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Abstract

Abstract

In this thesis we deal with the analysis of immobilization mechanisms of metal ions
in geopolymers. We chose to use black coal fly ash as a starting material and not
metakaoline, due to the fact that fly ash is considered to be industrial waste. As
fly ash is not homogenous, we firstly analyze our used fly ash (considered a class
F ash) using X-ray diffraction (XRD), Fourier transformation infrared spectroscopy
(FTIR) and leaching experiments which eluates were analyzed by inductive coupled
plasma optical emission spectroscopy (ICP-OES). After a thorough understanding
of the starting material is gained, this thesis is separated in three different parts
dealing with different geopolymer systems which each had a slightly different focus.
However, the examined geopolymer samples in the first part, lay the foundation for
the second and third part.

As a first step, we investigated geopolymers with a varying Na/Al ratio. In
these samples, the Na/Al varied between 0.4 and 0.8 calculated with the reactive,
amorphous amounts of aluminum. In this part of the research no heavy metals were
added to the samples because only the finding of the ideal Na/Al ratio, and therefore
the most stable geopolymer sample, was the aim of this experimental setup. The
found Na/Al ratio of 0.6 was kept during the next set of experiments. In this work
we focus on the use of metal powders as foaming agents and their impact on the
structure of geopolymers. The impact of the porosity onto the structure will be
examined using different spectroscopic measurement techniques.

In the second part of this thesis samples with the ideal Na/Al ratio of 0.6 were
used as reference sample. PbO, ZnO, Pb(NOs;), and Zn(NOs;), were added in varying
percentages to our reference geopolymer slurry. We used a wide spectrum from 0,0
to 5,0wt% addition of metal powders to our samples. Most research is focused
on the addition of lesser amounts but our goal was to see how geopolymers react
when larger amounts were added to the mix. In a second step, we analyzed the
immobilization behavior depending on the porosity of the samples. In this step, we
added foaming agents to the geopolymer slurry. As in our previous research, we
focused on aluminum powder as foaming agent. Two different percentages (0,1 wt%
and 0,2wt%) were added to the slurry. All samples were leached in water, sulfuric
acid (10%) and hydrochloric acid (3 M) and the weight loss was calculated. The
aim of this part of the research was to investigate first of all the influence of the
added metal ions and secondly the influence of the porosity onto the immobilization
behavior.

The third part of this thesis deals with the influence of the Si/Al ratio onto the
immobilization abilities of geopolymers. We used samples with a Na/Al ratio of 0.6

and added zinc and lead nitrates in a percentage of 5wt%. The Si/Al ratio was varied




Abstract

between 2.0 and 3.0, which corresponds approximately to the total possible range
for geopolymer production. All samples were leached in sulfuric acid (10 %) and
hydrochloric acid (3 M) and characterized using the mentioned analytical techniques.

In this thesis, we gain a thorough understanding of the behavior of our geopolymer
system and analyze conclusively the different factors influencing geopolymer synthe-
sis. Moreover, we investigate the immobilization mechanisms of Pb?*" and Zn?*"
which can both be bound in the amorphous matrix of the geopolymers. Therefore,
the bonds are quite stable against acidic attack. Moreover, we show the connec-
tion of the Si/Al ratio onto the acidic resistance of geopolymers. In conclusion,
we provide with this thesis a foundation for further research using geopolymers as

cementious systems in industry.
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Zusammenfassung

Zusammenfassung

In dieser Dissertation werden die Immobilisierungsmechanismen von Metallionen in
Geopolymeren analysiert. Als Rohstoff wird Steinkohle Flugasche eingesetzt, die
im Gegensatz zu Metakaolin, als ein Nebenprodukt bei der Steinkohle Verbren-
nung anfillt. Da Flugasche nicht homogen ist und keine wohldefinierten Eigen-
schaften besitzt, wird die verwendete Flugasche zunéchst charakterisiert. Die einge-
setzten Analysemethoden sind: Rontgendiffraktometrie (XRD), Fourier Transfor-
mations Infrarotpektroskopie (FTIR) und Laugungsexperimente, deren Eluate mit-
tels Optischer Emissionsspektroskopie (ICP-OES) analysiert werden. Nachdem eine
griindliche Charakterisierung erfolgte, ist diese Arbeit in drei Teile gegliedert, die
sich je mit einem unterschiedlichen Geopolymer-System befassen. Jeder dieser drei
Teile legt den Fokus auf unterschiedliche Figenschaften im Geopolymer. Allerdings
bauen der zweite und der dritte Teil entscheidend auf dem ersten System auf.

Im ersten Teil werden Geopolymere hergestellt, die ein variierendes Na/Al Verhélt-
nis aufweisen. Dieses Verhéltnis wird zwischen 0,4 und 0,8 variiert, wobei die Berech-
nung der Verhiltnisse sich nur auf den reaktiven, amorphen Anteil von Aluminium
im Gesamtsystem bezieht. In diesem Teil werden noch keine Schwermetallsalze
zugegeben, da das beste Na/Al Verhéltnis von 0,6 in den folgenden Expeimenten
stets beibehalten wurde. Es wird sich auf den Einfluss von Metallpulvern (Zink
und Aluminium) auf die Struktur in den Geopolymeren fokussiert. Dieser Einfluss
der Porositat wird zusétzlich zu den bereits erwéhnten Analysemitteln auch mittels
Quecksliberporosimetrie und Rasterelektronenmikroskopie (SEM) analysiert.

Zweitens werden Proben mit dem vorher optimierten Na/Al Verhéltnis von 0,6
hergestellt und als Referenzproben verwendet. Auferdem werden Proben mit Zusatz
von Blei -und Zinksalzen (PbO, ZnO, Pb(NO,), and Zn(NO,),) in Mengen von 1-
5m%, bezogen auf Flugasche, hergestellt. Ein Grofteil der vorhandenen Literatur
beschéftigt sich mit deutlich geringeren Mengen an Metallsalz Zusétzen, jedoch wird
hier bewusst eine hohere Menge gewdhlt, da der Einfluss oft erst bei groferen Men-
gen nachweisbar wird. In einem zweiten Schritt wurden wiederum Metallpulver
(Aluminiumpulver) eingesetzt um eine hohere Porositéit in den Proben zu erzeu-
gen. Aluminiumpulver wurde in 0,1 m% und 0,2m% zugesetzt. Mit allen Proben
wurden Elutionsversuche in Wasser, Schwefelsdure (10 %ig) und Salzsdure (3 M)
durchgefiithrt. Mit diesem experimentellen Setup wird der Einfluss von wasserun-
16slichen und wasserloslichen Metallsalzen auf die Struktur der Geopolymere und
deren Fahigkeit der Immobilisierung analysiert. Des Weiteren wird untersucht in-
wiefern sich eine héhere Porositiat auf die Immobilisierungseigenschaften auswirkt.

