 25.47 

2383 27.03 

2465 33.36 

2509 36.90 

2509 35.72 

2554 38.81 

2554 41.74 

2510 38.52 
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Figure 4.54 The relationship between compressive strength and USPV of the synthetic 
zeolite mortar samples at 10% replacement of cement over 2 to 70 days curing time. 
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Table 4.40 USPV and compressive strength data of the mortar samples with 15% 
replacement of cement with synthetic zeolite over 2 to 70 days curing time 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Natural zeolite Longitudinal 
pulse velocity 

(m/s) 

Compressive strength (MPa) 

3A 2199 15.92 

2233 15.54 

2199 14.90 

2305 21.63 

2269 20.30 

2269 20.38 

2344 23.56 

2383 22.01 

2383 22.64 

2383 27.88 

2424 30.91 

2424 29.03 

4A 2165 16.92 

2199 17.21 

2165 17.35 

2269 23.18 

2269 18.80 

2269 23.56 

2344 29.05 

2344 28.55 

2383 23.98 

2424 31.34 

2383 31.83 

2424 28.46 

13X 2305 17.27 

2233 17.55 

2233 19.22 

2383 23.13 

2344 21.35 

2344 22.14 

2465 24.99 

2465 26.57 

2465 27.24 

2510 29.86 

2510 27.01 

2510 30.29 
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Figure 4.55 The relationship between compressive strength and USPV of the synthetic 
zeolite mortar samples at 15% replacement of cement over 2 to 70 days curing time. 
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The relationship between the compressive strength and density of the control mortar samples 
over 2 to 70 days curing time is shown in Figure 4.42. The figure shows a clear trend in the 
compressive strength with density in that as the compressive strength increases, the density 
value increases over curing time. The relationship can be expressed using an exponential 
curve; however, the correlation is not very strong as R2 equals 0.47. Indeed, after 70 days 
curing time, the density value of the control mortar sample decreases significantly when 
compared to the 28-day value. 
 
The relationship between the compressive strength and density of the natural zeolite types, 
with differing % replacements of cement is shown in Figure 4.43 to Figure 4.45. In the instance 
of chabazite, the figures show a clear trend in the compressive strength with density similarly 
to that of the control mortar samples previously mentioned. The trend is that as compressive 
strength increases, the density value increases over curing time for 5 and 15% replacement 
of cement with zeolite. Indeed, the R2 value for the 5% replacement is 0.71. It should be noted 
however that at 10 and 15% replacement the R2 value is 0.62 and 0.53 respectively which 
indicates a relatively strong correlation but not as strong as that at 5%. Furthermore, at 10% 
replacement of cement with chabazite there is a decrease in the density between 28 to 70 
days, similarly to that of the control mortar sample, however the compressive strength 
continues to increase. 
 
In the case of the relationship between the compressive strength and density of the natural 
zeolite mordenite, with differing % replacements, the figures do not show a clear trend in the 
compressive strength with respect to density over curing time. This is reflected in the 
correlation R2 value of 0.40 at 10% replacement and even more striking 0.16 at 15% 
replacement level, which indicates a weak correlation. However, at 5% replacement a R2 value 
of 0.49 is identified which does indicate a stronger correlation.  
 
In the instance of natrolite being used as a cement replacement in mortar samples (5-15%), 
the relationship between compressive strength and density can be described as a strong 
correlation at 10% replacement levels of cement with natrolite and that with increasing 
compressive strength over curing time, density increases. However, at 15% replacement 
levels a fairly weak correlation is observed, with a R2 value of 0.11 in contrast to the value of 
0.42 and 0.71 for 5 and 10% replacement respectively.  
 
The relationship between the compressive strength and density of the natural zeolite 
philipsite, with differing % replacements demonstrate a clear trend in the compressive 
strength with density in that density tends to increase over curing time as compressive 
strength increases. This is especially true for the 15% replacement level, which exhibit a R2 
correlation value of 0.83. There appears to be a discrepancy in the trend for the 5 and 10% 
replacement level where density appears to decrease after 28 days to 70 days curing time, 
however a strong correlation value R2 of 0.76 and 0.86 is still observed. 
 
Typically, all of the natural zeolite types analysed in this study confer to the trend of 
compressive strength increases resulting in density increases over curing time. Based on the 
correlation R2 value, chabazite and philipsite demonstrate the strongest identifiable trend, 
with natrolite exhibiting a fairly weak correlation. 
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In the examination of the synthetic zeolite types, the relationship between the compressive 
strength and density with varying % replacements of cement with the zeolite can be seen in 
Figure 4.46 to Figure 4.48. In the instance of synthetic zeolite 3A, the figures show a clear 
trend in the compressive strength with density in that the density value increases as 
compressive strength increases over curing time. This is true for all of the replacement level 
% of cement with zeolite (5-15%), which have a correlations R2 value of 0.44, 0.62 and 0.78 
respectively. The strongest correlation is observed for 15% replacement level of cement with 
synthetic zeolite 3A.  
 
The relationship between the compressive strength and density of synthetic zeolite 4A, with 
differing % replacements is similar to that of synthetic zeolite 3A in that the figures show a 
clear trend in the compressive strength with density in that the density value increases as 
compressive strength increases over curing time. At 5 and 10% replacement respectively, R2 
correlation values of 0.52 and 0.78 are observed and there is a decrease in density value from 
28 to 70 days, despite the relatively strong correlation. At 15% replacement a correlation R2 
value of 0.13 is observed which indicates a fairly weak correlation strength and whilst 
compressive strength values increase of curing time, there is a dramatic drop in density value 
from 2 to 7 days before a sharp increase leading up to 28 days. 
 
Finally, in the instance of synthetic zeolite 13X being used as a cement replacement in mortar 
samples (5-15%), the figures demonstrate a clear trend in the compressive strength with 
density in that the density value increases as compressive strength increases over curing time, 
especially for the 5 and 10% replacement levels. This is true until 28 days where there is an 
observable decrease in density value to 70 days curing time. However, correlation R2 values 
of 0.54 and 0.66 highlight a fairly strong correlation. At 15% replacement there is a decrease 
in density after 2 to 7 days before a sharp rise alongside an ever-increasing compressive 
strength value.  
 
In summary, both natural and synthetic zeolite types used in this study demonstrate a fairly 
strong correlation between compressive strength with density in that as the compressive 
strength increases, the density value also increases over curing time. Typically, it appears from 
the data that the synthetic zeolite types on average, follow this trend more strongly than the 
natural types, based on a smaller, high value range of R2 data. 
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The relationship between the compressive strength and USPV of the control mortar samples 
over 2 to 70 days curing time is shown in Figure 4.49. The figure shows a clear trend in the 
compressive strength with USPV in that as the compressive strength increases, the USPV 
value increases over curing time. The relationship can be expressed using an exponential 
curve; however, the correlation is not very strong as R2 equals 0.97. Indeed, after 70 days 
curing time, the USPV value of the control mortar sample is at its highest. 
 
The relationship between the compressive strength and USPV of the natural zeolite types, 
with differing % replacements of cement are shown in Figure 4.50 to Figure 4.52. In the 
instance of chabazite, the figures show a clear trend in the compressive strength with density 
similarly to that of the control mortar samples previously mentioned. The trend is that as 
compressive strength increases, the USPV value increases over curing time for 5 and 15% 
replacement of cement with zeolite. Indeed, the R2 value for the 5% replacement is 0.92. 
Furthermore at 10 and 15% replacement the R2 value is 0.89 and 0.95 respectively which 
indicates a strong correlation.  
 
In the case of the relationship between the compressive strength and USPV of the natural 
zeolite mordenite, with differing % replacements, the figures show a clear trend in the 
compressive strength with respect to USPV over curing time. This is reflected in the 
correlation R2 value of 0.84 at 5% replacement and even more striking 0.94 at 10% 
replacement level, which indicates a strong correlation. In addition, at 15% replacement a R2 
value of 0.86 is identified which also indicates a stronger correlation.  
 
In the instance of natrolite being used as a cement replacement in mortar samples (5-15%), 
the relationship between compressive strength and USPV can be described as a strong 
correlation at 5% replacement levels of cement with natrolite and that with increasing 
compressive strength over curing time, USPV increases. However, at 10% replacement levels 
a weaker correlation is observed, with a R2 value of 0.69 in contrast to the value of 0.84 and 
0.77 for 5 and 15% replacement respectively.  
 
The relationship between the compressive strength and USPV of the natural zeolite philipsite, 
with differing % replacements demonstrate a clear trend in the compressive strength with 
density in that USPV tends to increase over curing time as compressive strength increases. 
This is especially true for the 15% replacement level, which exhibit a R2 correlation value of 
0.99 indicating a very strong correlation. This is also the case at the 5% replacement level 
where an R2 value of 0.96 is identified. There appears to be a discrepancy in the trend for the 
10% replacement level where a value of R2 0.80 is observed indicating a weaker correlation 
than that of the 5 and 15% replacement levels respectively. 
 
Typically, all of the natural zeolite types analysed in this study confer to the trend of 
compressive strength increases resulting in USPV increases over curing time. Based on the 
correlation R2 value, chabazite and philipsite demonstrate the strongest identifiable trend, 
with natrolite exhibiting a weaker correlation. 
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In the examination of the synthetic zeolite types, the relationship between the compressive 
strength and USPV with varying % replacements of cement with the zeolite can be seen in 
Figure 4.53 to Figure 4.55. In the instance of synthetic zeolite 3A, the figures show a clear 
trend in the compressive strength with USPV in that the USPV value increases as compressive 
strength increases over curing time. This is true for all of the replacement level % of cement 
with zeolite (5-15%), which have a correlations R2 value of 0.98, 0.91 and 0.86 respectively. 
The strongest correlation is observed for 5% replacement level of cement with synthetic 
zeolite 3A.  
 
The relationship between the compressive strength and USPV of synthetic zeolite 4A, with 
differing % replacements is similar to that of synthetic zeolite 3A in that the figures show a 
clear trend in the compressive strength with density in that the USPV value increases as 
compressive strength increases over curing time. At 5 and 10% replacement respectively, R2 
correlation values of 0.97 and 0.96 are observed indicating a relatively strong correlation. At 
15% replacement a correlation R2 value of 0.80 is observed which indicates a weaker 
correlation strength. 
 
Finally, in the instance of synthetic zeolite 13X being used as a cement replacement in mortar 
samples (5-15%), the figures demonstrate a clear trend in the compressive strength with USPV 
in that the USPV value increases as compressive strength increases over curing time. 
Correlation R2 values of 0.95 and 0.93 highlight a strong correlation. 
 
In summary, both natural and synthetic zeolite types used in this study demonstrate a fairly 
strong correlation between compressive strength with USPV in that as the compressive 
strength increases, the USPV value also tends to increase over curing time. Typically, it 
appears from the data that the synthetic zeolite types on average, follow this trend more 
strongly than the natural types, based on a smaller, high value range of R2 data. 
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5.0 DISCUSSION 
 
The aim of this chapter is to discuss the results of tested properties and their correlation that 
were reported in chapter 4. Tested properties include compressive strength of hardened 
mortar, density, USPV, SEM, XRD and FTIR data. 
 
5.1 COMPRESSIVE STRENGTH OF MORTAR SPECIMENS 
 
A consistent W/C ratio of 0.40 was adopted in this research study due to evaluation of 
previous research which confirm that the compressive strength of mortar samples decreases 
with increase in the W/C ratio [Butalia et al 2001] and [Neville and Brooks 2004].  
 
Mortar mixes that incorporated 5% replacement of cement with zeolite exhibited decreased 
compressive strength on average when compared to the control mortar samples, from 2 to 
70 days curing time. Indeed, natrolite mortar samples at 2, 7 and 28 days curing had the 
lowest compressive strength values of 10.38, 25.21 and 36.61 MPa respectively. The 
exception to this trend was found to be mordenite mortar samples, which after 2 days curing, 
had an average compressive strength value of 25.15 MPa when compared to the control 
mortar sample value of 24.43 MPa. It is interesting to note that despite the decreased 
compressive strength of philipsite samples when compared to the control mortar, at 70 days 
curing time philipsite samples on average provided a compressive strength reading of 59 MPa, 
which is only 0.9 MPa lower than that of the control mortar. This decreased early age strength 
developed over curing time. In all instances, average compressive strength of zeolite mortar 
mixes increased over curing time. 
 
Inspection of the average compressive strength data at 10% replacement of cement with 
zeolite mortar samples, similarly to the 5% replacement level, concluded that compressive 
strength on average is lower than that of the control mortar, at curing ages of 2 to 70 days. 
Indeed, mordenite and natrolite mortar samples demonstrated the lowest average early age 
strength at 2 days curing time, with readings of 16.02 MPa and 11.69 MPa respectively. 
Interestingly, these respective zeolite mortar samples showed increased compressive 
strength gain over curing time to be identified as the closest two mortar sample types to the 
control mortar in terms of average compressive strength after 70 days curing time, with 
readings of 57.22 MPa and 47.81 MPa in comparison to 59.42 MPa in terms of the control 
mortar. In addition, mordenite mortar samples after 28 days curing time demonstrated 
increased compressive strength over the control mortar samples, by 3.43 MPa. The 
improvement in compressive strength can be attributed to the increase of organic and 
inorganic impurities in the mortar mix when mordenite is used as a replacement of cement 
at 10%, similarly to the way that RSS content can be utilised in mortar mixes [Valls et al 2000]. 
Philipsite mortar samples showed decreased compressive strength between 28 and 70 days 
curing time, from 52.04 MPa to 43.69 MPa, a loss of 8.35 MPa. This subsequent failing in 
compressive strength may be due to the fact that the loss of rate of moisture exceeded the 
gain in compressive strength [Al-Sugair 1995]. 
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The identifiable trend of zeolite mortar samples demonstrating decreased compressive 
strength when compared to the control mortar samples over curing time at 5 and 10% 
replacement is also observable at 15% replacement, barring two notable instances. Indeed, 
at 15% replacement of cement with synthetic zeolite 3A, mortar samples demonstrated the 
lowest compressive strength value on average after 2 days curing time, a value of 15.45 MPa. 
This is in contract to natrolite mortar which at the same curing age provided an average 
compressive strength value of 21.45 MPa. At the curing time of 28 days, mordenite mortar 
samples at 15% replacement of cement, showed increased compressive strength over control 
mortar, with a value of 54.51 MPa in comparison to 53.43 MPa. Furthermore, at 70 days 
curing time, mordenite mortar samples demonstrate a slight decrease in strength over the 
control mortar by 1.13 MPa. However, it is at 70 days curing time where the control mortar 
sample demonstrates significant decreased strength when compared to philipsite mortar 
samples. At 70 days curing time, philipsite zeolite samples record an average compressive 
strength value of 64.09 MPa, an increase of 4.76 MPa, which is the largest increase out of all 
zeolite mortar samples when compared to the control. Natrolite mortar samples showed 
decreased compressive strength between 28 and 70 days curing time, from 46.39 MPa to 
44.14 MPa, a loss of 2.25 MPa.  
 
Cirajudeen and Prakash concluded that the compressive strength of concrete produced by 
replacing 5% cement by zeolite gives increased strength data. However, replacement of above 
5% results in a decrease in compressive strength. The improved microstructure of a concrete 
sample is directly responsible for the improved compressive strength at 5% when compared 
to no zeolite replacement. This finding is of great importance in the context of the research 
to assess the implications of using zeolite-rich samples in construction material, when the 
ideal is to incorporate as higher % of zeolite as possible to arrest CO2 atmospheric levels 
(Cirajudeen and Prakash 2017). Similarly, to compressive strength, flexural strength and shear 
strength data demonstrate that at 5% replacement of cement with zeolite, increased flexural 
and shear strength is observed but this decreased with replacement levels above 5%. 
 
Indeed, samples with replacement of cement with between 5-20% zeolite all exhibit increased 
compressive strength. However, it was observed that incorporation of more than 20% zeolite 
produces samples with decreased strength when compared to the control mix. In this 
instance, Cirajudeen and Prakash demonstrated that zeolite when used as a cement 
replacement of between 5-15% can produced concrete samples with improved compressive 
strength, after 28-days curing time.  
 
Replacement of 10% CEM I with CaAs and Cabal zeolites results in increased compressive 
strength of cement mortar, after early ages and longer when compared with the control 
sample and silica fume incorporated samples (Frontera et al 2006). Concrete made with CEM 
I and incorporation of both zeolites CA2 and CAL demonstrate comparable values of 
compressive strength at 2, 7 and 28 days curing time. At a W/C ratio of 0.35, the pozzolanic 
effects of the zeolites are more important than that of particle packing. In addition, an 
increase in of compressive strength at an early age is observed due to the accelerating effects 
of zeolite incorporation in the sample mix. In the samples of CEM II/A-S, the addition of 
zeolites does not increase compressive strength at 28 days curing time, with the greater 
increment observed with the use of silica fume.  
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A greater mechanical resistance associated with CEM II/A-S without the use of admixtures is 
highlighted as the likely reason for this observation.  
 
For the CEM III/A-S cement, the replacement of 10% with zeolite types NaAL, CaAL and CaAs 

increases compressive strength at early ages. Interestingly, Frontera et al disseminate that a 
cement of low-rate hardening, according to the data, has transformed into a rapid hardening 
sample. The observed increase in compressive strength of mortars due to the replacement of 
zeolites CaAs and CaAL and silica fume, is related to the bond associated with formation of a 
less porous transition zone and an improved interlock between the paste and sand. Calcium 
ions, present in the zeolitic material, improve the aggregate-paste bond through the 
formation of further calcium hydrates. Furthermore, cementitious mixes made with 
incorporation of CaAs and CaAL are more workable than those made with silica fume, based 
on the higher slump value. Water presence in the zeolites have great influence on this 
phenomenon (Frontera et al 2006).  
 
Concrete samples made with CEM III/A-S and zeolites CaA exhibit an increase of resistance 
with respect to concrete without admixture, approximately 9%. It is noticeable that the 
greater increases are displayed at the early ages, explained by the alkali content of zeolites 
accelerating the process of fly ash activation.  
 
Frontera et al concluded that samples with 10% replacement with Ca rich zeolites, after 28 
days curing at 400kg/m3 cementitious content, can be produced and marketed to provide 
technical and economic advantages due to the improved strength and workability. In 
addition, sodium content has a negative influence on the development of hardening 
properties of cement in mortar and concrete samples. Zeolite NaA exhibited decreased 
strength when compared to all other mixes at all ages. It is unclear as to whether NaA 
incorporation at higher % levels would also demonstrate the same characteristic. 
 
The implications of decreased compressive strength are such that a structure could 
potentially have issue in reference to weight of load, which in turn can result in cracks or 
deflection. Indeed, this could be expanded on further in the case of Al and Si ion rich zeolites. 
This comparison of zeolite types could potentially result in the dissemination of preferable 
ion types for incorporation in construction material and the potential for investigation into 
why certain ions result in advantageous or disadvantageous properties for said materials. 
Indeed, a range of zeolite types with variations in the chemical composition of ion types have 
been adopted in the research project disseminated in this thesis. 
 
 
5.2 DENSITY OF MORTAR SPECIMENS 
 
For this experimental work, the density of mortar mixes incorporating natural and synthetic 
zeolite types at replacement levels of 5, 10 and 15% of cement, are lower on average when 
compared to the control mortar samples. Indeed, the lowest density value of 1761 kg/m3 was 
recorded for the synthetic zeolite 13X mortar sample, when said zeolite was used at a 15% 
replacement level of cement and with a W/C ratio of 0.40. Density and void content are largely 
dependent on W/C ratio, degree of compaction, degree of hydration, aggregate type and 
grading and volume of entrapped air.  
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As a result, presence of such voids in mortar can reduce the density of a given sample which 
in turn can reduce compressive strength.  Indeed, 5% voids can reduce the compressive 
strength of a mortar sample by as much as 30% [Neville and Brooks 2004]. Increasing water 
content is known to reduce the density of a mix [Nematzadeh and Naghipour 2012]. 
 
Additional inspection of the density data reveals that the average density of zeolite mortar 
samples at 5% replacement of cement increases over curing age time from 2 to 70 days, for 
chabazite, mordenite, natrolite and synthetic zeolite 3A. Indeed, mordenite mortar samples 
demonstrate the most significant increase on average from 2 to 70 days with a reading 
increase from 1880 kg/m3 to 1932 kg/m3 respectively. This is a contrast to the control mortar 
sample data which exhibits a decrease in average density value from 28 to 70 days curing 
time, from 1994 kg/m3 to 1971 kg/m3. It can be noted that philipsite, synthetic zeolite 4A and 
13X similarly follow this trend. Notably, the most significant drop in value is that observed by 
synthetic zeolite 4A, an average density value of 1973 kg/m3 decreasing to 1952 kg/m3 from 
28 to 70 days curing time.  
 
For the mortar samples incorporating 10% replacement of cement with zeolite, it can be 
observed that the average density values of all zeolite mortar samples increase from 2 to 28 
days curing time.  
 
Indeed, synthetic zeolite 4A mortar samples exhibit the highest value for average density at 
28 days curing time, recording a reading of 1951 kg/m3. However, from 28 to 70 days curing 
time, the average density value for all zeolite mortar samples decreases, with only mordenite 
and natrolite the exceptions to the trend. These two zeolite mortar samples increase from 
1900 kg/m3 to 1945 kg/m3 and 1908 kg/m3 to 1922 kg/m3 respectively. Philipsite mortar 
samples demonstrate the highest decrease of density value on average from 28 to 70 days 
curing time, an observable decrease from 1929 kg/m3 to 1909 kg/m3. 
 
Analysis of the mortar samples incorporating 15% replacement of cement with zeolite lead to 
the observation that the average density value of all zeolite mortar samples increases over 
curing time of 2 to 70 days. Indeed, the greatest density value on average is recorded for the 
natrolite mortar samples at 70 days curing time, a value of 1957 kg/m3. This is in contrast to 
the control mortar sample which has a decreased average density value from 28 to 70 days 
of 1994 kg/m3 to 1971 kg/m3 albeit a higher value in comparison. The results also presented 
that the average density value decreased for all zeolite mortar samples with increasing zeolite 
replacement % of cement in the samples. In general, the incorporation of increasing zeolite 
% level as a replacement of cement, reduces the density of the mortar sample. This increasing 
addition of zeolite may improve the density of a mortar sample by influencing water 
absorption properties of the cement-based system, as the grading and particle size of the 
zeolite significantly contribute to the volume of voids that will generate. 
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5.3 ULTRASONIC PULSE VELOCITY OF MORTAR SPECIMENS 
 
USPV is a non-destructive test used in mortar and similar construction material as a method 
of determining the quality and compactness of a sample. In the procedure, an ultrasonic pulse 
is employed to provide data on the uniformity of mortar, cavities, cracks, and defects. The 
pulse velocity recording of a construction material depends on the density and strength of 
said sample. A classification based on USPV values is provided by [Whitehurst 1951] in Table 
5.1 and classes mortar samples as strong (>4500 m/s), good (3500-4500 m/s), intermediate 
(2000-3500 m/s) and weak (<2000 m/s). Indeed, the ultrasonic pulse test allows a non-
destructive manner of assessing a physical property of mortar related to its strength. The 
table, as suggested by Whitehurst is for mortar with a density of approximately 2,400 kg/m3 
(150lb/ft3). According to Jones however, the limit for good quality mortar is between 4100 
and 4700 m/s. 
 
Table 5.1 Classification of the Quality of Mortar on the Basis of Pulse Velocity 

Longitudinal pulse velocity Quality of mortar 

m/s 103ft/s 

>4500 >15 Excellent 
3500-4500 12-15 Good 

3000-3500 10-12 Doubtful 

2000-3000 7-10 Poor 

<2000 <7 Very poor 
 
Currently the standard tests of strength of mortar are made of specially prepared specimens 
which perforce are not true representations of the mortar samples in the actual structure. 
Therefore, the degree of compaction of the mortar in the structure is not reflected in the 
results of the strength test, consequently it is not possible to determine whether the potential 
strength of the mix as indicated by the cube test, has been developed. Cutting a sample from 
the structure itself damages the member concerned and it too expensive to be used as a 
standard method. In the process of using the ultrasonic pulse test the wave velocity is not 
determined direct but is calculated from the time taken by a pulse to travel a measured 
distance.  
 
This ultrasonic pulse is obtained by applying a rapid change of potential from a transmitter 
driver to a piezo-electric crystal transducer emitting vibrations at its fundamental frequency. 
Such transducers which have been found to be suitable include Barium titanate and Lead 
zirconate. To allow the vibrations to travel through the mortar sample, the transducer is in 
contact with the mortar and such vibrations are picked up by another transducer in contact 
with the opposite face of the specimen sample under testing. These transducers generate an 
electrical signal, which is fed through an amplifier to a plate of cathode ray tube. A second 
plate supplies timing marks at fixed intervals. 
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In respect to the choice of frequency of the ultrasonic vibrations, this aspect is governed by 
the fact that the higher the frequency the smaller the spread of the direction along which the 
waves travel, and therefore the higher the energy received. On the other hand, the higher the 
frequency the higher the attenuation of energy. Consequently, transducers with a natural 
frequency of between 50 and 200 kHz are generally used; the lower end of the scale is more 
common. The ultrasonic pulse velocity technique is used as a means of quality control of 
products which are supposed to be made of similar mortar: both lack of compactions and a 
change in the W/C ratio would be easily detected. There is a tendency for mortar of higher 
density to have a higher strength, providing that the specific gravity of the mortar is constant, 
which allows a general classification of the quality of mortar on the basis of the pulse velocity. 
 
The discrepancy and the generally wide variation in the pulse velocity of mortars of a given 
quality are due to the influence of the coarse aggregate as both the type of aggregate and 
quantity have an effect on the pulse velocity value. Additionally, for different mix proportions 
a different relation between strength and pulse velocity would be obtained. However, Kaplan 
found that in mortars of the same age the effects of aggregate/cement ratio and W/C ratio 
balance one another out so that a given age and at a constant workability there is a unique 
relation between pulse velocity and strength of mortar. 
 
In practical cases, it is convenient to establish the relation between strength and pulse 
velocity by means of test cubes. These should be in the same state of dryness as the mortar 
in the structure because of the considerable influence of moisture in the mortar on the pulse 
velocity. If the calibration is made on wet cubes and the mortar in the structure is dry, then 
the strength of the latter can be underestimated by 10-15%.  
 
In addition to the control of the quality of mortar the ultrasonic pulse measurements can be 
used to detect the development of cracks in structures such as dams and to monitor the 
deterioration due to frost or chemical action. These are very important applications of the 
technique which is suitable for the detection of any development of voids in mortar. Cracks 
with a component at right angles to the direction of propagation of the pulse cause the pulse 
to diffract round the crack.  
 
This increases the time of travel of the pulse and hence decreases the apparent velocity. 
When, however, the plane of the crack coincides with the direction of propagation of the 
pulse, it can pass of either side of the crack and the pulse velocity is not affected.  
 
 5.3.1 RELATIONSHIP BETWEEN USPV AND COMPRESSIVE STRENGTH 
 
 
The USPV method, also known as the transit time method, uses a detector to measure the 
time of flight it takes for an ultrasonic pulse to pass through a known thickness of solid 
material [Sahmaran et al 2005]. This can be expressed using Equation 5.1. 
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VC (x,t) = x / t         (Equation 5.1) 
 
USPV in Mortar Sample = VC (x,t) x = propagated path length and t = transit time 
 
[Tharmaratram and Tan 1990] gave the relationship between USPV in a mortar sample (VC) 
and mortar compressive strength (fC) as… 
 
fc'=aebVc         (Equation 5.2) 
 

A determination coefficient (R2) of 0.94 indicates a very good exponential relationship 
between USPV and compressive strength. Since R2=0.94, we can say that 93% of the variation 
in the values of compressive strength is accounted for by exponential relationship with USPV. 
For all results, the following law relating compressive strength was found (fc' in MPa) to USPV 
(Vc in m/s): 
 
(3.) fc'=0.0301e0.0017Vc        (Equation 5.3) 
 
The relationship determined in this study, between fc' and Vc, fitting the general equation is 
reported by [Tharmaratram and Tan 1990] 
 
As it can be seen from Equation 5.2 and 5.3 that their constants are also similar, but 
equation’s constants are different from each other. It can be concluded that this study 
corroborated that the general Equation 5.2 reported by [Tharmaratram and Tan 1990] are 
also fitted for mineral admixture mortars. 
 
In this research project, USPV data for mortar mixes containing 5, 10 and 15% replacement 
of cement with zeolite were recorded. Generally, USPV average readings increased when 
the zeolite content of the mortar mixes was increased at all curing ages. This finding is in 
line with previous literature which confirmed that USPV values increase upon addition of 
increasing % of pozzolanic material [Jiang et al 2020]. It can also be concluded from the 
results that USPV values on average increased over time for all % replacement levels of 
cement with zeolite, likely due to changes in the structure of the mortar samples with time 
due to strength gain. Indeed, at 70 days curing time, which is the optimum curing time age 
in this study, the rate of loss of moisture exceeded the gain in strength at this age [Al-Sugair 
1995]. On the other hand, changes in chemical composition of inorganic matter present in 
the mortar samples could also be accountable. It is noticeable that the greatest USPV values 
are achieved after 70 days curing time for all zeolite mortar samples, also considering the 
control mortar sample. 
 
Interestingly, at 28 and 70 days curing time for all % replacement levels of zeolite with 
cement, zeolite mortar samples have increased USPV values on average when compared to 
the control mortar samples. The only exception to this is that mordenite mortar samples at 
5% replacement have a lower average value of when compared to that of the control 
mortar reading. Indeed, the greatest readings were observed for the samples with 15% 
replacement of cement with zeolite at 70 days curing time.  
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This can be correlated to the long-term strength development of mortar samples with the 
inclusion of zeolite, which corresponds to literature of pozzolanic material, such as fly ash, 
contributing to long-term strength development of mortar samples [Kearsley and 
Wainwright 2001]. 
 
For mortar samples, the results demonstrate that the addition of zeolite significantly 
influenced USPV average values at all curing ages, particularly at higher % replacement of 
cement with zeolite levels, indeed the influence of inorganic matter in the zeolites can be 
seen to have contributed to this observation.  
 
Compaction of concrete samples decrease as the replacement of cement increases. Only the 
5% replacement level compares favourably with the control concrete sample with no zeolite 
incorporation (Cirajudeen and Prakash 2017). Indeed at 5-20% replacement of cement by 
zeolite, a favourable compaction factor can be identified producing medium to high 
workability values for samples. Samples incorporating at above 20% replacement perform 
unfavourably and demonstrate low to very low workability.  
 
The concrete samples incorporating 5-20% replacement of cement with zeolite all exhibit high 
to medium workability with 5% incorporation being the optimum. At 5-15% replacement of 
cement by zeolite levels, a favourable grading quality can be attributed producing good to 
excellent compatibility values for the respective samples. However, it is important to note 
that Cirajudeen and Prakash disseminated that the workability of samples incorporating 
zeolite as a replacement of cement decreased with increased replacement levels whereas in 
contrast the research program highlights an increase in compactness and in effect workability 
with increasing replacement levels. Indeed, the synthetic zeolite incorporated samples 3A and 
4A reached excellent workability at 15% replacement of cement in comparison to the natural 
zeolite samples which are at a good level.  
 
5.4 SCANNING ELECTRON MICROSCOPY OF MORTAR SPECIMENS 
 
SEM is a powerful method of analysis which adopts the use of a focused beam of electrons to 
produce complex, high magnification images of a samples surface topography. This 
contributes to the identification of particles and the interactions between materials.  Indeed, 
the high magnification and high resolution imagery can help support the number, size and 
morphology of particles in a sample. In this research project, element atomic % readings and 
high resolution micrographs were obtained and compared for the control and zeolite mortar 
samples. It is important to note that the data for C and O were omitted in the creation of the 
graph in response to potential C contamination originating from any contact with organic 
material, for example carbon coating being used for SEM stub preparation or from the air. 
Indeed, any organic contamination tends to produce hydrocarbon under the electron beam 
of a sample surface, which can increase during measurement. This would render the C data 
analysis unreliable. 
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Average elemental composition % of O, S, Ca however in the control mortar sample are shown 
to be at their most potent, with values of 56.58, 3.47 and 12.47% respectively after 28 days 
curing time. It can be noted that while there is a no discernible reading for Na composition in 
the control mortar sample, all zeolite mortar samples record such data, with the synthetic 
zeolites 3A, 4A and 13X all having increased values when compared to the natural zeolite 
types. The largest Na elemental composition can be found in the synthetic zeolite 4A mortar, 
which records a value of 0.59%.  
 
It can be seen that synthetic zeolite mortar samples have increased elemental composition % 
values for K, S, AI, and Na however, synthetic zeolite 4A typically has the lowest values out of 
the three synthetic zeolite mortar types in these instances.  
 
An observation can be made that natural zeolites tend to typically have increased elemental 
composition values for Si and Ca when compared to the synthetic counterparts. Interestingly 
philipsite, despite having a decrease value for the Si composition, 1.77%, has the largest value 
for Ca, 9.37%, when compared to the other zeolite mortar samples. 
 
Upon inspection of the average elemental composition data, it can be deduced that mortar 
samples incorporating 10% cement replacement with natural zeolite after 28 days curing 
time, tend to demonstrate increased Na composition, but on the other hand, decreased O, 
Mg, AI, Si, S, Ca and Fe composition.  
 
In terms of the conversion to synthetic zeolite mortar samples, the control mortar typically 
results in increased Na, AI, and K composition. In contrast, decreased composition of O, Mg, 
Si, S, Ca and Fe. It can therefore be deduced from this study that AI composition is typically 
increased in mortar samples containing 10% replacement of cement, whereas it is decreased 
in samples containing 10% natural zeolite. 
 
Indeed, the decrease in O elemental composition in all zeolite mortar samples can be 
attributed to the carbon dioxide absorption properties typically displayed by zeolites, as 
described in previous literature [Rajnivas et al 2020]. 
 
Observations were also made on the particle size of the respective control mortar and zeolite 
mortar samples. The largest observable particle size for the control mortar sample is 13μm, 
after 28 days curing time. Indeed, the particle size for the control mortar samples is an 
increase when compared to particle sizes for mordenite, philipsite and chabazite, with 
respective particle sizes of 8μm, 10μm and 10μm respectively. Only chabazite, out of the 
natural zeolite mortar, demonstrated increased particle size when compared the control 
mortar sample, at 20μm, this particle size being the largest out of all of the zeolite mortar 
samples. 
 
Synthetic zeolite mortar 3A, 4A and 13X exhibit particle sizes of 13μm, 13μm and 15μm 
respectively. Indeed, it can be deduced that natural zeolite mortar particle size is typically 
smaller than that of the synthetic counterparts. Therefore, this research study has shown that 
synthetic zeolite when used as a replacement of cement by 10%, after 28 days curing time, 
results in the formation of increased particle size when compared to the control mortar.  
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In the case of natural zeolite incorporation, this leads to formation of mortar with decreased 
particle size barring that of chabazite where particle size is doubled. This finding is in line with 
literature which has described the effect of zeolites on shrinking and crack resistance of high 
performance concrete where particle size of samples had been directly influenced with use 
of zeolite as a pozzolanic material [Thang 2020]. 
 
 
5.5 X—RAY DIFFRACTION OF MORTAR SPECIMENS 
 
XRD is a rapid analytical technique primarily used for phase identification of a crystalline 
material, which can provide information on unit cell dimensions. Typically, samples are finely 
ground, homogenized and average bulk composition can be determined from the analysis 
procedure. Such a procedure is based on constructive interference of monochromatic x-rays 
and a crystalline sample. A cathode ray generates the x-rays, filtered to produce 
monochromatic radiation, and collimated to concentrate and direct the x-rays towards the 
sample. The interaction of the incident rays with the sample produces constructive 
interference and a diffracted ray when conditions satisfy Bragg’s Law (n λ = 2d sinΘ). Bragg’s 
law relates the wavelength of electromagnetic radiation to the diffraction angle and the 
lattice spacing in a crystalline sample. The resulting x-rays are detected, processed, and 
counted, notably all diffraction directions of the lattice should be attained due to the random 
orientation of the powdered sample and the utilisation of 2θ angles.  
 
These diffraction peaks are then typically converted to d-spacings, to enable identification of 
the mineral. These d-spacings are unique to each element and comparison with standard 
reference patterns enables sample identification. 
 
In this research project, XRD was adopted to analyse the elemental composition of the control 
and zeolite mortar samples after 28 days curing time and at 10% replacement of cement. 
Similar literature has described the identification and analysis of clay, polycrystalline and 
amorphous minerals [Moore and Reynolds 1997] and [Klug and Alexander 1974].  
 
It can be observed from the XRD patterns that the main crystalline phases of the control 
mortar mix consisted of alite, belite, aluminite and ferrite. Indeed, these phases correspond 
to the main components of the clinker. In addition, the main peaks of C3S were found to be 
at 18.030, 29.390, 34.06o, 47.05o and 50.76o.  
 
In contrast, the main peaks of C2S are identifiable at 22.98o and 39.37o respectively. Peak 
intensity values in order of the aforementioned main peaks are 40.14, 100, 67.10, 36.89, 
21.81% respectively for C3S with values of 12.68 and 19.92% for C2S. 
 
Analysis of the XRD patterns of the chabazite mortar mix disseminate peak intensity values of 
28.66, 100, 69.01, 30.79 and 21.99% respectively for C3S with values of 16.64 and 20.59% for 
C2S. Mordenite mortar samples show peak intensity values of 30.89, 100, 51.32, 26.40 and 
21.39% respectively for C3S with values of 13.71 and 22.47% for C2S. Interpretation of the XRD 
patterns of the natrolite mortar samples show peak intensity values of 40.32, 100, 64.97, 
32.23 and 28.82% respectively for C3S with values of 13.43 and 21.27% for C2S.  
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Furthermore, for the philipsite mortar mix, peak intensity values of 30.71, 100, 56.34, 27.22 
and 17.37% respectively for C3S with values of 11.31 and 20.03% for C2S were observed.  
 