Im dritten Teil schlieflich, wird der Einfluss des Si/Al Verhéltnisses auf die Im-

mobilisierungfihigkeit der Geopolymere untersucht. Wiederum basieren die Proben
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Acronyms and Abbreviations

auf einem Na/Al Verhéltnis von 0,6, variieren aber zwischen 2,0 und 3,0 im Si/Al
Verhéltnis. Zuséatzlich werden Zink -und Bleinitratsalze in einer Menge von 5m%
bezogen auf Flugasche zugegeben. Alle Proben werden eluiert und mit den bereits
erwihnten Analysemethoden (REM, FTIR, XRD, ICP-OES) untersucht.

In dieser Arbeit wird ein logischer, griindlicher Ansatz einer kompletten Charak-
terisierung eines Geopolymer Systems verfolgt. Es werden schliissig Faktoren unter-
sucht, die die Geopolymer Herstellung und insbesondere deren Struktur beeinflussen.
AuBerdem werden die Immobilisierungsmechanismen von Pb*" und Zn*" analysiert
und es wird festgestellt, dass beide in den amorphen Teil der Matrix eingebunden
werden kénnen. Aus diesem Grund sind die entstehenden Bindungen relativ stabil
gegen Saureattacken und weisen einen chemischen Charakter auf. Des Weiteren
wird auch der starke Einfluss des Si/Al Verhiltnisses auf die Sdureresistenz von
Geopolymeren aufgezeigt. Zusammenfassend ldsst sich sagen, dass mit dieser Ar-
beit ein Grundstein fiir die weitere Erforschung von Geopolymeren insbesondere zur

Anwendung in der Industrie gelegt wird.

Acronyms and Abbreviations

Al Aluminum

cm Centimeter

°C Degree Celsius

edx Energy dispersive X-ray

IR Infrared Spectroscopy

ICP-OES Inductive Coupled Plasma Optical Emission Spectroscopy
LOI Loss On Ignition

um Micrometer

MIP Mercury Intrusion Porosimetry

Na Sodium

OPC Ordinary Portland Cement

Pb Lead

SEM Scanning Electron Microscopy

Si Silicon

TCLP Toxic Characteristic Leaching Procedure
XRD X-ray Diffraction Spectroscopy

XRF X-ray Fluorescence Spectroscopy

/n Zinc
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1 Objective

1 Objective

In the European Union a CO, emission reduction of 80 % below the values of 1990
until 2050 is a goal set by a European Committee for Carbon footprint reduction.?
As cement production is one of the main industries in the building sector responsible
for a high CO, emission, research is focused on reduction of emissions during the
production and the development of alternative materials. Already, a reduction of the
needed energy could be achieved. Per kilogram cement, nowadays only 2900 kJ are
needed, in contrast to beforehand double of that amount.? Furthermore, research is
conducted investigating new, cement-like materials which can be used as alternatives
in the building sector.

One of these cement-like materials are geopolymers. Geopolymers are alkali ac-
tivated pozzolan cements in which synthesis, fly ash, metakaoline, slag etc. can
be used as starting materials.® Especially fly ash and slag are interesting starting
materials as they itself are produced as a waste material during industrial processes.
Therefore, we focus on the usage of fly ash as starting material in our geopolymers,
which are investigated in this thesis.

The aim of this thesis is to gain a thorough understanding of geopolymers regard-
ing the influences of the Na/Al and the Si/Al ratio. Moreover, we investigated the
ability of geopolymers to immobilize zinc and lead ions and their resistance against
acidic attacks. We also use foaming agents to maximize the porosity of the geopoly-
mers and therefore enhance the surface which can be attacked by acids. The changes
made by the introduction of heavy metal ions (water soluble and not water soluble)
are analyzed and conclusions as to how these metals are bound in the geopolymers
can be drawn. For these reasons, the main part of this work is separated in four

different parts.




2 Theoretical Background

2 Theoretical Background

The search for alternatives to OPC (ordinary portland cement) started as soon as the
1930th with Kuhl experimenting using KOH and slag. In 1940, Glukhovsky started
investigating alkali activated binding systems and introduced two different classes:
Me,—Al,04,—Si0,—H,0 and Me,—MO—Al,0,—Si0,—H,O (with Me = Na,K, ...;
M = Ca, Mg, ...).* Our research, as many other, is focused on the first class which

includes five categories of alkali activated cements:
1. alkali activated slag-based cements
2. alkali activated pozzolan cements
3. alkali activated lime-pozzolan/slag cements
4. alkali activated calcium aluminate blended cements
5. alkali activated Portland blended cements (hybrid cements)

As our research focuses on the secondly mentioned alkali activated pozzolan ce-
ments, we only describe the chemistry involved in these materials. These category
of binders is called by different terms: "soil cements" (Glukhovsky?®), "geocements"
(Krivenko®), "inorganic polymers" (van Deventer”), "zeocements" (Palomo®) and
geopolymers (Davidovits?).

Geopolymers, or alkali activated cementious systems can be synthesized using a
variety of aluminum and silicate sources, eg. metakaolinite, kaolinite, slag and fly
ash (brown coal fly ash and black coal fly ash).? The alumino silicates, either natural
occurring, like kaolinite or industrial wastes like fly ash and slag, are activated by

0

an alkaline solution, sometimes called geopolymer liquor'®, consisting of an alkali

hydroxide solution and a sodium (or patassium) silicate solution.
In this thesis the term "geopolymer" is used. This category includes the following

systems which are differentiated by their used raw materials:*
1. alkali activated fly ash cements
2. alkali activated natural pozzolan cement

3. alkali activated metakaoline cement




2 Theoretical Background

4. alkali activated soda lime glass cement

Of these cementious systems, metakaoline and fly ash systems were investigated
extensively over the last couple of years. In this thesis fly ash is used exclusively as

a raw material.

2.1 Structure and reaction mechanism

Geopolymers are inorganic, X-ray amorphous polymers composed of linked tetra-
hedrons with silicon or aluminum ions as centers. The 4x-coordinated Al*"-ions
show a negative charge in the tetrahedrons which is balanced by the introduced

Na*-ions. "% ! A schematic description is given in figure 2.1.
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Figure 2.1: Schematic illustration of a geopolymer structure

Davidovits described three different polysialates which can be formed during
the reaction: PS (polysialate), PSS (Poly(sialate-siloxo)) and PSDS (Poly(sialate-

disiloxo)).? The chemical formula of the monomeres are:
e PS: -5i-O-Al-O
e PSS: -Si-O-Al-O-Si-O-

e PSDS: -Si-O-Al-O-Si-O-Si-O-

Which monomer is formed, is dependent on the Si/Al ratio in the precursors.
Davidovits reported that the overall Si/Al ratio should vary between 1,6 — 2,3 to
form stable geopolymers. %1213

Six steps in the geopolymer reaction mechanisms were, based on a zeolitic reaction
model, suggested by A. Fernandez-Jiménez, A. Palomo, M.M. Alonso'*.*. These

steps are shown in the following figure 2.2.
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Figure 2.2: The six steps to form a geopolymer network

In the first step, the chemical attack of the highly alkaline activator onto the solid
component, eg. fly ash, the bonds between Si-O-Si, Al-O-Al, Al-O-Si and Me-O are
severed. This leads directly to the second step, the dissolution. During these steps,
a change in the electronic densities around the silicon atoms occurs and therefore
the Si-O-Si bonds are attacked. The alkaline metal cations neutralize these anions,
building Si—O~Na™, thereby preventing the reverse reaction. The attacked and
severed Al-O-Si bonds form aluminates which are stabilized by the hydroxy groups
and form complexes like: AI(OH),” or Al(OH)s*". Which complexes are formed, is
dependent on the pH of the solution.*!

These monomers agglomerate to form an aluminum rich gel 1 which consists of
alternating silicon and aluminum tetrahedral units. This structure was confirmed by
NMR and FTIR data and is a metastable form during the reaction. One suggested
reason why an aluminum rich gel is formed is that the Al-O bonds, which are weaker
than the Si-O bonds, are severed firstly and to a higher amount. This leads to a
higher concentration of AI*" in the medium at the beginning of the reaction.*16:17

This metastable gel 1 transforms into a gel 2 which has a Si/Al ratio of about
two. This change in ratio comes from the fact that during the reaction, more Si-O
groups dissolve. The change into a Si rich gel was proven by NMR study which
provided the evidence of the formation of a Q" (3Al) and Q" (2Al) signal.!® The
exact mechanisms of the formation of the N-A-S-H gels 1 and 2 were studied firstly

by Iler'® and were later on thoroughly investigated by Ikeda et al.'?. Hereby they
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synthesized gels similar to these observed in alkali activated metakaoline and fly
ash at different pH levels. At a pH > 7 they found that polymerization is the
main mechanism and which reaction rate increases with an increasing pH. Due to

Ostwald ripening, colloids are generated which form cross-links and thereby generate

3D structures. 41920

Polymerization is the fifth step during the alkali activation of aluminosilicates at

a pH of about 12.5 which also leads to growth of the colloid particles and therefore

to a three dimensional network.*2!

A description of the chemical reactions during the polycondensation step was

11

already proposed by Joseph Davidovits'' and is depicted in figure 2.3.
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Figure 2.3: Polycondensation reaction involved in geopolymer reaction mechanism

2.2 Heavy metals in geopolymers

Due to the binding mechanisms during the formation of this amorphous network and
the similarity to zeolitic materials, it was expected that geopolymers have a great
potential in immobilizing heavy metals.®?%? Many authors have investigated the
possibility to use fly ash and metakaoline based geopolymers to immobilize heavy
metals, however the mechanism for each element is different and depending on many
variables. 324 Breck?® suggested a replacement of Na™ or K™ by heavy metal ions
in aluminosilicate materials which was later on included in other research articles.
A. Palomo?® investigated the stabilization of boron, chromium and lead in fly ash
based alkali activated cementious materials.?$?” Boron, as a non metal element was
investigated due to its appearance in nature and therefore in the used materials.
It was shown that boron may form sodium borates like NaB(OH), to partially fill
pores, holes etc. in the geopolymer matrix. Of a higher interest is the second
study which focuses on the immobilization of chromium and lead. It is believed that

the solidification of lead is a combination of physical encapsulation and chemical
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bonding. ! In their research lead was used as a water soluble nitrate salt (Pb(NO,),,
3.125%) and Cr®" was added as CrO, at 2,60 %. It was observed that the in water
dissolved salt did not, in contrast to OPC samples, change the setting behavior of the
geopolymer samples. The samples were studied using leaching tests in water, FTIR
and XRD analysis. XRD results showed a newly formed phase, namely Pb,5i0, and
a formation of a herschelite type zeolite was also observed. Leaching tests resulted
in a leaching rate of 12.5 — 13.0 which concludes a matrix with a high efficiency
of confining lead ions. The found lead silicate is supposed to show the same low
solubility as other lead silicates (Pb;SiO,, PbSiOs).

Zhang et al.?® investigated the immobilization of Cr®", Pb?* and Cd*". In case of
the lead contamination (0.5 %) a slight increase in compressive strength was noticed.
In the XRD diffractograms of their study, a small peak at 33°20© which may corre-
spond to a lead silicate phase was determined to be not conclusive. Nevertheless,
they concluded that lead ions participate to some extent in the geopolymer reaction
and are therefore chemically bound into the network. Their analysis using energy
dispersive X-ray microanalysis showed that lead was well dispersed in the binder
but appears to be concentrated in areas of a diameter of less than one micron. Some
spots in the micrographs however show higher amounts of lead (about 30 %) which
is about the same concentration which would be expected in a PbySiO; phase. The
leaching experiments, which were also conducted by Zhang et al.?8, are discussed
later on.