Upon analysis of the data, it can be deduced that in the instance of C3S, the peaks identifiable 
at 29.390 have a consistent peak intensity value of 100% for the control and all natural 
incorporated zeolite samples. Chabazite and philipsite mortar samples produce lower peak 
intensity values for all identifiable peaks when compared to the control mortar samples. 
Indeed, the most significant difference is observable for the 18.030 peak, in which instance 
the control mortar sample records a peak intensity of 40.14%, in contrast to those readings 
of chabazite and philipsite which are 28.66% and 30.71% respectively.  
 
Mordenite mortar samples have increased relative intensity over the control mortar sample 
for the peak at 50.76o, which is 21.39% when compared to 21.81% of the control mortar. 
However, the natrolite mortar samples produce increased peak intensity values at two 
identifiable peaks, those at 18.030 and 50.76o. For the control mortar samples, the readings 
at these two peaks are 40.14 and 21.81% respectively but these are lower than the readings 
of 40.32% and 28.82% for the natrolite mortar. 
 
In the instance of C2S, chabazite, mordenite and natrolite have higher peak intensity values 
than the control mortar at the two identifiable peaks of 22.980 and 39.370. Philipsite mortar 
samples, however, demonstrates a lower peak intensity at 22.980, with a reading of 11.31% 
compared to 12.68% for the control, but at peak 39.370, a reading of 20.03% is greater than 
that of 19.92% for the control.  
 
Peak intensity values recorded for the synthetic zeolite 3A mortar sample are 3.62, 100, 17.42, 
19.30 and 12.10% respectively for C3S with values of 11.11 and 18.31% for C2S. In addition, 
peak intensity values recorded for synthetic zeolite 4A are 2.97, 100, 24.74, 15.93 and 10.89% 
respectively for C3S with values of 11.31 and 20.03% for C2S. In comparison with the control 
mortar, the peak intensity values are significantly lower than those recorded for the control 
mortar, and all of the natural zeolite mortar samples. However, in the case of C2S, the 
synthetic zeolite 4A mortar sample records a peak intensity of 20.03% at peak 39.370, which 
is marginally increased over the control mortar reading of 19.92%. 
 
In the data recorded for synthetic zeolite 13X peak intensity values are 7.08, 100, 17.87, 16.68 
and 9.85% respectively for C3S with values of 10.72 and 17.54% for C2S. Similarly, to the 
synthetic zeolite 3A and 4A mortar sample, all peak intensity recordings are lower than that 
of the control mortar sample. 
 
In summary, the data shows that synthetic zeolites have lower relative peak intensity values 
for those peaks identified at 18.030, 29.390, 34.06o, 47.05o and 50.76o in relation to C3S and 
22.98o and 39.37o for C2S when compared to the natural zeolite and control mortar sample. 
Interestingly, the natrolite mortar sample produces two instances of increased relative peak 
intensity values for peaks identified at 18.030 and 50.76o.  
 
It is important to note that the possibility of identifying zeolites with 15% replacements is not 
clear based on the adopted investigative technique. Further work in this area is necessary to 
investigate whether complete transformation of zeolites have occurred. 
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5.6 FOURIER-TRANSFORM INFRARED SPECTROSCOPY OF MORTAR SPECIMENS 
 
FITR enables the production of spectral fingerprints to be obtained for a given samples, 
through the use of infrared radiation passing through a sample. During this process, 
radiation is both absorbed and transmitted, the signal of which is picked up at the detector 
that in turn produces a molecular ‘fingerprint’ of the sample. Indeed, different chemical 
structures produce different, and unique spectral fingerprints which can then be analysed 
and compared. 
 
In this research project, spectral data readings were obtained and compared for the control 
and zeolite mortar samples after 28 days curing time, and at 10% replacement of cement with 
zeolite. In the case of the control mortar samples, the presence of carbonates can be observed 
from the FTIR spectra, of which are characterised by the absorption peaks identified at 1796, 
1440, 874 and 713cm-1. Indeed, the band occurring at around 1440cm-1 are from extinct CO2 
vibrations. Furthermore, the weak band that arises at 1796cm-1 originates from C=O bond 
vibration. The medium intensity bands that appear in the spectra of the sample around 
1024cm-1 originate extensively from Si-O-Si vibrations of quartz whereas the bands that 
appear at 535-526cm-1 refer to Si-O-Al deformation vibrations.  
 
In terms of the natural zeolite mortar samples, observable differences were identified 
between each of the zeolite types and to that of the control mortar samples. Chabazite mortar 
samples produced vibrations, identified as H2O bending and T-O stretching at the regions of 
1658-1044cm-1. Indeed, double ring vibrations at 640cm-1, in addition to water molecules 
present at the main band centred at 3500cm-1 can be seen. In contrast, mordenite zeolite 
samples exhibit asymmetric stretching in the region of 1219cm-1053cm-1, and symmetric 
stretching in the region of 810-721cm-1. Furthermore, double ring vibrations 578-559cm-1 are 
evident upon inspection of the FTIR spectra.  
 
The FTIR spectroscopy shows bands between 950 and 1200cm-1 which correspond to 
stretching vibration of Si-O-Si and Si-O-Al bonds in the natrolite mortar samples. In addition, 
the peak at 3200-3600cm-1 highlight the presence of absorbed water, similar to that of the 
chabazite mortar samples. Furthermore, peaks at 500-800cm-1 relate to pseudo-lattice 
vibrations. The peak at 1662cm-1 corresponds to bending vibration of O-H while the peaks 
identified at 3200-3600cm-1 correspond to the asymmetric and symmetric stretching of the 
O-H group.  
 
It can be observed from the FTIR spectra for the philipsite mortar sample that absorption 
bands are present at 1040cm-1 and these can be attributed to Si-O stretching vibrations. 
Indeed, absorption bands at 3400cm-1 in the water stretching regions are broad and are 
stretched towards higher frequencies.  
 
In the samples incorporating synthetic zeolite 3A and 4A, the band observed at 3454cm-1 can 
be attributed to zeolitic water whilst those bands at 100cm-1 characterise Si-O-Al. 
Furthermore, the bands identified at 680-456cm-1 indicate the crystallisation of zeolite A. This 
crystallisation is not identifiable in the synthetic zeolite 13X mortar sample.  It is important to 
note that the band at 680cm-1 represents typical symmetrical stretches of the primary internal 
vibrations T-O where T can be Si or Al.  
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Finally, the peak at 550cm-1 is connected to the vibration of the four-tetrahedra double ring 
which is dominant in the internal construction unit of the zeolite A structure.  
 
Synthetic zeolite 13X displays a single strong absorption band at 3470.94cm-1 which can be 
attributed to OH stretching of water molecules. In addition, the band at 1639.94cm-1 can be 
ascribed to H2O deformation due to incomplete hydration of the synthetic zeolite, which 
indicates free water present in the zeolite structure. Furthermore, the typical bands are 
associated with asymmetric stretch mode 973.24cm-1, symmetric stretch mode 666.08cm-1, 
double-size member rings 561.21cm-1 and bending mode of the T-O bond 460.11cm-1, where 
T is Al or Si. 
 
 
5.7 CORRELATION BETWEEN COMPRESSIVE STRENGTH AND USPV 
 
The results from this research study revealed that compressive strength strongly correlated 
with USPV for both the natural and synthetic zeolite mortar samples. Typically, zeolite mortar 
types analysed in this study confer to the trend of compressive strength increases resulting in 
USPV value increase over curing time. As USPV is a function of strength and porosity, the 
results demonstrated that USPV increased when the moisture content of a sample decreased. 
Indeed, this finding agrees with literature of previous research studies, which confirm a 
similar correlation [Albano et al 2009]. 
 
The relationship between compressive strength and USPV was expressed using an 
exponential curve, a decision based on previous literature [Khatib 2005] and [Shi et al 2016]. 
This exponential curve gave the best fit line, in terms of the greatest R2. Typically, the natural 
zeolite types analysed in this study confer to the trend of compressive strength increases 
resulting in USPV increases over longer curing time. Based on the correlation R2 value, 
chabazite and philipsite demonstrate the strongest identifiable trend, with natrolite 
exhibiting a relatively strong correlation. 
 
Both natural and synthetic zeolite types used in this study demonstrate a strong correlation 
between compressive strength with USPV, although it appears from the data that the 
synthetic zeolites types on average, follow this trend more strongly than the natural types, 
based on a smaller, high value range of R2 data. Indeed, in the case of synthetic zeolite 13X, a 
correlation R2 value range of 0.91 to 0.95 is the strongest correlation strength level identified 
taking into account all of the zeolite mortar mix samples. 
 
5.8 CORRELATION BETWEEN COMPRESSIVE STRENGTH AND DENSITY 
 
The results from this research study revealed that compressive strength strongly correlated 
with density for the natural and synthetic zeolite mortar samples. Typically, the zeolite mortar 
samples analysed in this study confer to the trend of compressive strength increases resulting 
in density value increase over curing time.  
 
The relationship between compressive strength and density was also expressed using an 
exponential curve, a decision based on previous literature [Apostolopoulou et al 2019] and 
[Meng et al 2020] This exponential curve gave the best fit line, in terms of the greatest R2. 
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Typically, all of the natural zeolite types analysed in this study confer to the trend of 
compressive strength increases resulting in density increases over curing time. Based on the 
correlation R2 value, chabazite and philipsite demonstrate the strongest identifiable trend, 
with natrolite exhibiting a fairly weak correlation. 
 
Interestingly, for the chabazite and philipsite mortar samples, observable discrepancies can 
be commented on. Firstly, at 10 and 15% replacement the R2 value for chabazite mortar 
samples read 0.89 and 0.95 respectively which indicates a relatively strong correlation and 
significantly stronger than that at 5%. Furthermore, at 10% replacement of cement there is a 
decrease in the density between 28 to 70 days, similarly to that of the control mortar sample, 
however the compressive strength continues to increase. In terms of philipsite, there appears 
to be a significant discrepancy in the trend for the 5 and 10% replacement level where density 
appears to decrease after 28 days to 70 days curing time, and noticeably a weak correlation 
value R2 of 0.18 is observed for the 5% replacement level whilst at 15% a value of 0.93 is 
observed. 
 
Notably, in the application of synthetic zeolite 13X, the figures show a clear trend in the 
compressive strength with density in that the density value increases as compressive strength 
increases over curing time, especially for the 5 and 10% replacement levels. This is true until 
28 days where there is an observable decrease in density value to 70 days curing time. 
However, correlation R2 values of 0.95 and 0.93 highlight a strong correlation. At 15% 
replacement there is a decrease in density after 2 to 7 days before a sharp rise alongside an 
ever-increasing compressive strength value.  
 
Both natural and synthetic zeolite types used in this study demonstrate a fairly strong 
correlation between compressive strength with density in that as the compressive strength 
increases, the density value also increases over curing time. Typically, it appears from the data 
that the synthetic zeolite types on average, follow this trend more strongly than the natural 
types, based on a smaller, high value range of R2 data. 
 
5.9 SULPHATE RESISTANCE AND DURABILITY OF ZEOLITE MORTAR 
 
The durability of a cementitious material is an important parameter in determining its usage 
due to the different corrosive environments to which a sample can be exposed. Such 
examples of challenging conditions include marine construction and hydraulic engineering. It 
has been shown that the use of zeolite in cement based material increases resistance of said 
sample to corrosion. This is namely due to high impermeability, decrease in the content of Ca 
(OH)2 and a reduction in the presence of capillary pores in the matrix. Indeed, penetration of 
aggressive media is hindered with zeolite addition (Bukowska et al 2004). A cementitious 
material can be attacked by acids both internally and externally. 
 
The existence of varying types of acids present in the environment results in a reduction in 
the pH of a cementitious sample and the resulting deterioration of said sample is due to the 
reaction between these acids and the hydrated and unhydrated cement. This results in the 
dissolution of the cement paste matrix (Mohseni et al 2017). 
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The durability of a cement-based material is significantly dependant on the pore system which 
directly influences the leaching properties of said material (Henkensiefken et al 2009). Indeed, 
there are three main parameters that govern the transport properties in a cement-based 
system. Permeability measures the flow of fluids under controlled pressure whilst diffusion is 
the movement of ions as a result of differences in concentrations. Absorption is defined as 
the ability of cementitious materials to take in water through a process known as capillary 
suction. All three of these mechanisms are associated with the volume of pores and the 
connectivity of which said pores network (Castro et al 2011). The ingress of water and 
dissolved salts into cementitious material is a result of the capillary absorption action (Spragg 
et al 2011). This absorption plays a significant role in the degradation of cement-based 
material due to sulphate attack. 
 
The reaction of cement hydration products with sulphate is much more likely to result in the 
formation of gypsum (CaSO4) and ettringite (C3A.3CaSO4.32H2O) which are responsible for 
increased expansion of a cement-based material (Roziere et al 2009). 
 
There are two types of sulphate attack, the first resulting from the reaction of sulphate with 
calcium hydroxide to produce gypsum, this can be seen in Equation 5.4. The second type of 
sulphate attack is a result of the reaction of alumina-bearing hydration products and/or 
tricalcium aluminate (C3A) with sulphate. This reaction in turn leads to the production of 
ettringite, as seen in Equation 5.5. 
 
Ca (OH)2 + Na2SO4.10H2O = CaSO4.2H2O + 2NaOH + 8H2O    (5.4) 
 
2(3CaO.AI2O3.12H2O) + 3(Na2SO4.10H2O) = 
3CaO.AI2O3.3CaSO4.31H2O + 2AI(OH)3 + 6NaOH + 17H2O    (5.5) 
 
Upon review of secondary literature, it is noticeable that there is a strong correlation 
observed between the sulphate resistance of cement-based products and its tricalcium 
aluminate (C3A) content in that the higher the level of C3A the weaker the cementitious 
sample to sulphate attack. 
 
Indeed, this weakness can be mitigated by lowering the content of C3A. Currently, there are 
two types of Portland cement that are suitable for sulphate resistance. Type II cement 
contains less than 8% total weight C3A and Type V less than 5% C3A total weight. To further 
reduce the potential for sulphate attack to occur, partial replacement of Portland cement 
with pozzolanic materials such as silica fume and zeolites can be adopted. In this instance the 
pozzolanic material consumes the calcium in the pore water which in turn reduces the mass 
of C3A and decreases permeability (Mangat and Khatib 1995). 
 
It is important to note than when choosing a pozzolanic material, consideration must be given 
to the CaO content as a high content of CaO can result in an increased sulphate attack. Indeed, 
there are several steps involved in the pozzolanic reaction of cementitious materials. When 
the mixing of Portland cement with water takes place, the tricalcium silicate (C3S) and 
dicalcium silicates (C2S) react to form calcium silicate hydrates (C-S-H). The calcium silicate 
hydrates alongside the calcium hydroxide (CaOH) are responsible for strength development. 
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As a result, the alkalinity of the pore fluid increases to around or in excess of pH13 which 
provides ideal conditions for the pozzolan to react. This increase in pH level initially causes 
the silicate network structure of the pozzolan to break down to smaller units. Thereafter, it 
reacts with the calcium hydroxide to form additional calcium silicate hydrate binder. It is 
important to note that this process converts the calcium hydroxide in the cementitious 
material to additional C-S-H binder that is deposited in the pore spaces. This in turn produces 
increased strength, a reduction in permeability and an improvement in long-term durability 
(minerals 2014). 
 
Cementitious material containing natural clinoptilolite demonstrated improved resistance to 
sulphate attack. This is demonstrated in the reduced value of expansion of mortars made with 
the zeolite additive after exposure to a corrosive environment of sulphates and furthermore 
in a positive visual assessment of said mortar samples after long term exposure in Na2SO4 

solution. Zeolite additive is beneficial for mortar samples in that the samples with additive do 
not show visible damage to the surface when exposed to aggressive sulphate environments 
(Malolepszy and Grabowska 2015). In the samples without zeolite additive, exfoliation of 
corners and colour changes were observed alongside observation of microcracks in the 
specimens. 
 
The effective zeolite activity can be explained by the rapid binding of Ca (OH)2 in the 
pozzolanic reaction and the evolution of microstructure as a result of the C-S-H formation 
phase. This can also be explained by the physical absorption of SO4 anions that impede the 
reaction with cement paste and thus stop the formation of expansive products of corrosion 
in mortar samples containing zeolite. In addition, natural zeolite addition has increased the 
sulphate resistance of cement suspension and mortar samples when used as a replacement 
of bentonite (Janotka et al 2003). 
 
Zeolite-blended cements have been shown to protect composite material against sulphate 
attack (Karakurt and Topcu 2011). Sulphate resistance of cementitious material is related to 
ettringite, gypsum and thaumasite formation in the composite material. Indeed, ettringite 
formation in the zeolite-blended cement samples are reduced when compared to the 
ordinary Portland cements. The strength and USPV loss of CEM I 42.5 reference specimen 
against sulphate attack at the end of 26 weeks curing age were found as 132% and 164% 
respectively whilst no significant strength loss was determined for the clinoptilolite blended 
cements. 
 
Cementitious samples containing zeolite were shown to produce more surface sulphate than 
other pozzolanic cement mixes (Moradian et al 2011). However, the quantity of sulphate of 
the zeolite blended cement mixes in depth is shown to be less than similar pozzolanic 
specimens. This is due to the effect of zeolite in increasing sulphate resistance in concrete 
samples in that formation of effloresce on the sample surfaces decrease the rate of 
deterioration and acts as a protective layer against sulphate environments. Indeed, in the 
case of calcareous aggregates, this layer tends to have increased thickness but in stronger 
acid solutions dissolves rapidly. 
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Zeolite blended cements have demonstrated high sulphate resistance performance when 
compared to ordinary Portland cement in aggressive sulphate environments (Karakurt and 
Topcu 2011). Indeed, as the replacement of clinker with clinoptilolite increased, so to the 
sulphate resistance of specimens. The decrease of C3A content in the samples as a result of 
increased pozzolanic material addition in combination with the reduction of large pores 
caused by the pozzolanic reaction and more critical than the total porosity in isolation when 
sulphate resistance is of primary interest (Sideris et al 2006). 
 
Partial replacement of cement with natural zeolite improves the durability of a cementitious 
sample in that at up to 15% replacement, suitable drying shrinkage is achieved (Najimi et al 
2012). A cementitious sample reduces its volume over time, in part due to internal and 
external drying leading to contraction. Internal drying, known as self-desiccation, is caused by 
the consumption of water in the hydrating cement paste and this process results in the 
creation of interfacial menisci between the pore fluid and the vapour in progressively smaller 
pores (Lura et al 2003). An accumulation of capillary pressure puts the sample under 
compression and results in autogenous contraction. External drying occurs due to 
evaporation of water from the surface of the cementitious sample to the ambient air, which 
in turn can result in cracking of the plastic shrinkage and a greater moisture loss (Leemann et 
al 2011). 
 
Cementitious samples prepared with zeolite additive exhibit poorer freeze-thaw resistance 
when compared to specimens without additive (Poon et al 2004). Water adsorption and 
freeze-thaw resistance of hardened cement paste is greatly dependant on the size of pores 
and capillaries, type and distribution and closing of said pores. The larger the number of pore 
quantity and size, the less effective the freeze-thaw resistance of the cementitious sample. 
 
Natural zeolite can be utilised in harsh marine environments at up to 20% replacement level 
of cement due to increased chloride diffusion resistance (Valipour et al 2017). This is due to a 
reduction in porosity which reduces chloride ingress during exposure by up to 25% (Valipour 
et al 2014). Furthermore, natural zeolite causes acceleration of cement phase’s hydration 
despite not reacting during the early curing age (Tydlitat et al 2014). Zeolite effects in this 
instance are attributed to the structure and large surface area of particles in determining the 
cation ability in the pore solution and the resulting collateral effect on stimulation of Portland 
cement hydration due to the low reactivity of zeolites (Perraki et al 2003). 
 