Zheng et al.?? investigated the immobilization of Cu?*, Zn*", Pb*" and Cd*"
in geopolymers. In his research he used up to 0.8 % of metal nitrate adding it to
metakaoline based geopolymers. Moreover, Na,SiO; was added in varying amounts
to increase the Si/Al ratio in the geopolymers. This increased Si/Al ratio increased
the strength of the Si-O-Si bonds which resulted in higher Cu®" immobilization
efficiency. However, no crystalline phase containing any metal phase was found in
the XRD diffractograms, which, according to the authors, proves that metal ions
are immobilized in the amorphous phase of the geopolymer.

Other researchers investigated the ability of mechanically activated fly ash for
immobilizing lead ions.?® No indication of lead silicate phases in XRD spectra were
found, suggesting no chemical bonds were formed. However, onyl 1 % of lead nitrate
was added to the fly ash and according to previous research, at least 3 % are needed
to see signals in the XRD diffractogram.?” Mechanical activation of fly ash, however,
proved to be a successful way in improving the immobilization of lead. This may
be due to the increase in surface area through activation and therefore a higher
reactivity of fly ash. Moreover, the porosity in the geopolymer was decreased.??

Much more research has been conducted regarding the immobilization of metal
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ions, especially using lead as heavy metal. Perera et al.?? found a connection of
increased porosity and lead nitrate addition in geopolymers. He also focused his
work on the use of static leaching experiments, using TCLP method. Martina Mi-
nagikova®® investigated the use of brown coal fly ash as a starting material and its
ability to immobilize Cu*", Zn?", Pb*", Cd*" and Cr*'. In accordance to previous
research, they did not find any new crystalline phases but that the heavy metals
are distributed evenly throughout the matrix. The best results were achieved for
zinc inclusion. Furthermore, the effect of the Al source (kaolinite, metakaolinite, K-

feldspar and fly ash) was analyzed by Phair et al.!

. Lead and copper nitrate were
added in a weight percentage of 0.5%. Fly ash showed to be the most effective Al

source in immobilizing lead, followed by kaolinite, K-feldspar and metakaolinite.?!

2.2.1 Leaching experiments

Static and dynamic leaching experiments are both used in the investigation of im-
mobilization mechanisms of heavy metals in geopolymer synthesis. Guo et al.3?
studied two different forms of leaching. As a static leaching the TCLP method
(toxicity characteristic leaching procedure) was applied, as dynamic leaching was
conducted according to the tank leaching method (ANSI/ANS-16.1-2003). In the
TCLP method, acetic acid solution of 0.1 mol/l is used as a leachate. The crushed
specimens are submersed with a liquid:solid ratio of 20:1 and shaken for 18 h. The
leachate was then analyzed using ICP-AES. In dynamic leaching, deionized water
was used a 20 x volume to the specimen volume. The leachate was replaced after a
certain amount of time (2, 8, 24, 48, 72, 102, 168 and 384 hours). Again, the leachate
was analyzed using ICP-AES. Their study revealed that lead was probably fixed in
the geopolymer by replacing the cations calcium and sodium. Moreover, both leach-
ing experimental setups revealed a high ability of geopolymers to immobilize heavy
metals, dynamic leaching experiments giving long term stability. 32

As mentioned before, Zhang et al.?® used leaching experiments to determine
the immobilization effectiveness in geopolymers. They used sulfuric acid (pH =
1.0), MgSO, solution (5%) and Na,CO; solution (5%) to approximate conditions
geopolymers might be exposed to. He concludes geopolymers are highly capable of
immobilizing lead with the highest concentration measured being less than 0.5%
after 90 days of leaching in sulfuric acid. The leaching rate in the other media being
significantly lower than in sulfuric acid. Moreover, he added 1% pure lead powder
which resulted in a lower leaching concentration than the concentration measured

using a lead nitrate salt.
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2.3 Resistance of geopolymers against acidic

attack

Bakharev?* did a thorough investigation of the resistance of geopolymers to acidic
attack. He used fly ash based geopolymers and leached the dried samples in 5%
solutions of acetic and sulfuric acid for 150 days. He found a weight gain of 3.8 % in
samples activated by sodium silicate solution leached in acetic solution and a weight
loss of 2.5 % when leached in sulfuric acid. The compressive strength of the samples
decreased overtime, probably due to the breakdown of geopolymer components and
the migration of alkali cations into the acidic environment. The residues after leach-
ing were analyzed using XRD technique and showed only small changes in case of
the samples leached in acetic acid. Using sulfuric acid as leaching medium however,
new phases of chabazite and gismondine zeolites were found in the diffractograms.
SEM micrographs revealed a porous structure after leaching in acetic acid. IR spec-
troscopy recorded a shift in wavelength due to leaching. The stretching vibrations
of Si-O-T (with T = Si, Al) all shifted to higher wavenumbers due to an increase
of Si/Al ratio. Moreover, the concentration of ring silicates significantly increased
after exposure to sulfuric acid. To sum it up, Bakharev?! found a dealumination
process taking place when fly ash based, sodium silicate activated geopolymers are
exposed to acidic attack. This goes hand in hand with a liberation of silicic acid, the
replacement of sodium cations by hydrogen or hydronium and therefore a geopoly-
merisation of the aluminosilicate structure.

Further research regarding the stability of geopolymers against sulfuric acid was
conducted by X. J. Song, M. Marosszcky, M.Brungs, R.Munn?3* who used 10 %
sulfuric acid. They exposed samples of alkaline activated fly ash to acidic treatment
up to 56 days. A 10% sulfuric acid was chosen due to the fact that it was used in
LA county to test the resistance of products against acidic attack.?* Mass change
was determined and resulted in a mass loss of almost 3% after leaching time and
the compressive strength decrease from almost 55 MPa to 30 MPa.

Ali Allahverdi®® investigated the behavior of geopolymers which were exposed
to nitric acid. He therefore, exposed alkali activated fly ash/ slag for 90 days to
nitric acid, pH =1 and pH =2. In their study, the residue was examined using *Si
MAS NMR and #’Al MAS NMR as well as FTIR spectroscopy. The NMR study
revealed a dealumination process changing Si(4Al), Si(3Al), Si(2Al) and Si(1Al)
structural units to Si(0Al) with the vacancies filled by Si atoms. IR spectroscopy
underlines these results through shifts in wavenumbers. Furthermore, internal and
external linkage of the TO, tetrahedra (T = Si, Al) remains intact, which leads to

the conclusion that the network is not completely destroyed by the acidic attack.
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The form of the IR bands in the spectra remain mostly broad, which suggests a

highly amorphous structure. Two steps were proposed in destroying the framework:

1. Leaching process in which Na* or Ca®" are substituted by H" or H;O" and

an electrophilic attack, resulting in dealumination

2. Vacancies are re-occupied by Si atoms resulting in an imperfect highly siliceous

network

Arioz et al.?® used this method to examine the immobilization of heavy metals in
geopolymers which are already present in fly ash. In this study, especially arsenic
and mercury showed a high percentage of immobilization whereas lead, zinc and
cadmium were found in a even higher percentage than from leached fly ash.

Lloyd et al.?” investigated the stability of alkali activated binders to acidic treat-
ment. Nitric acid and sulfuric acid were used at a pH of 1.0, 2.0 and 3.0 and samples
were exposed to the acid up to 100 days with the pH held constant throughout the
experiment. The exposure to sulfuric acid mirrors the conditions in sewer systems
or acid rain. Not only is the mass loss analyzed in this study but also a corrosion
depth is measured. In this experimental setup only one surface of the sample is
exposed to the acidic media and then the corroded area is smoothed down, leaving
only intact binder. This depth was recorded and analyzed as the authors claim that
mass loss analysis is not exact in comparing different samples as different degrading
mechanisms occur. Tt was found that in the beginning a linear correlation between
corrosion depth and the immersion time exists which then turns into a saturation
curve. This leads to the conclusion that during the first days, corrosion is governed
by a chemical reaction which then turns into a diffusion mechanism. The chemical
reaction is due to the attack of H;O" ions which dissolve the Si-O-Si bonds. This
also explains why samples in sulfuric acid showed higher corrosion rates than sam-
ples in nitric acid. Interestingly, the solutions with a pH = 3.0 only show corrosion
caused by a chemical reaction mechanism. The curves of the samples of pH=1.0
and pH = 3.0 are shown in figure 2.4.

The change of the mechanisms taking place is probably due to the formation of a
corroded but not completely dissolved product layer which acts as a protective coat.
The authors also analyzed several other changes in the network, eg. the existence of
soluble silicate during synthesis. It was found that sodium silicate solution provides
binder systems which show a higher stability towards acidic attack. The same results
were found when the concentration of sodium was enhanced during synthesis. Both
variables lead to a higher availability of silica which leads to a tighter amorphous
network. However, if no soluble silicate is provided and activation only occurs via

addition of sodium, less strength is measured due to a higher crystalline product.
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Figure 2.4: Corrosion rates of samples exposed to nitric and sulfuric acid®’

Recent research, undertaken by Mehta and Siddique®® analyzed the acidic resis-
tance strength of fly ash based geopolymer concrete with and without the addition
of OPC to the binder. The samples were exposed to 2% sulfuric acid solution with
a constant pH of 1.0 for 365 days. In the first month a weight gain was observed,
probably due to the filling of pores by the solution. Further on, a weight loss of
13 % was noticed in samples without addition of OPC, almost 35 % for samples with
the addition of 30 % OPC. After 365 days, the compressive strength of the samples
without OPC was 48.2% of the original measured strength. The reduction of the
compressive strength values was a result of the breakage of alumina-silicate bonds in
the geopolymer network. However, the observed microstructure in specimens with
no OPC remained mostly unchanged under the SEM investigation. XRD analysis
revealed C-A-S-H phases in the geopolymers, which in the original samples appear
at 67°20 and at 45°20 in the corroded samples. The study proved a dealumination
process taking place due to acidic attack during the exposure of geopolymer cement

to sulfuric acid.
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A comparison of geopolymers leached in acidic and alkaline environment was un-
dertaken by Temuujin et al.?® who used calcined and as-prepared fly ash based
geopolymers in their study. Samples were subjected to 18 % HCI solution and 14 M
NaOH solution. These high concentrations were chosen because products which
are highly stable against these attacks are very attractive in industrial uses. Sam-
ples were immersed in the leaching solutions for 1-5days and then analyzed. Cal-
cined samples showed a high resistance against alkaline attack, whereas as-prepared
geopolymers showed a low resistance as the leaching solution became "muddy" from
the start on. Samples immersed in HCI did not show any outwardly change in ap-
pearance, however ICP results show a high concentration of leached Al, Fe and Ca
ions increasing with time. This leads to the assumption that amorphous phases
react preferentially when exposed to HCI treatment. In the calcined samples, the
leaching concentration of Al and Na dropped significantly compared to the concen-
trations found in the as-prepared samples. When as-prepared samples are exposed
to alkaline solution, the levels of Si leaching are very high. In spite of the results
of the leaching experiments, compressive strength measurements show higher values
for the as-prepared geopolymer samples than for the calcined specimens. This leads
to the conclusion that calcination influences the structure of geopolymer samples
to a higher extent than the acidic and alkaline treatment which produces a slightly

higher porosity.

2.3.1 Quantitative determination of reaction products in

geopolymers using acidic resistance

The use of acidic treatment of geopolymer samples to quantify the amorphous phase
in geopolymers and fly ash as starting material was firstly investigated by Granizo

1.4 applied

et al.*® who used a 1:9 attack of acidic acid. Fernindez-Jiménez et a
this method to quantify the vitreous phase in fly ash, as this is proposed to be the
reactive phase during the geopolymerisation reaction.*"*? In this research paper an
acidic attack of 1% HF is used to dissolve only the vitreous phase in fly ash with
the crystalline phase remaining intact.