5.10 LEACHING AND ENVIRONMENTAL PROPERTIES OF ZEOLITE MORTAR 
 
Toxic wastes containing heavy metals are conductive to serious environmental problems at 
the contamination of water, air, and soil. Studies have highlighted the ability of 
aluminosilicate systems to immobilise heavy metals from hazardous wastes. 
 
Zeolites can be used in addition to Portland cement in the process of solidifying hazardous 
wastes containing high levels of metals (Zhang et al 2009). Solidification of contaminated soils 
with metals including Pb, Zn and Cu has been applied through the use Portland cement with 
zeolite addition (Voglar and Lestan 2010).  Indeed, there is an efficacy for zeolites to fix heavy 
metals in their respective frameworks. 
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The effectiveness of using Portland cement and zeolites in retaining heavy metals is due to 
the ionic adsorption nature of the hydrate C-S-H in the hydrated cementitious products. Ionic 
attachment of heavy metals to the crystalline network of the products of the hydration 
process such as sulphates in the ettringite, physically retain them in the porous structure 
(Malliou et al 2007). The retention of heavy metals may also be due in part to the favourable 
distribution of the cement and/or zeolite in the cement-based systems. This enables a regular 
and strong bond between the heavy metals and the products of hydration (Valls 2002). 
 
Sulphate presence in the leachant can be attributed to the surface wash of the hydrated 
sulphates formed as a result of the cement hydration process, such as ettringite (Valls 2002). 
Indeed, retention of chlorides in said hydrated cement is due to the formation of 
monochloroaluminates of calcium which can chemically hold a considerable proportion of 
chlorides when present in high concentrations. Upon review of secondary literature, it can be 
deduced that zeolite blended cements are significantly efficient in retaining pollutants. 
 
Leaching tests of cement composites containing saturated zeolites demonstrate lower values 
for zinc concentration with increased times for hydration and solidification (Krolo et al 2004). 
Zinc concentration in the elutes after leaching is dependent on the duration of solidification, 
quantity of saturated zeolite in the cement pastes and duration of rinse. Indeed, low zinc 
concentrations in elutes confirm that hydration and solidification of cement composites can 
be successfully adopted to manage wastes hazardous to the environment. 
 
Natural zeolites are effective in reducing the leachability of Ba, Cd, Ni and Pb when used to 
partially replace ordinary Portland cement at 20% by weight of binder after 28-days curing 
age (Vysvaril and Bayer 2016). This is the case for both 1% and 5% heavy metal content and 
leachability of said heavy metals have shown to be lower with a prolonged period of ageing 
of samples. A significant reduction in the penetration of water and chlorides has been 
observed in cementitious samples containing natural zeolite additive (Najimi et al 2012). In 
contrast, water sorptivity and gas permeability increases with increase of zeolite (Valipour et 
al 2013). Natural zeolitic addition in cementitious material results in stronger water 
absorption and water penetration (Ahmadi et al 2014). 
 
Liquid binder water transport parameters increase with increasing addition of zeolite in the 
mixer binder as a result of the volume of capillary pores in the capacity of a porous medium 
to transport water in liquid form. However, it should be noted that for high levels of cement 
replacement with zeolite, the acceleration of water transport is at such a level that the 
durability of the cementitious material could be at risk (Vejmelkova et al 2014). 
 
Addition of zeolite to a cementitious sample reduces the calcium hydroxide content in cement 
paste and thus improves the permeability of said specimen (Chindaprasirt et al 2007). Alkali-
silica attack leads to deformation of a cement-based sample and this phenomenon occurs 
when alkali oxides present in the cementitious pore solution react with amorphous silica 
crystalline phases in aggregates forming a gel that imbibes water and expands. Cracking as a 
result of this expansive pressure leads to the ultimate deterioration of a cementitious sample. 
It has also been concluded that diffused alkali silicate can generate an expansive pressure by 
the reaction with Ca2+ ions and therefore is also a contributor to deterioration of a sample 
(Ichikawa 2009). 
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6.0 Conclusions, Applications, Limitations and Future Recommendations 
 
6.1 Conclusions 
 
This research study has examined and investigated the performance of natural and synthetic 
zeolite types when used as a cement replacement in mortar samples. Three replacement 
levels were investigated, 5, 10 and 15% and a range of zeolite types were analysed, namely 
chabazite, mordenite, natrolite and philipsite for the natural zeolites, and synthetic zeolite 
3A, 4A and 13X for the synthetic types. Investigated mixes were water cured, and testing 
carried out on samples after 2, 7, 28 and 70 days curing time. Procedures were carried out to 
perform of a variety of physical and element compositional testing, such tests consisted of 
compressive strength of hardened mortar, density, ultrasonic pulse velocity, scanning 
electron microscopy, Fourier-transform infrared spectroscopy and x-ray diffraction.  
 
The results from the experimental work form the contributions to knowledge and were 
encouraging in that mortar samples produced with zeolite incorporation as a replacement of 
cement demonstrated comparatively good engineering and chemical compositional 
properties when compared to control mixes. Encouraging data was recorded namely for the 
utilisation of mordenite and philipsite zeolite types, in that the zeolites demonstrated 
increased compressive strength in comparison to the control mortar as well as having 
decreased density and increased compactness. Notably, mordenite and philipsite can be 
utilised as a way of decreasing the cement content needed in a given mortar mix, indeed 
replacement of cement at 10 and 15% both produced increased compressive strength 
recordings. 
 
Indeed, the best long-term compressive strength on average, at 70 days curing time, was 
found to be the philipsite mortar samples at 15% replacement of cement of total binder mass. 
Indeed, the philipsite mortar samples showed an increase in compressive strength when 
compared to the control mortar samples. In addition, mordenite mortar samples at 10% 
replacement of cement, after 28 days curing time, exhibited increased compressive strength 
in comparison to the control mortar and philipsite mortar at the same replacement level and 
curing age. 
 
The inclusion of increasing % replacement of cement with synthetic zeolites 3A, 4A and 13X 
significantly reduced compressive strength of mortar samples in comparison to the control 
mortar mix with 0% zeolite. This is also true for the chabazite and natrolite mortar samples, 
although chabazite at 5% replacement of cement had an increase in early age compressive 
strength over the control mortar sample, at 2 days curing time. Typically, in all instances, 
compressive strength development occurred over curing age for all zeolite mortar samples, 
at all replacement levels in similarity to the control mortar samples. 
 
The addition of natural and synthetic zeolite as a cement replacement in mortar samples 
decreased the density of the mortar mixes, at all replacement levels. Furthermore, the 
addition of increasing zeolite % level as a replacement of cement, reduces the density of the 
mortar sample.  
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At 5% replacement of cement with zeolite, synthetic zeolite mortar samples showed 
increased values for density when compared to natural zeolite mortar samples. In addition, 
at 15% replacement this trend is also observable. However, at 10% replacement level, 
synthetic zeolite 13X mortar exhibited decreased density values compared to synthetic 
counterparts and also the natural mortar types.  
 
The results from the density testing of mortar samples form contributions to knowledge and 
were encouraging in that mortar samples produced with zeolite incorporation as a 
replacement of cement demonstrated decreased density when compared to control mixes. 
This is encouraging from an economic viewpoint in that if samples needed to be transported, 
less energy is needed to carry out such a task and in addition, lower pollutant creation. 
However, it should be noted that the synthetic zeolites 3A, 4A and 13X despite being 
advantageous from a density perspective did not improve overall compressive strength which 
is an important aspect of developing a new material such as mortar. 
 
Mortar samples containing zeolite at 5-15% replacement of cement were analysed by USPV 
and compared to that of the control mortar samples to evaluate degree of compaction in the 
mix. Indeed, the avoidance of voids in the cubes ensures prolonged strength and decreases 
the chances of shrinkage and cracks appearing in the voids of the material.  
 
For UPSV testing, the results showed that the addition of zeolite significantly influenced USPV 
average values at all curing ages, particularly at higher % replacement of cement with zeolite 
levels. Generally, USPV average readings increased when the zeolite content of the mortar 
mixes was increased at all curing ages. It can be deuced that the influence of inorganic matter 
in the zeolites can be seen to have contributed to this observation.  
 
Interestingly, at 28 and 70 days curing time for all % replacement levels of zeolite with 
cement, zeolite mortar samples have increased USPV values on average when compared to 
the control mortar samples. Indeed, the greatest readings were observed for the samples 
with 15% replacement of cement with zeolite at 70 days curing time. This can be correlated 
to the long-term strength development of mortar samples with the inclusion of zeolite, when 
compared to the control mortar samples with zero zeolite inclusion. 
 
From the SEM analysis of the control mortar and zeolite mortar samples, it can be concluded 
that the natural zeolite mortar samples typically have increased elemental composition 
values for Si and Ca when compared to the synthetic zeolite mortar counterparts.  
 
In addition, while there is a no discernible reading for Na composition in the control mortar 
sample, all zeolite mortar samples record such data, with the synthetic zeolites 3A, 4A and 
13X all having increased values when compared to the natural zeolite types. In addition, 
natural zeolites tend to typically have increased elemental composition values for Si and Ca 
when compared to the synthetic counterparts. It can also be concluded that the decrease in 
O elemental composition in all zeolite mortar samples can be attributed to the carbon dioxide 
absorption properties typically displayed by zeolites. 
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Natural zeolite mortar particle size is typically smaller than that of the synthetic mortar 
samples. Additionally, this research study has shown that synthetic zeolite when used as a 
replacement of cement by 10%, after 28 days curing time, results in the formation of 
increased particle size when compared to the control mortar. In the case of natural zeolite 
incorporation, this leads to formation of mortar with decreased particle size barring that of 
chabazite where particle size is doubled. Oxygen content in the zeolite mortar mix can be 
seen to have a detrimental effect on strength development whereas calcium ion content 
seems to exist at high atomic % in the zeolites which demonstrated increased compressive 
strength values. 
 
Observation of the XRD patterns show that the main crystalline phases of the control mortar 
mix consisted of alite, belite, aluminite and ferrite. Indeed, these phases correspond to the 
main components of the clinker. 
 
It can be concluded from the XRD data that in the instance of C3S, the peaks identifiable at 
29.390 have a consistent peak intensity value of 100% for the control and all natural 
incorporated zeolite samples. An important observation is that synthetic zeolite mortar 
samples have decreased relative peak intensity values for peaks identified at 18.030, 29.390, 
34.06o, 47.05o and 50.76o in relation to C3S and 22.98o and 39.37o for C2S when compared to 
the natural zeolite and control mortar sample. In addition, chabazite and philipsite mortar 
samples produced lower peak intensity values for all identifiable peaks when compared to 
the control mortar samples. 
 
In terms of the natural zeolite mortar samples, observable differences were identified 
between each of the zeolite types and to that of the control mortar samples through the use 
of FTIR. In the control mortar samples, the presence of carbonates can be observed from the 
FTIR spectra, of which are characterised by the absorption peaks identified at 1796, 1440, 874 
and 713cm-1. 
 
Natural zeolite mortar samples demonstrated differences between each of the zeolite types 
and to that of the control mortar samples. Chabazite mortar samples produced vibrations, 
identified as H2O bending and T-O stretching in addition to double ring vibrations at 640cm-1. 
Mordenite zeolite samples showed asymmetric stretching in the region of 1219cm-1053cm-1, 
and symmetric stretching in the region of 810-721cm-1. 

 

The FTIR spectroscopy also showed stretching vibration of Si-O-Si and Si-O-Al bonds in the 
natrolite mortar samples. In addition, the peak at 3200-3600cm-1 highlight the presence of 
absorbed water, similar to that of the chabazite mortar samples. Furthermore, peaks at 500-
800cm-1 relate to pseudo-lattice vibrations.  
 
It can be observed from the FTIR spectra for the philipsite mortar sample that absorption 
bands are present at 1040cm-1 and these can be attributed to Si-O stretching vibrations. 
Indeed, absorption bands at 3400cm-1 in the water stretching regions are broad and are 
stretched towards higher frequencies.  
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In the mortar samples incorporating synthetic zeolite 3A and 4A, the band observed at 100cm-

1 characterise Si-O-Al. Furthermore, the bands identified at 680-456cm-1 indicate the 
crystallisation of zeolite A. This crystallisation is not identifiable in the synthetic zeolite 13X 
mortar sample. Finally, the peak at 550cm-1 is connected to the vibration of the four-
tetrahedra double ring which is dominant in the internal construction unit of the zeolite A 
structure.  
 
Synthetic zeolite 13X displays a single strong absorption band at 3470.94cm-1 which can be 
attributed to OH stretching of water molecules. In addition, the band at 1639.94cm-1 can be 
ascribed to H2O deformation due to incomplete hydration of the synthetic zeolite, which 
indicates free water present in the zeolite structure.  
 
6.2 Applications 
 
Mortar samples containing natural and synthetic zeolite tested throughout this research 
project can be utilised in different construction and civil engineering applications, all with 
differing degrees of suitability. Natural and synthetic zeolites can be used as a cement 
replacement in mortar samples and used in masonry mortar, commonly used in masonry 
walls, columns, and partitions. Indeed, masonry mortar is currently utilised in applications 
such as bedding, jointing, facing and rendered masonry.  
 
Furthermore, load bearing or non-load bearing masonry structures for building and civil 
engineering can also adopt the incorporation of zeolite mortar. Masonry mortar is 
characterised based on the compressive strength at 28 days into a number of classes, of which 
can be seen in Table 6.1, according to BS EN 998-2:2010 [BSI 2010b]. 
 
Table 6.1: Mortar classes [BSI, 2010b] 
 

Class M 1 M 2,5 M 5 M 10 M 15 M 20 M d 

Compressive 
strength 

MPa 

1 2.5 5 10 15 20 d 

d is a compressive strength greater than 20 MPa as a multiple of 5 declared by the 
manufacturer 

 
The mean compressive strength of the mortar samples containing natural zeolite at 28 days 
curing time that were investigated, were recorded as 48.14, 37.98 and 36.77 MPa for 
chabazite mortar at 5, 10 and 15% replacement respectively. For mordenite mortar values 
were recorded at 46.74, 56.85 and 54.51 MPa, and 36.61, 44.90 and 46.39 MPa for natrolite 
mortar. Philipsite mortar samples were recorded as 52.11, 52.04 and 52.75 after 28 days 
curing time respectively.  
 
This demonstrates that M20 and above classes can be produced using natural and synthetic 
zeolite types adopted in this study. It is important to note that the compressive strength 
testing of the mortar samples did not strictly follow BS EN 998-2:2010 as the mould 
dimensions used were 100mmx100mmx100mm and not 40x40x160mm prisms but the 
standard was used as a guidance to the overall methodology. 
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Natural and synthetic zeolite types utilised in this research project could also be applied to 
produce cement bound granular mixtures for use in the construction of roads and airfields. 
The requirements for the relevant constituents, composition and laboratory performance 
classification are specified in BS EN 14227-1:2013 [BSI 2013b].  
 
6.3 Limitations  
 
The limitations of the research study have been identified and have been documented as 
follows. Firstly, it would have been beneficial to evaluate the setting times of zeolite mortar 
mixes and compare these to that of the control mortar sample. However, it was decided in 
this instance not to evaluate such a parameter as the inorganics of the zeolite minerals could 
have affected the performance and therefore reliability of the setting time apparatus and 
recorded data. 
 
Testing procedures considering flowability, total water absorption, sulphate attack and 
leaching tests could have been performed during the research study. Such implementation of 
tests would have further enhanced the reliability of zeolite as a cement replacement in mortar 
samples, in that these areas of testing are as vital in determining the suitability of such a 
pozzolanic material.  
 
In addition, BS EN 998-2:2010 requires that the compressive strength is to be obtained using 
40x40x160mm prisms that comply with the requirements of BS EN 1015-11:1999 [BSI 1999b]. 
Therefore, further standard tests would need to be applied to the zeolite types prior to any 
large scale application. 
 
A curing age time of 2, 7, 28 and 70 days was adopted in the research program and despite 
such a range allowing analysis of strength development, USPV and density over time, a longer 
curing period range could have been used to fully understand the effect of curing time of 
mortar samples incorporating zeolite as a cement replacement. Furthermore, an increased 
range of natural and synthetic zeolite types could have been assessed in the study.   
 
Despite the environmental and economic benefits of natural zeolite incorporation into 
cementitious materials, natural zeolites are obtained through mining operations which are 
detrimental to the environment in large scale operations. Furthermore, additional micro-
analytical work could have been carried out, including XRF analysis which would have 
complimented the use of XRD in this research study. 
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6.4 Future recommendations 
 
In the present study, mortar samples were cured by wrapping them with plastic sheeting and 
water curing. In order to strengthen the outcome of the investigation, other curing systems 
such as air curing need to be investigated.  
 
In addition, the current study investigated areas of mechanical and compositional properties 
of zeolite based mortar samples. Future work should assess increased durability and 
environmental properties of test samples.   
 
In future research, an attempt could be made to develop a numerical function to correlate 
the compressive strength with curing age and an additional parameter such as zeolite 
content. In order to carry out such a function, a wider range of mortar samples would need 
to be evaluated, with increased replacement % of cement with zeolites. 
 
Despite elemental compositions having been analysed in this research study, though the use 
of SEM, XRD and FTIR, further work could evaluate how differences in the chemical 
composition can influence the performance of the investigated samples. Indeed, an attempt 
to identify the ‘fingerprint’ region of the zeolite mortar mixes would be beneficial to ascertain 
if complete transformation of the zeolites has taken place. 
 
The evaluation of mortar mixes that contained natural and synthetic zeolites are differing % 
replacement levels of cement was analysed in the current study. Further work could analyse 
concrete mixes with an additional parameter of changing aggregate content to compare these 
to the results obtained for zeolite mortar samples to further strengthen the outcome of the 
study. Additionally, further research could be carried out to assess the impact of zeolite 
incorporation in concrete materials on steel reinforcement.  
 