Other methods of selective dissolution are summarized in the following table (table
2.1).%3

Further on, we focus on the use of HCI as acid for selective chemical attack, since
is is optimized for alkali activated fly ash based cementious systems. Palomo et al.*
used the method introduced by Granizo et al.*’ and optimized it. In this research
paper, Palomo used the selective chemical attack of 1:20 HCI to determine the
percentage of reaction product of alkali activated fly ash. A reaction rate varying

between 25 % and 52 % depending on curing conditions was found.
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Method Starting Chemicals needed / References
material 1 g sample

Salicylic acid Hydrated fly 6 g salicylic acid Ohsawa
ash CaSO,x- 40 ml methanol et al. 4
2H,0Ca(OH),  methanol*

Hydrochloric Portland fly ash 5 g salicylic acid Suprenant

acid and cements 4.2ml HCI and Pa-

salicylic acid fill to 100ml with padopoulos®®
methanol
ethanol*
Hydrochloric Alkali activated  250ml (1:20) HCI Fernandez-
acid fly ash distilled water* Jiménez
et al. 12
EDTA/DEA OPC blended 25 ml triethanolamine Lumley
with slag 9.3 g disodium et al. 46
EDTAx2H,O
17.3ml DEA
fill to 100 ml with
distilled water
1600 ml distilled
water
distilled water*

EDTA/NaOH Hydrated blast 500 ml disodium Luke and
furnace slag EDTA*2H,0 Glasser "
cements (0.05M) in NaOH

(0.1M)

500 ml distilled water
50ml (1:1)
triethanolamine:water
125ml NaOH (1 M)
to adjust pH

distilled water and
ethanol*

Picric acid Hydrated 11 g picric acid Li et al.*8
cements or 60 ml methanol

Ca(OH), with
fly ash or silica
fume

40 ml distilled water
methanol*

500 ml distilled water
at 40°C*

Table 2.1: Methods of selective chemical dissolution of fly ash based cementious systems;
*Rinse solution
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Fernandez-Jiménez et al.*? used this 1:20 selective chemical attack to determine
the percentage of reaction in their samples of alkali activated fly ash. The resulting
percentages were about 65% reacted material. It is assumed that through the
chemical attack, the alkaline aluminosilicate gel and formed zeolites are dissolved,
leaving only not reacted fly ash particles and not reacted crystalline phases (mullite

and quartz).

2.4 Structural analysis of geopolymers using FTIR

spectroscopy

FTIR spectroscopy (fourier transformation infrared spectroscopy) is an important
and well documented tool in the structural analysis of geopolymers. Many re-
searchers have investigated the correlations between differences in the structure and
shifts of IR bands.

Bell and Dean®® investigated the atomic vibrations in vitreous silica and therefore
laid the foundation for further research. The authors found a rough division of the
known bands into three regions. Stretching vibrations at 1100 cm ™!, deformation
vibrations at 800 em~! and rocking vibrations at 500 cm L.

Other signals detected in the IR spectra, at 3250 cm ™! and 2350 em ™! are due
to -OH and CO, vibrations.?"5? The observed signals can be matched to stretching
bending vibrations of Si-O-Si and Si-O-Al. The assignment, according to Lee and

Van Deventer, J. S. J.%3 is shown in table 2.2.

wavelength [em ™|  group type of vibration intensity

1120 Si-O-Si Vas sh / w
1030 Si-O-T Vgs S
880 NBO v sh
7T Si-O-T Vg w
695 Si-O-T Vs w
622 Si-O-T v, W
560 Si-O-Al Vs w
455 Si-O-Si O m

Table 2.2: Overview of IR active vibrations in geopolymers®®; T = Si, Al; sh: shoulder,
s: strong, m: medium, w: weak

This overview of most signals in geopolymers is used as a base for the assignment
in all following spectra. NBO stands for non-bridging-oxygens which form during
the reaction of silicates (or aluminosilicates) with alkaline solutions. The possibly
formed functional groups are: Si-OH, Si—O~Na™®, AI-OH. Most NBOs are located
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at the silicon atom and are deprotonated due to the high pH. However, it has
been shown that even at this high pH Al-OH groups exist (as AI(OH), ).%* As the
vibrational modes of aluminosilicates are closely related to the vibrations in vitreous
silica, conclusions from these investigations can be drawn.

Plinio Innocenzi®®

analyzed this silicate network and concluded that changes to
the length and angle of the Si-O-T bonds change the position of the asymmetric
stretching band.5% These changes can be caused by presence of NBOs due to Al
inclusion into the network or by stress, porosity, temperature change etc. Moreover,
it was found that larger T-O bond length correlate with smaller T-O bond angles.?”

8 analyzed the substitution of Si ions by Al ions and were

Tuddenham and Lyon®
able to develop a quantitative relationship, in their system, which could be calculated
from IR spectra alone. The authors found the absorption band between 1100
950 em ™! varied with Al substitution and split up to three different signals. A
linear correlation between this band and the Al substitution was determined.

Stubi¢an and Roy®® introduced AI*' into a silicate network, thereby introduc-
ing an ion with a different charge replacing the Si*" in the network. The authors
found an increase in the shoulder at 880 cm ™' (vibration caused by NBOs) and new

bands appearing between 800 — 850 cm 1.

Moreover, the main stretching band at
1000 cm ™1t shifted towards lower wavenumbers due to the increase in the T-O bond
length and the increased ionic character of the bond. However, no band in this
region was assigned to an only Al-O vibration. Other authors assigned the Al-O in
plane stretching mode to a band at 828 em™! and the Al-O out of plane mode at
909 cm .90

Tarte® investigated inorganic aluminates (AlO, and AlQg4) and their vibrations
in IR spectroscopy. He differentiated between "isolated" and "condensed" tetrahe-
dra for AlO, as the surroundings influence the vibrational modes. In geopolymers,
mostly condensed tetrahedra are apparent as a polymeric network is formed. He
assigned the region between 900750 cm ™' to AlO, lattice vibrations.

As geopolymers show partly zeolitic behavior, it is worth looking at the IR bands
in zeolites. Flanigen et al.®? found that zeolites show two classes of vibrations,
connected internal vibrations of tetrahedral TO, and external linkage of the tetra-
hedrons. The external linkages are caused by different arrangements of the TO,

structures. The observed bands are:3°

Internal Tetrahedra:

e Asymmetric stretch: 1250 — 9850 cm™?

e Symmetric stretch: 720 — 650 cm ™!

14
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e T-O bend: 500 — 420 em ™!

External Linkages:
e Double ring: 650 — 500 cm™!
e Pore opening: 420 — 300 cm ™!
e Symmetric stretch: 820 — 750 em ™!
e Asymmetric stretch: 1150-1050 cm ™t

Moreover, Ali Allahverdi3® mentions that the broadness of the bands in their
geopolymers leads to the conclusion of a not well ordered crystalline structure but
an, in varying degrees, disordered amorphous structure.