Furthermore, further research needs to be undertaken to evaluate the acceptability of the 
use of cement-based materials containing natural and synthetic zeolites in the construction 
applications and to highlight any social and cultural issues that may be of special important 
to the society. 
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Figure A1 Raw SEM data for mordenite mortar sample 

Project: Cement/Zeolite Analysis 

Owner: Operator 

Site: Site of Interest 7 

Sample: MOR 

Type: Default 

ID:  

 

Spectrum processing :  
Peaks possibly omitted : 5.440, 8.040 keV 

 

Processing option : All elements analyzed (Normalised) 

Number of iterations = 5 
 

Standard : 

C    CaCO3   1-Jun-1999 12:00 AM 

O    SiO2   1-Jun-1999 12:00 AM 
Na    Albite   1-Jun-1999 12:00 AM 

Mg    MgO   1-Jun-1999 12:00 AM 

Al    Al2O3   1-Jun-1999 12:00 AM 

Si    SiO2   1-Jun-1999 12:00 AM 
S    FeS2   1-Jun-1999 12:00 AM 

K    MAD-10 Feldspar   1-Jun-1999 12:00 AM 

Ca    Wollastonite   1-Jun-1999 12:00 AM 

Fe    Fe   1-Jun-1999 12:00 AM 
 

Element Weight% Atomic%  
         

C K 44.92 56.67  

O K 36.81 34.86  

Na K 0.28 0.19  
Mg K 0.09 0.06  

Al K 1.29 0.73  

Si K 7.48 4.04  

S K 0.33 0.16  
K K 0.31 0.12  

Ca K 8.34 3.15  

Fe K 0.15 0.04  

    
Totals 100.00   
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Figure A1(2) Raw SEM data for mordenite mortar sample 

Project: Cement/Zeolite Analysis 

Owner: Operator 

Site: Site of Interest 7 

Sample: MOR 

Type: Default 

ID:  

 

Spectrum processing :  
Peaks possibly omitted : 4.520, 5.450, 8.047 keV 

 

Processing option : All elements analyzed (Normalised) 

Number of iterations = 5 
 

Standard : 

C    CaCO3   1-Jun-1999 12:00 AM 

O    SiO2   1-Jun-1999 12:00 AM 
Na    Albite   1-Jun-1999 12:00 AM 

Mg    MgO   1-Jun-1999 12:00 AM 

Al    Al2O3   1-Jun-1999 12:00 AM 

Si    SiO2   1-Jun-1999 12:00 AM 
S    FeS2   1-Jun-1999 12:00 AM 

K    MAD-10 Feldspar   1-Jun-1999 12:00 AM 

Ca    Wollastonite   1-Jun-1999 12:00 AM 

Fe    Fe   1-Jun-1999 12:00 AM 
 

Element Weight% Atomic%  
         

C K 40.29 52.52  

O K 39.38 38.54  

Na K 0.28 0.19  
Mg K 0.15 0.10  

Al K 0.99 0.57  

Si K 4.07 2.27  

S K 0.46 0.23  
K K 0.09 0.04  

Ca K 13.92 5.44  

Fe K 0.36 0.10  

    
Totals 100.00   
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Figure A1(3) Raw SEM data for mordenite mortar sample 

Project: Cement/Zeolite Analysis 

Owner: Operator 

Site: Site of Interest 7 

Sample: MOR 

Type: Default 

ID:  

 

Spectrum processing :  
Peak possibly omitted : 5.442 keV 

 

Processing option : All elements analyzed (Normalised) 

Number of iterations = 6 
 

Standard : 

C    CaCO3   1-Jun-1999 12:00 AM 

O    SiO2   1-Jun-1999 12:00 AM 
Na    Albite   1-Jun-1999 12:00 AM 

Al    Al2O3   1-Jun-1999 12:00 AM 

Si    SiO2   1-Jun-1999 12:00 AM 

S    FeS2   1-Jun-1999 12:00 AM 
K    MAD-10 Feldspar   1-Jun-1999 12:00 AM 

Ca    Wollastonite   1-Jun-1999 12:00 AM 

Fe    Fe   1-Jun-1999 12:00 AM 

 

Element Weight% Atomic%  

         
C K 39.93 51.14  

O K 41.46 39.86  

Na K 0.43 0.28  

Al K 1.38 0.79  
Si K 8.94 4.90  

S K 0.22 0.10  

K K 0.42 0.17  

Ca K 7.11 2.73  
Fe K 0.11 0.03  

    

Totals 100.00   
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Figure A2 Raw SEM data for philipsite mortar sample 

Project: Cement/Zeolite Analysis 

Owner: Operator 

Site: Site of Interest 8 

Sample: PHI 

Type: Default 

ID:  

 

Spectrum processing :  
No peaks omitted 

 

Processing option : All elements analyzed (Normalised) 

Number of iterations = 5 
 

Standard : 

C    CaCO3   1-Jun-1999 12:00 AM 

O    SiO2   1-Jun-1999 12:00 AM 
Na    Albite   1-Jun-1999 12:00 AM 

Mg    MgO   1-Jun-1999 12:00 AM 

Al    Al2O3   1-Jun-1999 12:00 AM 

Si    SiO2   1-Jun-1999 12:00 AM 
S    FeS2   1-Jun-1999 12:00 AM 

K    MAD-10 Feldspar   1-Jun-1999 12:00 AM 

Ca    Wollastonite   1-Jun-1999 12:00 AM 

Fe    Fe   1-Jun-1999 12:00 AM 
Cu    Cu   1-Jun-1999 12:00 AM 

 

Element Weight% Atomic%  

         

C K 32.58 45.43  

O K 40.35 42.24  
Na K 0.36 0.26  

Mg K 0.18 0.13  

Al K 0.95 0.59  

Si K 3.78 2.25  
S K 0.43 0.23  

K K 0.09 0.04  

Ca K 20.82 8.70  

Fe K 0.28 0.08  
Cu K 0.17 0.05  

    

Totals 100.00   

 

 



 

 

174 | P a g e  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A2(2) Raw SEM data for philipsite mortar sample 

Project: Cement/Zeolite Analysis 

Owner: Operator 

Site: Site of Interest 8 

Sample: PHI 

Type: Default 

ID:  

 

Spectrum processing :  
No peaks omitted 

 

Processing option : All elements analyzed (Normalised) 

Number of iterations = 6 
 

Standard : 

C    CaCO3   1-Jun-1999 12:00 AM 

O    SiO2   1-Jun-1999 12:00 AM 
Na    Albite   1-Jun-1999 12:00 AM 

Mg    MgO   1-Jun-1999 12:00 AM 

Al    Al2O3   1-Jun-1999 12:00 AM 

Si    SiO2   1-Jun-1999 12:00 AM 
S    FeS2   1-Jun-1999 12:00 AM 

K    MAD-10 Feldspar   1-Jun-1999 12:00 AM 

Ca    Wollastonite   1-Jun-1999 12:00 AM 

Fe    Fe   1-Jun-1999 12:00 AM 
Cu    Cu   1-Jun-1999 12:00 AM 

 

Element Weight% Atomic%  

         

C K 30.27 42.25  

O K 43.81 45.91  
Na K 0.34 0.25  

Mg K 0.24 0.17  

Al K 1.23 0.76  

Si K 3.42 2.04  
S K 0.35 0.19  

K K 0.10 0.04  

Ca K 19.67 8.23  

Fe K 0.39 0.12  
Cu K 0.18 0.05  

    

Totals 100.00   
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Figure A2(3) Raw SEM data for philipsite mortar sample 

Project: Cement/Zeolite Analysis 

Owner: Operator 

Site: Site of Interest 8 

Sample: PHI 

Type: Default 

ID:  

 

Spectrum processing :  
Peak possibly omitted : 16.000 keV 

 

Processing option : All elements analyzed (Normalised) 

Number of iterations = 5 
 

Standard : 

C    CaCO3   1-Jun-1999 12:00 AM 

O    SiO2   1-Jun-1999 12:00 AM 
Na    Albite   1-Jun-1999 12:00 AM 

Al    Al2O3   1-Jun-1999 12:00 AM 

Si    SiO2   1-Jun-1999 12:00 AM 

S    FeS2   1-Jun-1999 12:00 AM 
Ca    Wollastonite   1-Jun-1999 12:00 AM 

Fe    Fe   1-Jun-1999 12:00 AM 

Cu    Cu   1-Jun-1999 12:00 AM 

 

Element Weight% Atomic%  

         
C K 29.61 42.58  

O K 40.96 44.22  

Na K 0.20 0.15  

Al K 0.75 0.48  
Si K 1.67 1.03  

S K 0.48 0.26  

Ca K 25.93 11.17  

Fe K 0.18 0.05  
Cu K 0.22 0.06  

    

Totals 100.00   
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Figure A3 Raw SEM data for chabazite mortar sample 
 

Project: Cement/Zeolite Analysis 

Owner: Operator 

Site: Site of Interest 9 

Sample: CHA 

Type: Default 

ID:  

 

Spectrum processing :  
No peaks omitted 

 

Processing option : All elements analyzed (Normalised) 

Number of iterations = 5 
 

Standard : 

C    CaCO3   1-Jun-1999 12:00 AM 

O    SiO2   1-Jun-1999 12:00 AM 
Na    Albite   1-Jun-1999 12:00 AM 

Mg    MgO   1-Jun-1999 12:00 AM 

Al    Al2O3   1-Jun-1999 12:00 AM 

Si    SiO2   1-Jun-1999 12:00 AM 
S    FeS2   1-Jun-1999 12:00 AM 

K    MAD-10 Feldspar   1-Jun-1999 12:00 AM 

Ca    Wollastonite   1-Jun-1999 12:00 AM 

Fe    Fe   1-Jun-1999 12:00 AM 
 

Element Weight% Atomic%  
         

C K 34.64 47.95  

O K 37.98 39.47  

Na K 0.27 0.20  
Mg K 0.18 0.13  

Al K 1.22 0.75  

Si K 4.44 2.63  

S K 0.97 0.50  
K K 0.11 0.05  

Ca K 19.83 8.23  

Fe K 0.36 0.11  

    
Totals 100.00   
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Figure A3(2) Raw SEM data for chabazite mortar sample 

Project: Cement/Zeolite Analysis 

Owner: Operator 

Site: Site of Interest 9 

Sample: CHA 

Type: Default 

ID:  

 

Spectrum processing :  
No peaks omitted 

 

Processing option : All elements analyzed (Normalised) 

Number of iterations = 5 
 

Standard : 

C    CaCO3   1-Jun-1999 12:00 AM 

O    SiO2   1-Jun-1999 12:00 AM 
Na    Albite   1-Jun-1999 12:00 AM 

Mg    MgO   1-Jun-1999 12:00 AM 

Al    Al2O3   1-Jun-1999 12:00 AM 

Si    SiO2   1-Jun-1999 12:00 AM 
S    FeS2   1-Jun-1999 12:00 AM 

K    MAD-10 Feldspar   1-Jun-1999 12:00 AM 

Ca    Wollastonite   1-Jun-1999 12:00 AM 

Fe    Fe   1-Jun-1999 12:00 AM 
 

Element Weight% Atomic%  
         

C K 39.67 51.68  

O K 40.72 39.83  

Na K 0.38 0.26  
Mg K 0.15 0.09  

Al K 0.64 0.37  

Si K 3.28 1.83  

S K 0.46 0.22  
K K 0.09 0.03  

Ca K 14.38 5.61  

Fe K 0.24 0.07  

    
Totals 100.00   
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Figure A3(3) Raw SEM data for chabazite mortar sample 

Project: Cement/Zeolite Analysis 

Owner: Operator 

Site: Site of Interest 9 

Sample: CHA 

Type: Default 

ID:  

 

Spectrum processing :  
Peak possibly omitted : 4.530 keV 

 

Processing option : All elements analyzed (Normalised) 

Number of iterations = 5 
 

Standard : 

C    CaCO3   1-Jun-1999 12:00 AM 

O    SiO2   1-Jun-1999 12:00 AM 
Na    Albite   1-Jun-1999 12:00 AM 

Mg    MgO   1-Jun-1999 12:00 AM 

Al    Al2O3   1-Jun-1999 12:00 AM 

Si    SiO2   1-Jun-1999 12:00 AM 
S    FeS2   1-Jun-1999 12:00 AM 

K    MAD-10 Feldspar   1-Jun-1999 12:00 AM 

Ca    Wollastonite   1-Jun-1999 12:00 AM 

Fe    Fe   1-Jun-1999 12:00 AM 
 

Element Weight% Atomic%  
         

C K 46.76 59.49  

O K 33.15 31.66  

Na K 0.38 0.25  
Mg K 0.16 0.10  

Al K 1.31 0.74  

Si K 5.00 2.72  

S K 0.46 0.22  
K K 0.26 0.10  

Ca K 11.98 4.57  

Fe K 0.54 0.15  

    
Totals 100.00   
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Figure A4 Raw SEM data for synthetic zeolite 3a mortar sample 

Project: Cement/Zeolite Analysis 

Owner: Operator 

Site: Site of Interest 1 

Sample: 3A 

Type: Default 

ID:  

 

Spectrum processing :  
Peak possibly omitted : 4.491 keV 

 

Processing option : All elements analyzed (Normalised) 

Number of iterations = 5 
 

Standard : 

C    CaCO3   1-Jun-1999 12:00 AM 

O    SiO2   1-Jun-1999 12:00 AM 
Na    Albite   1-Jun-1999 12:00 AM 

Mg    MgO   1-Jun-1999 12:00 AM 

Al    Al2O3   1-Jun-1999 12:00 AM 

Si    SiO2   1-Jun-1999 12:00 AM 
S    FeS2   1-Jun-1999 12:00 AM 

K    MAD-10 Feldspar   1-Jun-1999 12:00 AM 

Ca    Wollastonite   1-Jun-1999 12:00 AM 

Fe    Fe   1-Jun-1999 12:00 AM 
 

Element Weight% Atomic%  
         

C K 28.65 40.20  

O K 44.50 46.87  

Na K 0.64 0.47  
Mg K 0.14 0.10  

Al K 2.16 1.35  

Si K 5.16 3.10  

S K 0.62 0.33  
K K 0.81 0.35  

Ca K 17.00 7.15  

Fe K 0.31 0.09  

    
Totals 100.00   
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Figure A4(2) Raw SEM data for synthetic zeolite 3a mortar sample 

Project: Cement/Zeolite Analysis 

Owner: Operator 

Site: Site of Interest 1 

Sample: 3A 

Type: Default 

ID:  

 

Spectrum processing :  
No peaks omitted 

 

Processing option : All elements analyzed (Normalised) 

Number of iterations = 6 
 

Standard : 

C    CaCO3   1-Jun-1999 12:00 AM 

O    SiO2   1-Jun-1999 12:00 AM 
Na    Albite   1-Jun-1999 12:00 AM 

Mg    MgO   1-Jun-1999 12:00 AM 

Al    Al2O3   1-Jun-1999 12:00 AM 

Si    SiO2   1-Jun-1999 12:00 AM 
S    FeS2   1-Jun-1999 12:00 AM 

K    MAD-10 Feldspar   1-Jun-1999 12:00 AM 

Ca    Wollastonite   1-Jun-1999 12:00 AM 

Fe    Fe   1-Jun-1999 12:00 AM 
 

Element Weight% Atomic%  
         

C K 37.79 48.20  

O K 47.48 45.46  

Na K 0.44 0.29  
Mg K 0.12 0.08  

Al K 0.91 0.52  

Si K 2.25 1.23  

S K 0.32 0.15  
K K 0.20 0.08  

Ca K 10.36 3.96  

Fe K 0.12 0.03  

    
Totals 100.00   
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Figure A4(3) Raw SEM data for synthetic zeolite 3a mortar sample 

Project: Cement/Zeolite Analysis 

Owner: Operator 

Site: Site of Interest 1 

Sample: 3A 

Type: Default 

ID:  

 

Spectrum processing :  
Peak possibly omitted : 5.460 keV 

 

Processing option : All elements analyzed (Normalised) 

Number of iterations = 5 
 

Standard : 

C    CaCO3   1-Jun-1999 12:00 AM 

O    SiO2   1-Jun-1999 12:00 AM 
Na    Albite   1-Jun-1999 12:00 AM 

Mg    MgO   1-Jun-1999 12:00 AM 

Al    Al2O3   1-Jun-1999 12:00 AM 

Si    SiO2   1-Jun-1999 12:00 AM 
S    FeS2   1-Jun-1999 12:00 AM 

K    MAD-10 Feldspar   1-Jun-1999 12:00 AM 

Ca    Wollastonite   1-Jun-1999 12:00 AM 

Fe    Fe   1-Jun-1999 12:00 AM 
 

Element Weight% Atomic%  
         

C K 39.00 52.32  

O K 36.14 36.39  

Na K 0.41 0.28  
Mg K 0.15 0.10  

Al K 2.15 1.28  

Si K 4.01 2.30  

S K 0.58 0.29  
K K 0.47 0.19  

Ca K 16.80 6.75  

Fe K 0.29 0.08  

    
Totals 100.00   
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Figure A5 Raw SEM data for synthetic zeolite 4a mortar sample 

Project: Cement/Zeolite Analysis 

Owner: Operator 

Site: Site of Interest 2 

Sample: 4A 

Type: Default 

ID:  

 

Spectrum processing :  
No peaks omitted 

 

Processing option : All elements analyzed (Normalised) 

Number of iterations = 6 
 

Standard : 

C    CaCO3   1-Jun-1999 12:00 AM 

O    SiO2   1-Jun-1999 12:00 AM 
Na    Albite   1-Jun-1999 12:00 AM 

Mg    MgO   1-Jun-1999 12:00 AM 

Al    Al2O3   1-Jun-1999 12:00 AM 

Si    SiO2   1-Jun-1999 12:00 AM 
S    FeS2   1-Jun-1999 12:00 AM 

K    MAD-10 Feldspar   1-Jun-1999 12:00 AM 

Ca    Wollastonite   1-Jun-1999 12:00 AM 

Fe    Fe   1-Jun-1999 12:00 AM 
 

Element Weight% Atomic%  
         

C K 29.00 40.72  

O K 44.64 47.04  

Na K 0.73 0.54  
Mg K 0.26 0.18  

Al K 1.27 0.79  

Si K 3.21 1.93  

S K 0.41 0.22  
K K 0.13 0.06  

Ca K 20.14 8.47  

Fe K 0.20 0.06  

    
Totals 100.00   
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Figure A5(2) Raw SEM data for synthetic zeolite 4a mortar sample 

Project: Cement/Zeolite Analysis 

Owner: Operator 

Site: Site of Interest 2 

Sample: 4A 

Type: Default 

ID:  

 

Spectrum processing :  
No peaks omitted 

 

Processing option : All elements analyzed (Normalised) 

Number of iterations = 5 
 

Standard : 

C    CaCO3   1-Jun-1999 12:00 AM 

O    SiO2   1-Jun-1999 12:00 AM 
Na    Albite   1-Jun-1999 12:00 AM 

Mg    MgO   1-Jun-1999 12:00 AM 

Al    Al2O3   1-Jun-1999 12:00 AM 

Si    SiO2   1-Jun-1999 12:00 AM 
S    FeS2   1-Jun-1999 12:00 AM 

K    MAD-10 Feldspar   1-Jun-1999 12:00 AM 

Ca    Wollastonite   1-Jun-1999 12:00 AM 

Fe    Fe   1-Jun-1999 12:00 AM 
 

Element Weight% Atomic%  
         

C K 34.63 44.84  

O K 48.97 47.59  

Na K 1.07 0.72  
Mg K 0.16 0.10  

Al K 1.81 1.05  

Si K 3.07 1.70  

S K 0.39 0.19  
K K 0.13 0.05  

Ca K 9.53 3.70  

Fe K 0.23 0.06  

    
Totals 100.00   
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Figure A5(3) Raw SEM data for synthetic zeolite 4a mortar sample

Project: Cement/Zeolite Analysis 

Owner: Operator 

Site: Site of Interest 2 

Sample: 4A 

Type: Default 

ID:  

 

Spectrum processing :  
Peaks possibly omitted : 5.900, 8.070 keV 

 

Processing option : All elements analyzed (Normalised) 

Number of iterations = 5 
 

Standard : 

C    CaCO3   1-Jun-1999 12:00 AM 

O    SiO2   1-Jun-1999 12:00 AM 
Na    Albite   1-Jun-1999 12:00 AM 

Mg    MgO   1-Jun-1999 12:00 AM 

Al    Al2O3   1-Jun-1999 12:00 AM 

Si    SiO2   1-Jun-1999 12:00 AM 
S    FeS2   1-Jun-1999 12:00 AM 

K    MAD-10 Feldspar   1-Jun-1999 12:00 AM 

Ca    Wollastonite   1-Jun-1999 12:00 AM 

Ti    Ti   1-Jun-1999 12:00 AM 
Fe    Fe   1-Jun-1999 12:00 AM 

 

Element Weight% Atomic%  

         

C K 33.77 45.69  

O K 42.87 43.54  
Na K 0.73 0.52  

Mg K 0.47 0.32  

Al K 2.02 1.22  

Si K 3.66 2.12  
S K 0.77 0.39  

K K 0.15 0.06  

Ca K 14.05 5.70  

Ti K 0.27 0.09  
Fe K 1.21 0.35  

    

Totals 100.00   
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Figure A6 Raw SEM data for synthetic zeolite 13x mortar sample 

Project: Cement/Zeolite Analysis 

Owner: Operator 

Site: Site of Interest 3 

Sample: 13X 

Type: Default 

ID:  

 

Spectrum processing :  
Peak possibly omitted : 5.170 keV 

 

Processing option : All elements analyzed (Normalised) 

Number of iterations = 6 
 

Standard : 

C    CaCO3   1-Jun-1999 12:00 AM 

O    SiO2   1-Jun-1999 12:00 AM 
Na    Albite   1-Jun-1999 12:00 AM 

Mg    MgO   1-Jun-1999 12:00 AM 

Al    Al2O3   1-Jun-1999 12:00 AM 

Si    SiO2   1-Jun-1999 12:00 AM 
S    FeS2   1-Jun-1999 12:00 AM 

K    MAD-10 Feldspar   1-Jun-1999 12:00 AM 

Ca    Wollastonite   1-Jun-1999 12:00 AM 

Fe    Fe   1-Jun-1999 12:00 AM 
 

Element Weight% Atomic%  
         

C K 21.20 30.09  

O K 54.05 57.58  

Na K 0.58 0.43  
Mg K 0.14 0.10  

Al K 4.05 2.56  

Si K 3.97 2.41  

S K 0.52 0.28  
K K 0.39 0.17  

Ca K 14.83 6.31  

Fe K 0.26 0.08  

    
Totals 100.00   
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Figure A6(2) Raw SEM data for synthetic zeolite 13x mortar sample 

Project: Cement/Zeolite Analysis 

Owner: Operator 

Site: Site of Interest 3 

Sample: 13X 

Type: Default 

ID:  

 

Spectrum processing :  
No peaks omitted 

 

Processing option : All elements analyzed (Normalised) 

Number of iterations = 6 
 

Standard : 

C    CaCO3   1-Jun-1999 12:00 AM 

O    SiO2   1-Jun-1999 12:00 AM 
Na    Albite   1-Jun-1999 12:00 AM 

Mg    MgO   1-Jun-1999 12:00 AM 

Al    Al2O3   1-Jun-1999 12:00 AM 

Si    SiO2   1-Jun-1999 12:00 AM 
S    FeS2   1-Jun-1999 12:00 AM 

K    MAD-10 Feldspar   1-Jun-1999 12:00 AM 

Ca    Wollastonite   1-Jun-1999 12:00 AM 

Fe    Fe   1-Jun-1999 12:00 AM 
 

Element Weight% Atomic%  
         

C K 24.30 33.87  

O K 52.41 54.83  

Na K 0.74 0.54  
Mg K 0.23 0.16  

Al K 2.20 1.36  

Si K 4.33 2.58  

S K 0.81 0.42  
K K 0.56 0.24  

Ca K 14.19 5.92  

Fe K 0.25 0.07  

    
Totals 100.00   
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Figure A6(3) Raw SEM data for synthetic zeolite 13x mortar sample 
 

Project: Cement/Zeolite Analysis 

Owner: Operator 

Site: Site of Interest 3 

Sample: 13X 

Type: Default 

ID:  

 

Spectrum processing :  
No peaks omitted 

 

Processing option : All elements analyzed (Normalised) 

Number of iterations = 6 
 

Standard : 

C    CaCO3   1-Jun-1999 12:00 AM 

O    SiO2   1-Jun-1999 12:00 AM 
Na    Albite   1-Jun-1999 12:00 AM 

Mg    MgO   1-Jun-1999 12:00 AM 

Al    Al2O3   1-Jun-1999 12:00 AM 

Si    SiO2   1-Jun-1999 12:00 AM 
S    FeS2   1-Jun-1999 12:00 AM 

K    MAD-10 Feldspar   1-Jun-1999 12:00 AM 

Ca    Wollastonite   1-Jun-1999 12:00 AM 

Fe    Fe   1-Jun-1999 12:00 AM 
 

Element Weight% Atomic%  
         

C K 27.57 37.60  

O K 51.39 52.60  

Na K 0.45 0.32  
Mg K 0.14 0.09  

Al K 2.16 1.31  

Si K 3.28 1.91  

S K 0.58 0.29  
K K 0.29 0.12  

Ca K 13.86 5.66  

Fe K 0.28 0.08  

    
Totals 100.00   
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Figure A7 Raw SEM data for control mortar sample 
 

 

Project: Cement/Zeolite Analysis 

Owner: Operator 

Site: Site of Interest 4 

Sample: CEM 

Type: Default 

ID:  

 

Spectrum processing :  
Peak possibly omitted : 5.420 keV 

 

Processing option : All elements analyzed (Normalised) 

Number of iterations = 6 
 

Standard : 

C    CaCO3   1-Jun-1999 12:00 AM 

O    SiO2   1-Jun-1999 12:00 AM 
Mg    MgO   1-Jun-1999 12:00 AM 

Al    Al2O3   1-Jun-1999 12:00 AM 

Si    SiO2   1-Jun-1999 12:00 AM 

S    FeS2   1-Jun-1999 12:00 AM 
K    MAD-10 Feldspar   1-Jun-1999 12:00 AM 

Ca    Wollastonite   1-Jun-1999 12:00 AM 

Fe    Fe   1-Jun-1999 12:00 AM 

 

Element Weight% Atomic%  

         
C K 16.48 24.70  

O K 53.91 60.65  

Mg K 0.32 0.24  

Al K 1.30 0.87  
Si K 4.88 3.12  

S K 0.82 0.46  

K K 0.13 0.06  

Ca K 21.72 9.75  
Fe K 0.44 0.14  

    

Totals 100.00   
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Figure A7(2) Raw SEM data for control mortar sample 
 

 

Project: Cement/Zeolite Analysis 

Owner: Operator 

Site: Site of Interest 4 

Sample: CEM 

Type: Default 

ID:  

 

Spectrum processing :  
Peaks possibly omitted : 4.501, 5.420, 12.588 keV 

 

Processing option : All elements analyzed (Normalised) 

Number of iterations = 6 
 

Standard : 

C    CaCO3   1-Jun-1999 12:00 AM 

O    SiO2   1-Jun-1999 12:00 AM 
Mg    MgO   1-Jun-1999 12:00 AM 

Al    Al2O3   1-Jun-1999 12:00 AM 

Si    SiO2   1-Jun-1999 12:00 AM 

S    FeS2   1-Jun-1999 12:00 AM 
K    MAD-10 Feldspar   1-Jun-1999 12:00 AM 

Ca    Wollastonite   1-Jun-1999 12:00 AM 

Fe    Fe   1-Jun-1999 12:00 AM 

 

Element Weight% Atomic%  

         
C K 15.73 24.46  

O K 49.22 57.44  

Mg K 0.35 0.27  

Al K 1.43 0.99  
Si K 6.46 4.30  

S K 1.23 0.72  

K K 0.16 0.07  

Ca K 24.70 11.51  
Fe K 0.71 0.24  

    

Totals 100.00   

 

 



 

 

190 | P a g e  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A7(3) Raw SEM data for control mortar sample 
 

 

Project: Cement/Zeolite Analysis 

Owner: Operator 

Site: Site of Interest 4 

Sample: CEM 

Type: Default 

ID:  

 

Spectrum processing :  
Peaks possibly omitted : 8.000, 16.120 keV 

 

Processing option : All elements analyzed (Normalised) 

Number of iterations = 5 
 

Standard : 

C    CaCO3   1-Jun-1999 12:00 AM 

O    SiO2   1-Jun-1999 12:00 AM 
Mg    MgO   1-Jun-1999 12:00 AM 

Al    Al2O3   1-Jun-1999 12:00 AM 

Si    SiO2   1-Jun-1999 12:00 AM 

S    FeS2   1-Jun-1999 12:00 AM 
K    MAD-10 Feldspar   1-Jun-1999 12:00 AM 

Ca    Wollastonite   1-Jun-1999 12:00 AM 

Fe    Fe   1-Jun-1999 12:00 AM 

 

Element Weight% Atomic%  

         
C K 17.34 27.91  

O K 42.74 51.66  

Mg K 0.25 0.20  

Al K 0.81 0.58  
Si K 4.36 3.00  

S K 0.47 0.29  

K K 0.14 0.07  

Ca K 33.46 16.14  
Fe K 0.42 0.15  

    

Totals 100.00   
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Figure A8 Raw SEM data for FLA mortar sample 

Project: Cement/Zeolite Analysis 

Owner: Operator 

Site: Site of Interest 5 

Sample: FLA 

Type: Default 

ID:  

 

Spectrum processing :  
No peaks omitted 

 

Processing option : All elements analyzed (Normalised) 

Number of iterations = 6 
 

Standard : 

C    CaCO3   1-Jun-1999 12:00 AM 

O    SiO2   1-Jun-1999 12:00 AM 
Na    Albite   1-Jun-1999 12:00 AM 

Mg    MgO   1-Jun-1999 12:00 AM 

Al    Al2O3   1-Jun-1999 12:00 AM 

Si    SiO2   1-Jun-1999 12:00 AM 
S    FeS2   1-Jun-1999 12:00 AM 

K    MAD-10 Feldspar   1-Jun-1999 12:00 AM 

Ca    Wollastonite   1-Jun-1999 12:00 AM 

Ti    Ti   1-Jun-1999 12:00 AM 
Fe    Fe   1-Jun-1999 12:00 AM 

 

Element Weight% Atomic%  

         

C K 43.28 54.15  

O K 40.41 37.96  
Na K 0.32 0.21  

Mg K 0.30 0.19  

Al K 4.83 2.69  

Si K 5.85 3.13  
S K 0.12 0.06  

K K 0.43 0.16  

Ca K 2.29 0.86  

Ti K 0.13 0.04  
Fe K 2.03 0.55  

    

Totals 100.00   
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Figure A8(2) Raw SEM data for FLA mortar sample 

Project: Cement/Zeolite Analysis 

Owner: Operator 

Site: Site of Interest 5 

Sample: FLA 

Type: Default 

ID:  

 

Spectrum processing :  
Peak possibly omitted : 5.890 keV 

 

Processing option : All elements analyzed (Normalised) 

Number of iterations = 6 
 

Standard : 

C    CaCO3   1-Jun-1999 12:00 AM 

O    SiO2   1-Jun-1999 12:00 AM 
Na    Albite   1-Jun-1999 12:00 AM 

Mg    MgO   1-Jun-1999 12:00 AM 

Al    Al2O3   1-Jun-1999 12:00 AM 

Si    SiO2   1-Jun-1999 12:00 AM 
S    FeS2   1-Jun-1999 12:00 AM 

K    MAD-10 Feldspar   1-Jun-1999 12:00 AM 

Ca    Wollastonite   1-Jun-1999 12:00 AM 

Ti    Ti   1-Jun-1999 12:00 AM 
Fe    Fe   1-Jun-1999 12:00 AM 

 

Element Weight% Atomic%  

         

C K 46.18 58.73  

O K 32.37 30.90  
Na K 0.19 0.13  

Mg K 0.58 0.37  

Al K 5.48 3.10  

Si K 7.60 4.14  
S K 0.23 0.11  

K K 0.44 0.17  

Ca K 4.14 1.58  

Ti K 0.18 0.06  
Fe K 2.60 0.71  

    

Totals 100.00   
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Figure A8(3) Raw SEM data for FLA mortar sample

Project: Cement/Zeolite Analysis 

Owner: Operator 

Site: Site of Interest 5 

Sample: FLA 

Type: Default 

ID:  

 

Spectrum processing :  
Peak possibly omitted : 8.060 keV 

 

Processing option : All elements analyzed (Normalised) 

Number of iterations = 7 
 

Standard : 

C    CaCO3   1-Jun-1999 12:00 AM 

O    SiO2   1-Jun-1999 12:00 AM 
Na    Albite   1-Jun-1999 12:00 AM 

Mg    MgO   1-Jun-1999 12:00 AM 

Al    Al2O3   1-Jun-1999 12:00 AM 

Si    SiO2   1-Jun-1999 12:00 AM 
S    FeS2   1-Jun-1999 12:00 AM 

K    MAD-10 Feldspar   1-Jun-1999 12:00 AM 

Ca    Wollastonite   1-Jun-1999 12:00 AM 

Ti    Ti   1-Jun-1999 12:00 AM 
Fe    Fe   1-Jun-1999 12:00 AM 

 

Element Weight% Atomic%  

         

C K 40.58 52.26  

O K 38.46 37.19  
Na K 0.46 0.31  

Mg K 0.32 0.21  

Al K 5.89 3.38  

Si K 8.19 4.51  
S K 0.16 0.08  

K K 0.91 0.36  

Ca K 2.70 1.04  

Ti K 0.34 0.11  
Fe K 1.98 0.55  

    

Totals 100.00   
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Figure A9 Raw SEM data for natrolite mortar sample 
 

 

Project: Cement/Zeolite Analysis 

Owner: Operator 

Site: Site of Interest 6 

Sample: NAT 

Type: Default 

ID:  

 

Spectrum processing :  
Peak possibly omitted : 8.030 keV 

 

Processing option : All elements analyzed (Normalised) 

Number of iterations = 6 
 

Standard : 

C    CaCO3   1-Jun-1999 12:00 AM 

O    SiO2   1-Jun-1999 12:00 AM 
Na    Albite   1-Jun-1999 12:00 AM 

Mg    MgO   1-Jun-1999 12:00 AM 

Al    Al2O3   1-Jun-1999 12:00 AM 

Si    SiO2   1-Jun-1999 12:00 AM 
S    FeS2   1-Jun-1999 12:00 AM 

Ca    Wollastonite   1-Jun-1999 12:00 AM 

Fe    Fe   1-Jun-1999 12:00 AM 

 

Element Weight% Atomic%  

         
C K 29.66 40.23  

O K 49.06 49.96  

Na K 0.18 0.12  

Mg K 0.52 0.35  
Al K 4.30 2.60  

Si K 0.81 0.47  

S K 0.47 0.24  

Ca K 14.43 5.87  
Fe K 0.58 0.17  

    

Totals 100.00   
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Figure A9(2) Raw SEM data for natrolite zeolite mortar sample 

Project: Cement/Zeolite Analysis 

Owner: Operator 

Site: Site of Interest 6 

Sample: NAT 

Type: Default 

ID:  

 

Spectrum processing :  
Peak possibly omitted : 8.049 keV 

 

Processing option : All elements analyzed (Normalised) 

Number of iterations = 6 
 

Standard : 

C    CaCO3   1-Jun-1999 12:00 AM 

O    SiO2   1-Jun-1999 12:00 AM 
Na    Albite   1-Jun-1999 12:00 AM 

Mg    MgO   1-Jun-1999 12:00 AM 

Al    Al2O3   1-Jun-1999 12:00 AM 

Si    SiO2   1-Jun-1999 12:00 AM 
S    FeS2   1-Jun-1999 12:00 AM 

K    MAD-10 Feldspar   1-Jun-1999 12:00 AM 

Ca    Wollastonite   1-Jun-1999 12:00 AM 

Ti    Ti   1-Jun-1999 12:00 AM 
Cr    Cr   1-Jun-1999 12:00 AM 

Fe    Fe   1-Jun-1999 12:00 AM 

 

Element Weight% Atomic%  

         

C K 27.85 39.86  
O K 42.83 46.01  

Na K 0.14 0.10  

Mg K 0.10 0.07  

Al K 0.30 0.19  
Si K 7.87 4.81  

S K 0.23 0.12  

K K 0.08 0.03  

Ca K 20.26 8.69  
Ti K 0.10 0.04  

Cr K 0.10 0.03  

Fe K 0.14 0.04  

    
Totals 100.00   
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Figure A9(3) Raw SEM data for natrolite mortar sample 
 

Project: Cement/Zeolite Analysis 

Owner: Operator 

Site: Site of Interest 6 

Sample: NAT 

Type: Default 

ID:  

 

Spectrum processing :  
No peaks omitted 

 

Processing option : All elements analyzed (Normalised) 

Number of iterations = 6 
 

Standard : 

C    CaCO3   1-Jun-1999 12:00 AM 

O    SiO2   1-Jun-1999 12:00 AM 
Na    Albite   1-Jun-1999 12:00 AM 

Mg    MgO   1-Jun-1999 12:00 AM 

Al    Al2O3   1-Jun-1999 12:00 AM 

Si    SiO2   1-Jun-1999 12:00 AM 
S    FeS2   1-Jun-1999 12:00 AM 

K    MAD-10 Feldspar   1-Jun-1999 12:00 AM 

Ca    Wollastonite   1-Jun-1999 12:00 AM 

Fe    Fe   1-Jun-1999 12:00 AM 
 

Element Weight% Atomic%  
         

C K 31.39 41.96  

O K 49.06 49.23  

Na K 0.21 0.14  
Mg K 0.17 0.11  

Al K 0.82 0.49  

Si K 3.91 2.24  

S K 0.65 0.32  
K K 0.07 0.03  

Ca K 13.51 5.41  

Fe K 0.22 0.06  

    
Totals 100.00   
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Anchor Scan Parameters 
 
Dataset Name: Connor_CEM 
File name: C:\XRD Data\Connor_CEM.xrdml 
Sample Identification: CEM 

Comment: Configuration=Reflaction-transmission spinner, Owner=User-1, Creation 
date=6/28/2012 10:39:29 AM 

 Goniometer=Theta/Theta; Minimum step size 2Theta:0.0001; Minimum step size 

Omega:0.0001 
 Sample stage=Reflection-transmission spinner; Minimum step size Phi:0.1 
 Diffractometer system=EMPYREAN 
 Measurement program=C:\PANalytical\Data Collector\Programs\powder 15mm 

PDS.xrdmp, Identifier={69CD223E-1BDD-4632-83DC-936429B8747A} 
 Batch program=C:\PANalytical\Data Collector\Programs\Changer 9 samples.xrdmp, 

Identifier={FB7C6E2A-19D1-4A8A-A40B-D8BCEB975804} 

Measurement Date / Time: 8/22/2018 2:22:33 PM 
Operator: Univ Wolverhampton 
Raw Data Origin: XRD measurement (*.XRDML) 
Scan Axis: Gonio 

Start Position [°2Th.]: 5.0064 
End Position [°2Th.]: 79.9904 
Step Size [°2Th.]: 0.0130 

Scan Step Time [s]: 8.6700 
Scan Type: Continuous 
PSD Mode: Scanning 
PSD Length [°2Th.]: 3.35 