Faujastite zeolites were also investigated by Shigemoto et al.®® who found a linear
relationship between Al content and the main band. Furthermore, the authors
studied the amorphous precursors of the zeolites and IR spectra of the precursor

and the final zeolite are displayed in figure 2.5.
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The formation of the, for zeolites typical external linkages, can be clearly seen in
comparing the IR spectra. Pore opening (382 cm™! (d), 375 cm™' (b))and double
six ring bands (562 cm™! (d), 568 cm™! (b)) only form in final zeolites. Asymmet-
ric stretching (990 em™!), symmetric stretching (748 ecm™!, 677 em™') and bending
(468 cm™') vibrations are apparent beforehand (1004 cm™, 708 cm™!, 446 cm™!
resp.). Moreover, T-OH (or NBO) are found as a shoulder at 865 cm™*.

Furthermore, the influence of sodium ions in aluminosilicates was investigated by
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several authors. Sweet and White% observed a shift in the main band to lower
wavenumbers with increasing Na™ content.

Rees et al.% investigated the formation of geopolymers over 200 days with focus
on gel formation stages during the early stages of the reaction. Therefore, mostly
ATR-FTIR spectroscopy was used as it is a non-destructive technique and can be
performed during the reaction without the need of drying of the geopolymer gel.
The authors used a class F fly ash (CaO content < 10%) as raw material and
different Na/Al ratios in the geopolymers. Moreover, different concentrations of
silicate were used in the activating solutions. It was found that if the activation
occurs only by sodium ions, a significant change in the appearance of the IR spectra
is seen between 2-5days. After this time, the IR spectra show only small changes.
However in geopolymers activated by silicate solution only small changes during the

200 day period are observed. The IR spectra can be seen in figure 2.7.
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with Na/Al = 0.5 and [SiO,] = 0M Na/Al = 0.5 and [SiO,] = 2.5M
Figure 2.7: FTIR spectra showing geopolymer development over 200 days®®

Moreover, the authors used a definition of geopolymer which includes stability in
water and found that in their systems, only samples which show a final wavenumber
lower than 995 cm ™! of the asymmetric stretching band meet this premise. Samples
which were synthesized with a high silicate concentration but a low Na/Al ratio,
showed signals with higher wavenumbers. The authors suggested this is because
only monomeric species in the alkali activator will take part in the reaction. In
solutions with a high SiO,/Na,O ratio however, the silicates will be present in ring
and cage species as well as colloids. Furthermore, the authors found that in samples

with a high silicate ratio (3.5-4.5M) in the activating solution, no zeolites formed
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during the reaction. This behavior was found to be independent from the NaOH

concentration.

2.5 Foaming agents in geopolymer synthesis

In principle, two ways of foaming exist for cementious products. The first one
being a pre-foaming method and the second one a mixed-foaming method.%%67 In
the pre-foaming method, a foam is generated, for example by use of water and
superplasticizer, and then added to the geopolymer slurry.” The mixed-foaming
method, which is applied in this thesis, used foaming agents which are brought
directly into the geopolymer slurry.

The usage of foaming agents, like metal powders, surfactants, hydrogen peroxide
or NaOCI provides lightweight, fire resistant building materials.77°

Foaming agents react in different ways as to how the geopolymer or alkali activated
slag is foamed. One method is to distribute air in the system via quick stirring and
using a surfactant for stabilization of the foamed material.”" Another method is to
use the well known decomposition of hydrogen peroxides in alkaline solutions which
are the main medium in most geopolymer syntheses.%

Metal powders, like Zn or Al powders, react in sodium hydroxide solution into
their oxidized state, releasing hydrogen in the process. The reaction equations are

as following:

Reaction of Al-powder

2A1+ 6H,0 — 2A1(OH), + 3H, (2.1)
Al(OH); + Na® + OH™ — Nat + Al(OH),~ (2.2)

Reaction of Zn-powder
Zn + 2NaOH + 2H,0 — Na,[Zn(OH),] + H, (2.3)

Aluminum powder is a very fast reacting foaming agent.” As can be seen in the
reaction equations, the same molar amount of Zn-powder sets free 50 % less hydrogen
than Al-powder. For this reason, Zn-powder reacts slower and less vigorous than
Al-powder.

Hajimohammadi et al. ™ investigated the influence of aluminum powder onto the
geopolymer structure during a setting time of 28 days. The authors used 1% of Al-

powder which was added to the geopolymer solid components before it was mixed
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with NaOH solution. A thorough investigation over time was done using IR spec-
troscopy. It was found that the sample without the addition of aluminum powder
showed a steady increase in intensity of the Si-O-T band over time. Sample A in
which aluminum powder was added, showed a stronger increase in intensity of this
Si-O-T band, especially over the first few hours of the reaction. According to the
authors, this behavior can be explained by the higher concentration of aluminium
hydroxides which are not only produced by the attack of Al-O bonds by sodium
ions but also by the reaction of aluminum in alkaline media. The final intensity
of the Si-O-T band (at 940 cm™!) is higher in the sample with added aluminum
suggesting more gel formation. However, the signal correlating to original fly ash
decreases stronger in samples without addition of aluminum. Furthermore, a shift

1

in wavelength was noticed in the main signal at 940 cm™" which is shown in figure

2.8.
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Figure 2.8: Shift in the position of main Si-O-T asymmetric stretch bond in the FTIR
spectra of sample A (with added aluminum) and Sample B (no added alu-
minum). "3

As mentioned earlier, a shift towards higher wavenumbers is usually connected to
a higher amount of Si participating in the gel formation. In contrast, a shift to lower
wavenumbers correlates to a gel with a higher amount of Al coordinated tetrahedrons.
This leads to the conclusion that in samples with aluminum addition a higher Si
content is achieved which is critical for the gel hardening stage. Interestingly, density
values of both samples are nearly identical.

When the foaming agent is added to the mixture and the container kept closed,
the pore size is inversely proportional to the developed pressure in the container.

This behavior is described by the Young-Laplace equation. ™
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3 Experimental Procedure

As the procedure of sample preparation varied in each experimental setup, detailed
descriptions are given in the beginning of the relevant chapter. However, analytical
methods were always conducted in the same way and on the same instruments, there-
fore they are described in the following chapter. All measurements were conducted

after a period of 28 days setting time.

3.1 Analysis

3.1.1 Fourier Transformation Infrared Spectroscopy (IR

Spectroscopy)

FTIR spectroscopy was used as a analytical technique to determine small changes in
the geopolymer matrix. In this work, the KBr pellet technique was used. Therefore,
the dried samples were crushed and mixed with KBr (2.0 mg sample and 200.0 mg
KBr). The pellets were pressed for 5min with a pressure of 9 tn. The measurements
were conducted on a Bruker Tensor 27 spectrometer.