Offset [°2Th.]: 0.0000 
Divergence Slit Type: Automatic 
Irradiated Length [mm]: 15.00 

Specimen Length [mm]: 10.00 
Measurement Temperature [°C]: 25.00 
Anode Material: Cu 
K-Alpha1 [Å]: 1.54060 

K-Alpha2 [Å]: 1.54443 
K-Beta [Å]: 1.39225 
K-A2 / K-A1 Ratio: 0.50000 
Generator Settings: 40 mA, 40 kV 

Diffractometer Type: 0000000001126545 
Diffractometer Number: 0 
Goniometer Radius [mm]: 240.00 

Dist. Focus-Diverg. Slit [mm]: 100.00 
Incident Beam Monochromator: No 
Spinning: Yes 
 

 

Graphics 
 

      



 

 

198 | P a g e  

 

 
 

Peak List 
 

Pos.[°2Th.]  Height [cts]  FWHMLeft[°2Th.]  d-spacing [Å]  Rel. Int. [%]  

TipWidth  Matched by 

     9.0327         77.51           0.3070        9.79043           4.19    

0.3684                     

    18.0380        742.33           0.0768        4.91787          40.14    

0.0921                     

    18.9097         87.52           0.3070        4.69310           4.73    

0.3684                     

    22.9809        234.53           0.2558        3.87008          12.68    

0.3070                     

    28.6348        273.65           0.1023        3.11750          14.80    

0.1228                     

    29.3965       1849.32           0.1151        3.03843         100.00    

0.1382                     

    32.1032        252.51           0.2047        2.78817          13.65    

0.2456                     

    34.0623       1240.80           0.1151        2.63215          67.10    

0.1382                     

    35.0289        134.79           0.2558        2.56171           7.29    

0.3070                     

    35.9828        272.70           0.1791        2.49596          14.75    

0.2149                     

    39.3747        368.29           0.1535        2.28841          19.92    

0.1842                     

    40.9978        188.65           0.4093        2.20149          10.20    

0.4912                     

    43.1669        363.76           0.1535        2.09576          19.67    

0.1842                     

    47.0518        682.24           0.1535        1.93138          36.89    

0.1842                     

    47.5393        358.09           0.2047        1.91271          19.36    

0.2456                     

    48.5890        270.75           0.2047        1.87381          14.64    

0.2456                     

    50.7612        403.35           0.1023        1.79861          21.81    

0.1228                     

    54.3093        244.28           0.2047        1.68919          13.21    

0.2456                     
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    57.3762        125.36           0.3070        1.60598           6.78    

0.3684                     

    60.8173         75.82           0.6140        1.52310           4.10    

0.7368                     

    62.5330        107.75           0.4093        1.48537           5.83    

0.4912                     

    64.1704        130.69           0.3070        1.45137           7.07    

0.3684                     

    71.7275         81.07           0.3070        1.31591           4.38    

0.3684                     

 

 

Figure B1: Raw XRD data for control mortar sample 
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Anchor Scan Parameters 
 
Dataset Name: Connor_CHA 
File name: C:\XRD Data\Connor_CHA.xrdml 
Sample Identification: CHA 

Comment: Configuration=Reflaction-transmission spinner, Owner=User-1, Creation 
date=6/28/2012 10:39:29 AM 

 Goniometer=Theta/Theta; Minimum step size 2Theta:0.0001; Minimum step size 

Omega:0.0001 
 Sample stage=Reflection-transmission spinner; Minimum step size Phi:0.1 
 Diffractometer system=EMPYREAN 
 Measurement program=C:\PANalytical\Data Collector\Programs\powder 15mm 

PDS.xrdmp, Identifier={69CD223E-1BDD-4632-83DC-936429B8747A} 
 Batch program=C:\PANalytical\Data Collector\Programs\Changer 9 samples.xrdmp, 

Identifier={FB7C6E2A-19D1-4A8A-A40B-D8BCEB975804} 

Measurement Date / Time: 8/22/2018 2:37:20 PM 
Operator: Univ Wolverhampton 
Raw Data Origin: XRD measurement (*.XRDML) 
Scan Axis: Gonio 

Start Position [°2Th.]: 5.0064 
End Position [°2Th.]: 79.9904 
Step Size [°2Th.]: 0.0130 

Scan Step Time [s]: 8.6700 
Scan Type: Continuous 
PSD Mode: Scanning 
PSD Length [°2Th.]: 3.35 

Offset [°2Th.]: 0.0000 
Divergence Slit Type: Automatic 
Irradiated Length [mm]: 15.00 

Specimen Length [mm]: 10.00 
Measurement Temperature [°C]: 25.00 
Anode Material: Cu 
K-Alpha1 [Å]: 1.54060 

K-Alpha2 [Å]: 1.54443 
K-Beta [Å]: 1.39225 
K-A2 / K-A1 Ratio: 0.50000 
Generator Settings: 40 mA, 40 kV 

Diffractometer Type: 0000000001126545 
Diffractometer Number: 0 
Goniometer Radius [mm]: 240.00 

Dist. Focus-Diverg. Slit [mm]: 100.00 
Incident Beam Monochromator: No 
Spinning: Yes 
 

 

Graphics 
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Peak List 
 

Pos.[°2Th.]  Height [cts]  FWHMLeft[°2Th.]  d-spacing [Å]  Rel. Int. [%]  

TipWidth  Matched by 

     9.0545        175.38           0.1535        9.76700           8.58    

0.1842                     

    11.6136         94.82           0.3070        7.61991           4.64    

0.3684                     

    15.7536        155.18           0.1535        5.62551           7.59    

0.1842                     

    17.9903        586.08           0.1023        4.93082          28.66    

0.1228                     

    18.8637        114.15           0.3070        4.70444           5.58    

0.3684                     

    20.5232        140.30           0.4093        4.32764           6.86    

0.4912                     

    22.9710        340.26           0.2047        3.87171          16.64    

0.2456                     

    25.7442         68.57           0.4093        3.46060           3.35    

0.4912                     

    28.6081        253.49           0.1023        3.12035          12.40    

0.1228                     

    29.3664       2045.01           0.1151        3.04148         100.00    

0.1382                     

    30.5268        199.38           0.1535        2.92846           9.75    

0.1842                     

    32.0717        238.86           0.2558        2.79083          11.68    

0.3070                     

    34.0371       1411.28           0.0895        2.63405          69.01    

0.1075                     

    34.9776        175.93           0.2047        2.56535           8.60    

0.2456                     

    35.9244        248.23           0.1791        2.49988          12.14    

0.2149                     

    39.3900        421.15           0.2047        2.28756          20.59    

0.2456                     

    41.0002        202.44           0.4093        2.20136           9.90    

0.4912                     

    41.9649        102.35           0.3070        2.15296           5.00    

0.3684                     
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    43.1231        386.25           0.1535        2.09778          18.89    

0.1842                     

    47.0250        629.56           0.1535        1.93242          30.79    

0.1842                     

    47.5147        376.06           0.2047        1.91364          18.39    

0.2456                     

    48.5328        318.72           0.1791        1.87585          15.59    

0.2149                     

    50.7095        470.23           0.1023        1.80032          22.99    

0.1228                     

    51.6775         93.06           0.3070        1.76885           4.55    

0.3684                     

    53.1596         73.96           0.3070        1.72298           3.62    

0.3684                     

    54.2944        199.37           0.2047        1.68962           9.75    

0.2456                     

    55.2389        103.81           0.4093        1.66295           5.08    

0.4912                     

    57.4188        136.18           0.2047        1.60489           6.66    

0.2456                     

    60.7204         87.84           0.4093        1.52529           4.30    

0.4912                     

    62.4925        147.13           0.2047        1.48624           7.19    

0.2456                     

    64.4201         82.44           0.6140        1.44634           4.03    

0.7368                     

    71.7399         90.54           0.3070        1.31571           4.43    

0.3684                     

 
 

Figure B2 Raw XRD data for chabazite mortar sample 
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Anchor Scan Parameters 
 

Dataset Name: Connor_MOR 
File name: C:\XRD Data\Connor_MOR.xrdml 
Sample Identification: MOR 
Comment: Configuration=Reflaction-transmission spinner, Owner=User-1, Creation 

date=6/28/2012 10:39:29 AM 
 Goniometer=Theta/Theta; Minimum step size 2Theta:0.0001; Minimum step size 

Omega:0.0001 

 Sample stage=Reflection-transmission spinner; Minimum step size Phi:0.1 
 Diffractometer system=EMPYREAN 
 Measurement program=C:\PANalytical\Data Collector\Programs\powder 15mm 

PDS.xrdmp, Identifier={69CD223E-1BDD-4632-83DC-936429B8747A} 

 Batch program=C:\PANalytical\Data Collector\Programs\Changer 9 samples.xrdmp, 
Identifier={FB7C6E2A-19D1-4A8A-A40B-D8BCEB975804} 

Measurement Date / Time: 8/22/2018 2:17:38 PM 

Operator: Univ Wolverhampton 
Raw Data Origin: XRD measurement (*.XRDML) 
Scan Axis: Gonio 
Start Position [°2Th.]: 5.0064 

End Position [°2Th.]: 79.9904 
Step Size [°2Th.]: 0.0130 
Scan Step Time [s]: 8.6700 

Scan Type: Continuous 
PSD Mode: Scanning 
PSD Length [°2Th.]: 3.35 
Offset [°2Th.]: 0.0000 

Divergence Slit Type: Automatic 
Irradiated Length [mm]: 15.00 
Specimen Length [mm]: 10.00 

Measurement Temperature [°C]: 25.00 
Anode Material: Cu 
K-Alpha1 [Å]: 1.54060 
K-Alpha2 [Å]: 1.54443 

K-Beta [Å]: 1.39225 
K-A2 / K-A1 Ratio: 0.50000 
Generator Settings: 40 mA, 40 kV 
Diffractometer Type: 0000000001126545 

Diffractometer Number: 0 
Goniometer Radius [mm]: 240.00 
Dist. Focus-Diverg. Slit [mm]: 100.00 

Incident Beam Monochromator: No 
Spinning: Yes 
 
 

Graphics 
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Peak List 
 

Pos.[°2Th.]  Height [cts]  FWHMLeft[°2Th.]  d-spacing [Å]  Rel. Int. [%]  

TipWidth  Matched by 

     9.0634        172.23           0.1791        9.75739           8.46    

0.2149                     

    10.8067         99.87           0.3070        8.18699           4.91    

0.3684                     

    15.7394        119.59           0.3070        5.63054           5.88    

0.3684                     

    18.0112        628.66           0.0640        4.92515          30.89    

0.0768                     

    18.8745         97.57           0.1535        4.70176           4.79    

0.1842                     

    22.1838        131.74           0.1535        4.00730           6.47    

0.1842                     

    22.9441        278.92           0.2558        3.87620          13.71    

0.3070                     

    25.6052        281.73           0.1535        3.47907          13.85    

0.1842                     

    26.2352        121.32           0.1535        3.39694           5.96    

0.1842                     

    27.6669         92.76           0.5117        3.22433           4.56    

0.6140                     

    28.6354        214.78           0.1535        3.11744          10.56    

0.1842                     

    29.4050       2034.85           0.1023        3.03757         100.00    

0.1228                     

    30.9042        139.02           0.2047        2.89355           6.83    

0.2456                     

    32.1124        340.96           0.1791        2.78739          16.76    

0.2149                     

    32.5219        266.14           0.1535        2.75322          13.08    

0.1842                     

    34.0113       1044.22           0.1023        2.63599          51.32    

0.1228                     

    35.0218        159.92           0.2558        2.56221           7.86    

0.3070                     

    35.9648        284.89           0.1279        2.49717          14.00    

0.1535                     
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    38.0241         86.42           0.3070        2.36653           4.25    

0.3684                     

    39.3982        457.19           0.1279        2.28710          22.47    

0.1535                     

    40.9983        187.02           0.4093        2.20146           9.19    

0.4912                     

    43.1145        380.03           0.1023        2.09818          18.68    

0.1228                     

    47.0497        537.13           0.2303        1.93146          26.40    

0.2763                     

    47.5114        386.98           0.2047        1.91376          19.02    

0.2456                     

    48.4718        366.47           0.1279        1.87807          18.01    

0.1535                     

    49.8737        124.33           0.3070        1.82852           6.11    

0.3684                     

    50.7235        435.19           0.0768        1.79986          21.39    

0.0921                     

    51.6817         93.48           0.3070        1.76872           4.59    

0.3684                     

    54.2713        190.99           0.0768        1.69029           9.39    

0.0921                     

    55.2342        107.45           0.4093        1.66308           5.28    

0.4912                     

    57.3812        173.44           0.2558        1.60585           8.52    

0.3070                     

    60.6513         97.30           0.4093        1.52687           4.78    

0.4912                     

    62.5398        112.29           0.3070        1.48523           5.52    

0.3684                     

    64.4416         76.38           0.6140        1.44591           3.75    

0.7368                     

    71.7532         56.29           0.3070        1.31550           2.77    

0.3684                     

 
 

Figure B3 Raw XRD data for mordenite mortar sample 
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Anchor Scan Parameters 
 
Dataset Name: Connor_NAT 
File name: C:\XRD Data\Connor_NAT.xrdml 
Sample Identification: NAT 

Comment: Configuration=Reflaction-transmission spinner, Owner=User-1, Creation 
date=6/28/2012 10:39:29 AM 

 Goniometer=Theta/Theta; Minimum step size 2Theta:0.0001; Minimum step size 

Omega:0.0001 
 Sample stage=Reflection-transmission spinner; Minimum step size Phi:0.1 
 Diffractometer system=EMPYREAN 
 Measurement program=C:\PANalytical\Data Collector\Programs\powder 15mm 

PDS.xrdmp, Identifier={69CD223E-1BDD-4632-83DC-936429B8747A} 
 Batch program=C:\PANalytical\Data Collector\Programs\Changer 9 samples.xrdmp, 

Identifier={FB7C6E2A-19D1-4A8A-A40B-D8BCEB975804} 

Measurement Date / Time: 8/22/2018 2:12:42 PM 
Operator: Univ Wolverhampton 
Raw Data Origin: XRD measurement (*.XRDML) 
Scan Axis: Gonio 

Start Position [°2Th.]: 5.0064 
End Position [°2Th.]: 79.9904 
Step Size [°2Th.]: 0.0130 

Scan Step Time [s]: 8.6700 
Scan Type: Continuous 
PSD Mode: Scanning 
PSD Length [°2Th.]: 3.35 

Offset [°2Th.]: 0.0000 
Divergence Slit Type: Automatic 
Irradiated Length [mm]: 15.00 

Specimen Length [mm]: 10.00 
Measurement Temperature [°C]: 25.00 
Anode Material: Cu 
K-Alpha1 [Å]: 1.54060 

K-Alpha2 [Å]: 1.54443 
K-Beta [Å]: 1.39225 
K-A2 / K-A1 Ratio: 0.50000 
Generator Settings: 40 mA, 40 kV 

Diffractometer Type: 0000000001126545 
Diffractometer Number: 0 
Goniometer Radius [mm]: 240.00 

Dist. Focus-Diverg. Slit [mm]: 100.00 
Incident Beam Monochromator: No 
Spinning: Yes 
 

 

Graphics 
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Peak List 
 

Pos.[°2Th.]  Height [cts]  FWHMLeft[°2Th.]  d-spacing [Å]  Rel. Int. [%]  

TipWidth  Matched by 

     9.0968        225.15           0.0768        9.72160           9.15    

0.0921                     

    11.6691        197.17           0.2047        7.58377           8.01    

0.2456                     

    13.5562        425.26           0.0640        6.53201          17.28    

0.0768                     

    15.0378        258.21           0.1023        5.89163          10.49    

0.1228                     

    15.7919        154.05           0.1535        5.61194           6.26    

0.1842                     

    18.0244        992.18           0.0895        4.92156          40.32    

0.1075                     

    19.0235        210.50           0.2047        4.66528           8.55    

0.2456                     

    20.3801        223.29           0.0768        4.35769           9.07    

0.0921                     

    21.4439        122.55           0.3070        4.14385           4.98    

0.3684                     

    23.0012        330.37           0.2558        3.86671          13.43    

0.3070                     

    25.6516        111.61           0.1535        3.47289           4.54    

0.1842                     

    27.9168        128.56           0.1535        3.19603           5.22    

0.1842                     

    28.6769        309.17           0.1535        3.11302          12.56    

0.1842                     

    29.3945       2460.74           0.1791        3.03864         100.00    

0.2149                     

    30.3416        147.59           0.1535        2.94591           6.00    

0.1842                     

    31.1834        478.43           0.1023        2.86828          19.44    

0.1228                     

    31.4054        380.57           0.0768        2.84851          15.47    

0.0921                     

    32.1051        320.99           0.2047        2.78801          13.04    

0.2456                     
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    32.5563        254.16           0.1535        2.75039          10.33    

0.1842                     

    34.0622       1598.82           0.0768        2.63216          64.97    

0.0921                     

    35.0612        175.90           0.2047        2.55942           7.15    

0.2456                     

    35.9488        299.28           0.1535        2.49824          12.16    

0.1842                     

    36.6614        153.28           0.2047        2.45130           6.23    

0.2456                     

    37.2915        129.79           0.2047        2.41132           5.27    

0.2456                     

    39.4054        523.29           0.1279        2.28670          21.27    

0.1535                     

    41.1224        268.16           0.2047        2.19510          10.90    

0.2456                     

    43.1447        430.76           0.1279        2.09678          17.51    

0.1535                     

    47.0952        793.00           0.1279        1.92970          32.23    

0.1535                     

    47.5112        473.58           0.1151        1.91377          19.25    

0.1382                     

    48.5148        491.25           0.2303        1.87651          19.96    

0.2763                     

    49.9470        147.06           0.2558        1.82600           5.98    

0.3070                     

    50.7663        709.13           0.0624        1.79695          28.82    

0.0749                     

    54.3136        226.61           0.2047        1.68907           9.21    

0.2456                     

    55.1743         98.93           0.4093        1.66474           4.02    

0.4912                     

    56.5673         82.38           0.5117        1.62701           3.35    

0.6140                     

    57.4440        181.69           0.2047        1.60425           7.38    

0.2456                     

    60.6492        102.35           0.4093        1.52691           4.16    

0.4912                     

    62.5731        130.99           0.2558        1.48452           5.32    

0.3070                     

    64.1716        144.89           0.2047        1.45134           5.89    

0.2456                     

    65.7321         62.34           0.4093        1.42062           2.53    

0.4912                     

    71.7972         65.47           0.3070        1.31480           2.66    

0.3684                     

 

 

Figure B4 Raw XRD data for natrolite mortar sample 
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Anchor Scan Parameters 
 

Dataset Name: Connor_PHI 
File name: C:\XRD Data\Connor_PHI.xrdml 
Sample Identification: PHI 
Comment: Configuration=Reflaction-transmission spinner, Owner=User-1, Creation 

date=6/28/2012 10:39:29 AM 
 Goniometer=Theta/Theta; Minimum step size 2Theta:0.0001; Minimum step size 

Omega:0.0001 

 Sample stage=Reflection-transmission spinner; Minimum step size Phi:0.1 
 Diffractometer system=EMPYREAN 
 Measurement program=C:\PANalytical\Data Collector\Programs\powder 15mm 

PDS.xrdmp, Identifier={69CD223E-1BDD-4632-83DC-936429B8747A} 

 Batch program=C:\PANalytical\Data Collector\Programs\Changer 9 samples.xrdmp, 
Identifier={FB7C6E2A-19D1-4A8A-A40B-D8BCEB975804} 

Measurement Date / Time: 8/22/2018 2:27:28 PM 

Operator: Univ Wolverhampton 
Raw Data Origin: XRD measurement (*.XRDML) 
Scan Axis: Gonio 
Start Position [°2Th.]: 5.0064 

End Position [°2Th.]: 79.9904 
Step Size [°2Th.]: 0.0130 
Scan Step Time [s]: 8.6700 

Scan Type: Continuous 
PSD Mode: Scanning 
PSD Length [°2Th.]: 3.35 
Offset [°2Th.]: 0.0000 

Divergence Slit Type: Automatic 
Irradiated Length [mm]: 15.00 
Specimen Length [mm]: 10.00 

Measurement Temperature [°C]: 25.00 
Anode Material: Cu 
K-Alpha1 [Å]: 1.54060 
K-Alpha2 [Å]: 1.54443 

K-Beta [Å]: 1.39225 
K-A2 / K-A1 Ratio: 0.50000 
Generator Settings: 40 mA, 40 kV 
Diffractometer Type: 0000000001126545 

Diffractometer Number: 0 
Goniometer Radius [mm]: 240.00 
Dist. Focus-Diverg. Slit [mm]: 100.00 

Incident Beam Monochromator: No 
Spinning: Yes 
 
 

Graphics 
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Peak List 
 

Pos.[°2Th.]  Height [cts]  FWHMLeft[°2Th.]  d-spacing [Å]  Rel. Int. [%]  

TipWidth  Matched by 

     9.0785        201.26           0.1023        9.74118           8.30    

0.1228                     

    10.7839        113.70           0.3070        8.20421           4.69    

0.3684                     

    11.5989         99.39           0.3070        7.62950           4.10    

0.3684                     

    15.7638        129.03           0.2047        5.62189           5.32    

0.2456                     

    18.0114        744.55           0.0895        4.92507          30.71    

0.1075                     

    18.8705         90.15           0.3070        4.70276           3.72    

0.3684                     

    21.7267         92.08           0.3070        4.09057           3.80    

0.3684                     

    23.0288        274.28           0.2047        3.86213          11.31    

0.2456                     

    25.6265         69.58           0.3070        3.47623           2.87    

0.3684                     

    28.0658        148.70           0.1791        3.17939           6.13    

0.2149                     

    28.6306        220.93           0.0768        3.11795           9.11    

0.0921                     

    29.3869       2424.74           0.0768        3.03940         100.00    

0.0921                     

    32.1223        349.76           0.1535        2.78656          14.42    

0.1842                     

    33.2716        127.89           0.2558        2.69288           5.27    

0.3070                     

    34.0495       1366.13           0.0895        2.63312          56.34    

0.1075                     

    35.0510        169.45           0.2558        2.56015           6.99    

0.3070                     

    35.9739        292.52           0.1023        2.49656          12.06    

0.1228                     

    39.3948        485.57           0.1535        2.28729          20.03    

0.1842                     
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    41.0953        227.98           0.4093        2.19649           9.40    

0.4912                     

    43.1558        392.18           0.1023        2.09627          16.17    

0.1228                     

    45.7265         91.93           0.4093        1.98422           3.79    

0.4912                     

    47.0580        660.02           0.1023        1.93114          27.22    

0.1228                     

    47.5209        375.75           0.2047        1.91341          15.50    

0.2456                     

    48.5195        347.11           0.2047        1.87634          14.32    

0.2456                     

    49.8456        108.05           0.3070        1.82948           4.46    

0.3684                     

    50.7535        421.08           0.1151        1.79887          17.37    

0.1382                     

    51.6700        114.21           0.3070        1.76909           4.71    

0.3684                     

    54.2852        215.01           0.1023        1.68988           8.87    

0.1228                     

    55.2260        116.39           0.4093        1.66331           4.80    

0.4912                     

    57.4198        133.19           0.3070        1.60487           5.49    

0.3684                     

    60.7214         96.48           0.3070        1.52527           3.98    

0.3684                     

    62.5331        135.88           0.2047        1.48537           5.60    

0.2456                     

    64.1562        103.63           0.3070        1.45165           4.27    

0.3684                     

    65.6833         76.40           0.3070        1.42156           3.15    

0.3684                     

    71.6867         96.86           0.1535        1.31656           3.99    

0.1842                     

 
 

Figure B5 Raw XRD data for philipsite mortar sample 
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Anchor Scan Parameters 
 
Dataset Name: Connor_3A 
File name: C:\XRD Data\Connor_3A.xrdml 
Sample Identification: 3A 

Comment: Configuration=Reflaction-transmission spinner, Owner=User-1, Creation 
date=6/28/2012 10:39:29 AM 

 Goniometer=Theta/Theta; Minimum step size 2Theta:0.0001; Minimum step size 

Omega:0.0001 
 Sample stage=Reflection-transmission spinner; Minimum step size Phi:0.1 
 Diffractometer system=EMPYREAN 
 Measurement program=C:\PANalytical\Data Collector\Programs\powder 15mm 

PDS.xrdmp, Identifier={69CD223E-1BDD-4632-83DC-936429B8747A} 
 Batch program=C:\PANalytical\Data Collector\Programs\Changer 9 samples.xrdmp, 

Identifier={FB7C6E2A-19D1-4A8A-A40B-D8BCEB975804} 

Measurement Date / Time: 8/22/2018 2:02:52 PM 
Operator: Univ Wolverhampton 
Raw Data Origin: XRD measurement (*.XRDML) 
Scan Axis: Gonio 

Start Position [°2Th.]: 5.0064 
End Position [°2Th.]: 79.9904 
Step Size [°2Th.]: 0.0130 

Scan Step Time [s]: 8.6700 
Scan Type: Continuous 
PSD Mode: Scanning 
PSD Length [°2Th.]: 3.35 

Offset [°2Th.]: 0.0000 
Divergence Slit Type: Automatic 
Irradiated Length [mm]: 15.00 

Specimen Length [mm]: 10.00 
Measurement Temperature [°C]: 25.00 
Anode Material: Cu 
K-Alpha1 [Å]: 1.54060 

K-Alpha2 [Å]: 1.54443 
K-Beta [Å]: 1.39225 
K-A2 / K-A1 Ratio: 0.50000 
Generator Settings: 40 mA, 40 kV 

Diffractometer Type: 0000000001126545 
Diffractometer Number: 0 
Goniometer Radius [mm]: 240.00 

Dist. Focus-Diverg. Slit [mm]: 100.00 
Incident Beam Monochromator: No 
Spinning: Yes 
 

 

Graphics 
 

      



 

 

213 | P a g e  

 

 
 

Peak List 
 

Pos.[°2Th.]  Height [cts]  FWHMLeft[°2Th.]  d-spacing [Å]  Rel. Int. [%]  

TipWidth  Matched by 

     9.0471        149.07           0.1535        9.77496           5.25    

0.1842                     

    10.8203         96.18           0.3070        8.17670           3.39    

0.3684                     

    11.5629        113.28           0.3070        7.65318           3.99    

0.3684                     

    15.7484        116.23           0.1535        5.62733           4.09    

0.1842                     

    17.8993        102.98           0.3070        4.95567           3.62    

0.3684                     

    18.8547         85.87           0.3070        4.70667           3.02    

0.3684                     

    22.9414        315.67           0.2303        3.87665          11.11    

0.2763                     

    29.3450       2840.94           0.1407        3.04365         100.00    

0.1689                     

    30.9393        146.09           0.1535        2.89035           5.14    

0.1842                     

    32.0717        559.84           0.1535        2.79084          19.71    

0.1842                     

    32.4826        595.54           0.1279        2.75646          20.96    

0.1535                     

    33.2066        339.01           0.1535        2.69800          11.93    

0.1842                     

    34.2585        494.92           0.1023        2.61753          17.42    

0.1228                     

    35.0177        153.74           0.2047        2.56250           5.41    

0.2456                     

    35.8834        319.56           0.1535        2.50264          11.25    

0.1842                     

    39.3347        520.27           0.2303        2.29064          18.31    

0.2763                     

    41.1400        336.81           0.1023        2.19421          11.86    

0.1228                     

    43.1156        457.49           0.2303        2.09813          16.10    

0.2763                     
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    45.7075        128.86           0.2558        1.98501           4.54    

0.3070                     

    47.4703        548.24           0.1535        1.91533          19.30    

0.1842                     

    48.4481        451.32           0.2047        1.87893          15.89    

0.2456                     

    49.7117         99.69           0.4093        1.83409           3.51    

0.4912                     

    51.6087        343.89           0.1279        1.77105          12.10    

0.1535                     

    55.1546         97.93           0.4093        1.66529           3.45    

0.4912                     

    56.3234        136.52           0.3070        1.63347           4.81    

0.3684                     

    57.4185        197.82           0.2558        1.60490           6.96    

0.3070                     

    60.6792        126.17           0.3070        1.52623           4.44    

0.3684                     

    62.2068        120.65           0.4093        1.49237           4.25    

0.4912                     

    64.6487        105.84           0.3070        1.44178           3.73    

0.3684                     

    65.6603         64.68           0.4093        1.42200           2.28    

0.4912                     

    72.8876         51.99           0.6140        1.29780           1.83    

0.7368                     

 
 

Figure B6 Raw XRD data for synthetic zeolite 3a mortar sample 
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Anchor Scan Parameters 
 
Dataset Name: Connor_4A 
File name: C:\XRD Data\Connor_4A.xrdml 
Sample Identification: 4A 

Comment: Configuration=Reflaction-transmission spinner, Owner=User-1, Creation 
date=6/28/2012 10:39:29 AM 

 Goniometer=Theta/Theta; Minimum step size 2Theta:0.0001; Minimum step size 

Omega:0.0001 
 Sample stage=Reflection-transmission spinner; Minimum step size Phi:0.1 
 Diffractometer system=EMPYREAN 
 Measurement program=C:\PANalytical\Data Collector\Programs\powder 15mm 

PDS.xrdmp, Identifier={69CD223E-1BDD-4632-83DC-936429B8747A} 
 Batch program=C:\PANalytical\Data Collector\Programs\Changer 9 samples.xrdmp, 

Identifier={FB7C6E2A-19D1-4A8A-A40B-D8BCEB975804} 

Measurement Date / Time: 8/22/2018 2:42:16 PM 
Operator: Univ Wolverhampton 
Raw Data Origin: XRD measurement (*.XRDML) 
Scan Axis: Gonio 

Start Position [°2Th.]: 5.0064 
End Position [°2Th.]: 79.9904 
Step Size [°2Th.]: 0.0130 

Scan Step Time [s]: 8.6700 
Scan Type: Continuous 
PSD Mode: Scanning 
PSD Length [°2Th.]: 3.35 

Offset [°2Th.]: 0.0000 
Divergence Slit Type: Automatic 
Irradiated Length [mm]: 15.00 

Specimen Length [mm]: 10.00 
Measurement Temperature [°C]: 25.00 
Anode Material: Cu 
K-Alpha1 [Å]: 1.54060 

K-Alpha2 [Å]: 1.54443 
K-Beta [Å]: 1.39225 
K-A2 / K-A1 Ratio: 0.50000 
Generator Settings: 40 mA, 40 kV 

Diffractometer Type: 0000000001126545 
Diffractometer Number: 0 
Goniometer Radius [mm]: 240.00 

Dist. Focus-Diverg. Slit [mm]: 100.00 
Incident Beam Monochromator: No 
Spinning: Yes 
 

 

Graphics 
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Peak List 
 

Pos.[°2Th.]  Height [cts]  FWHMLeft[°2Th.]  d-spacing [Å]  Rel. Int. [%]  

TipWidth  Matched by 

     9.1203        139.15           0.2047        9.69659           5.85    

0.2456                     

    11.6756        178.14           0.2047        7.57959           7.49    

0.2456                     

    15.7420         87.92           0.4093        5.62963           3.69    

0.4912                     

    17.9269         70.59           0.4093        4.94810           2.97    

0.4912                     

    18.9165         74.86           0.3070        4.69143           3.15    

0.3684                     

    22.9552        269.17           0.2047        3.87436          11.31    

0.2456                     

    27.0992        106.68           0.1535        3.29057           4.48    

0.1842                     

    29.4364       2379.72           0.1535        3.03441         100.00    

0.1842                     

    31.0055        154.84           0.4093        2.88433           6.51    

0.4912                     

    32.1546        571.69           0.1535        2.78383          24.02    

0.1842                     

    32.5525        732.25           0.1535        2.75070          30.77    

0.1842                     

    33.3012        299.28           0.1279        2.69056          12.58    

0.1535                     

    34.3249        588.68           0.1023        2.61262          24.74    

0.1228                     

    35.0675        142.61           0.1535        2.55898           5.99    

0.1842                     

    36.0449        328.04           0.1279        2.49180          13.78    

0.1535                     

    39.4354        476.59           0.1279        2.28503          20.03    

0.1535                     

    41.1834        345.34           0.1791        2.19199          14.51    

0.2149                     

    43.2037        373.79           0.1279        2.09406          15.71    

0.1535                     
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    45.7546        134.38           0.2047        1.98307           5.65    

0.2456                     

    47.5616        379.09           0.3070        1.91186          15.93    

0.3684                     

    48.5035        391.27           0.1279        1.87692          16.44    

0.1535                     

    49.8711        115.18           0.4093        1.82860           4.84    

0.4912                     

    51.6535        259.20           0.1279        1.76962          10.89    

0.1535                     

    55.3235        130.35           0.3070        1.66060           5.48    

0.3684                     

    56.3599        180.37           0.3070        1.63250           7.58    

0.3684                     

    57.4163        161.26           0.3070        1.60495           6.78    

0.3684                     

    60.7597        102.22           0.4093        1.52440           4.30    

0.4912                     

    62.2947        147.03           0.4093        1.49048           6.18    

0.4912                     

    64.6989        111.63           0.3582        1.44078           4.69    

0.4298                     

 
 

Figure B7 Raw XRD data for synthetic zeolite 4a mortar sample 
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Anchor Scan Parameters 
 
Dataset Name: Connor_13X 
File name: C:\XRD Data\Connor_13X.xrdml 
Sample Identification: 13X 

Comment: Configuration=Reflaction-transmission spinner, Owner=User-1, Creation 
date=6/28/2012 10:39:29 AM 

 Goniometer=Theta/Theta; Minimum step size 2Theta:0.0001; Minimum step size 

Omega:0.0001 
 Sample stage=Reflection-transmission spinner; Minimum step size Phi:0.1 
 Diffractometer system=EMPYREAN 
 Measurement program=C:\PANalytical\Data Collector\Programs\powder 15mm 

PDS.xrdmp, Identifier={69CD223E-1BDD-4632-83DC-936429B8747A} 
 Batch program=C:\PANalytical\Data Collector\Programs\Changer 9 samples.xrdmp, 

Identifier={FB7C6E2A-19D1-4A8A-A40B-D8BCEB975804} 

Measurement Date / Time: 8/22/2018 2:07:47 PM 
Operator: Univ Wolverhampton 
Raw Data Origin: XRD measurement (*.XRDML) 
Scan Axis: Gonio 

Start Position [°2Th.]: 5.0064 
End Position [°2Th.]: 79.9904 
Step Size [°2Th.]: 0.0130 

Scan Step Time [s]: 8.6700 
Scan Type: Continuous 
PSD Mode: Scanning 
PSD Length [°2Th.]: 3.35 

Offset [°2Th.]: 0.0000 
Divergence Slit Type: Automatic 
Irradiated Length [mm]: 15.00 

Specimen Length [mm]: 10.00 
Measurement Temperature [°C]: 25.00 
Anode Material: Cu 
K-Alpha1 [Å]: 1.54060 

K-Alpha2 [Å]: 1.54443 
K-Beta [Å]: 1.39225 
K-A2 / K-A1 Ratio: 0.50000 
Generator Settings: 40 mA, 40 kV 

Diffractometer Type: 0000000001126545 
Diffractometer Number: 0 
Goniometer Radius [mm]: 240.00 

Dist. Focus-Diverg. Slit [mm]: 100.00 
Incident Beam Monochromator: No 
Spinning: Yes 
 

 

Graphics 
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Peak List 
 

Pos.[°2Th.]  Height [cts]  FWHMLeft[°2Th.]  d-spacing [Å]  Rel. Int. [%]  

TipWidth  Matched by 

     6.1697        178.30           0.0768       14.32584           6.57    

0.0921                     

     9.1471        163.30           0.1535        9.66829           6.02    

0.1842                     

    11.7466        192.72           0.1791        7.53389           7.10    

0.2149                     

    15.8436        144.07           0.1535        5.59375           5.31    

0.1842                     

    18.0539        192.18           0.1535        4.91360           7.08    

0.1842                     

    18.9602        135.08           0.1535        4.68071           4.98    

0.1842                     

    23.0384        291.07           0.2047        3.86054          10.72    

0.2456                     

    25.7161         95.79           0.3070        3.46432           3.53    

0.3684                     

    26.6802        165.55           0.1535        3.34129           6.10    

0.1842                     

    29.4466       2714.20           0.1535        3.03338         100.00    

0.1842                     

    31.0125        346.89           0.1023        2.88370          12.78    

0.1228                     

    32.1833        551.68           0.1279        2.78142          20.33    

0.1535                     

    32.5930        423.58           0.1535        2.74738          15.61    

0.1842                     

    33.3034        175.08           0.1535        2.69038           6.45    

0.1842                     

    34.0890        392.90           0.1023        2.63016          14.48    

0.1228                     

    34.3402        485.00           0.1535        2.61149          17.87    

0.1842                     

    35.0568        161.56           0.3582        2.55974           5.95    

0.4298                     

    36.0504        358.87           0.1791        2.49143          13.22    

0.2149                     
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37.4026 153.31 0.2047 2.40441 5.65

0.2456

39.4790 476.07 0.1791 2.28261 17.54

0.2149

41.2780 257.60 0.1535 2.18719 9.49

0.1842

43.2215 483.43 0.1791 2.09323 17.81

0.2149

45.7920 81.04 0.3070 1.98154 2.99

0.3684

47.1514 286.41 0.1535 1.92754 10.55

0.1842

47.5486 452.80 0.1535 1.91236 16.68

0.1842

48.5316 404.37 0.1535 1.87590 14.90

0.1842

49.9140 158.75 0.1535 1.82713 5.85

0.1842

50.8343 136.16 0.2047 1.79619 5.02

0.2456

51.7002 267.45 0.1023 1.76813 9.85

0.1228

55.3435 130.00 0.3582 1.66005 4.79

0.4298

56.3931 147.28 0.3582 1.63162 5.43

0.4298

57.4579 206.68 0.2558    1.60389 7.61

0.3070

60.7043 106.26 0.3070 1.52566 3.91

0.3684

62.2611 104.39 0.5117 1.49120 3.85

0.6140

64.8053 90.88 0.3582 1.43868 3.35

0.4298

Figure B8 Raw XRD data for synthetic zeolite 13x mortar sample 