Analysis was carried out using OriginPro 2017, no signals were diminished, how-

ever the baseline in the spectra was corrected.

3.1.2 X-ray Diffraction Spectroscopy (XRD)

XRD was conducted on a Bruker D8 using a CU - Ka X-ray tube and a divergence
slit of 1/2. The samples were ground into a fine powder using a Mixer Mill and then,
using the back-load method, put into the sample holders.

Qualitative determination of the phases was done using a variable slit whereas
measurements for quantification were conducted using a fixed slit. For quantification,
the dried, ground sample was blended with 20 % of rutile. For measurements a step
size of 0,0131 was chosen.

Analysis was conducted using the HighScorePlus Software. As reference cards,
only cards fit for Rietveld refinement of Star quality cards were accepted. Rietveld

refinement was carried out with the Chebyshev I baseline.
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3.1.3 Inductive Coupled Plasma Optical Emission
Spectroscopy (ICP-OES)

For quantification of leached ions, ICP-OES was used as an analytical tool. Samples
were diluted (1/50) with bidestilled water and a drop of HNO; was added to the
liquid. Two measurements were taken of each sample with the prepared method
taking three individual measurements each time of each sample carrier. Therefore,
the here presented values are calculated from six individual values.

The prepared method was compiled using a multi-element standard (standard
VIIT) with HNO; as matrix supplied by VWR Chemicals. The calibration reference
line was established using six different dilutions of the standard (1:1000-1), therefore

ensuring a wide range of measurable concentrations.

3.1.4 Scanning electron microscopy (SEM)

The SEM technique can be used to gain topographic images of a surface, up to a
magnification of 50.000 x.

A small piece of the sample was broken off the block and glued onto a carbon
pad. The sample was coated using a physical vapor deposition (PVD) technique
with either gold or carbon. A carbon coating was used at the ZWL in Lauf for edx
(energy dispersive X-ray) analysis.

SEM images were taken using a Zeiss EVO MA. Supplementary to the topographic
images, element mappings were taken as well. Furthermore, on some samples edx

measurements were conducted.

3.1.5 Mercury intrusion porosimetry (MIP)

Mercury porosimetry can be used to determine pores in between 3 nm and 950 pum ™.
However due to experimental reasons the starting pressure was set at the option
"contact +0,1" and the final pressure at 50000 psi which results in a bandwidth
between 0,01 pm and 100 ym. For smaller pores gas adsorption measurement need
to be used. Mercury porosimetry determines the pore size by filling the measurement
cell with mercury and then applying pressure correlating the intruded mercury to
the pore size by the Washburn equation.” Thereby a cylindrical pore geometry is
assumed although it is known that hardly any pores show this structure. Thus
the measured pore size is, to be exact, a determination of the pore’s neck size and
might result in incorrect results regarding the pore size.”” Moreover, the appearing
hysteresis is still a problem not fully understood. In literature, three possible reasons

are given, however none of them is fit to explain the phenomena completely.” Hence,
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in the experimental data set in this work mercury intrusion porosimetry is used only
as a comparative measurement tool.

Samples were dried and then about three small pieces were put into the measure-
ment cell. The sample weight was about 1.1g for not foamed samples, for foamed
samples, the sample weight was about 0.5 g. The measurement cells were shut tight
and firstly put into the low pressure compartment, afterward filled with oil and put

into the high pressure chamber.

3.1.6 Compressive strength testing

For compressive strength testing, the geopolymer slurry was filled into 40x40 x40 mm
cubes. At least three different cubes of one sample were used to gain a dependable

average value. Testing was conducted according to DIN EN 196-1.

3.1.7 Leaching tests and mass loss

In this work, a static leaching procedure was conducted. The samples were, after
28 days of setting time subjected to acidic resistance analysis. For this procedure,
1g of each sample was put into a plastic container. A beforehand prepared acidic

solution was added to the sample with a ratio 1/100. The used solutions were:
e bidestilled water

e hydrochloric acid (3mol/1)

e sulfuric acid (1 mol/1).

The acidic solutions were diluted from concentrated solutions supplied by VWR.

The containers were kept closed to minimize evaporation and contamination by
the atmosphere. No further adjustments. eg. of the pH were made. After 28 days,
the samples were filtered using a vacuum filter flask and then the residue was dried
at 50°C and stored for further analysis. The filtrate was saved, put into plastic
containers and kept for analysis using ICP-OES.

Mass loss of the dried residues was determined by weighting the residues and the
filter.

3.2 Synthesis of geopolymers

3.2.1 Geopolymer synthesis

As mentioned before, the exact amounts of each synthesis vary and are given in

the relevant chapter. However, here an overview of the main steps involved in
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3 Experimental Procedure

geopolymer synthesis are given.
Basically geopolymer synthesis consists of the addition of activating solution to

the dry starting materials.

mixing, 5 min

fly ash 4 activating solution = ==~ geopolymer (3.1)

The activating solution consists of NaOH pellets and sodium silicate solution.

mixing, 24

NaOH pellets + sodium silicate solution ™" activating solution (3.2)

In some experimental setups in this thesis additional components were used. These

were:

e Dry sodium silicate (SIKALON)
e Foaming agents (Al and Zn powder)

o Metal salts
— PbO
— Pb(NO,),
— ZnO
— 7Zn(NO;),x6 H,O

Foaming agents and metals salts were added to the already mixed geopolymer
slurry and the suspension was again mixed for about 2min. Dry sodium silicate
was added as dry material to fly ash in the beginning of the production process.
After the final mixing was complete, the suspension was filled into the desired forms,
covered with foil to diminish water evaporation and therefore, cracks in the samples,
and left to set for 28 days.

3.2.2 Activating Solution

The activating solutions were prepared using sodium silicate solution (39T) supplied
by Woellner GmbH & Co.KG, Germany. The specific properties of the sodium
silicate solution are shown in table 3.1.

The exact amounts of sodium silicate solution and dried sodium silicate are given

in the relevant chapter.

23
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Name  SiO,/Na,O weight ratio SiO, [%] Na,O (%] H,O [%]
39T 3,3 27,63 8,37 64,0
SIKALON 2,04 56,33 27,67 16,0
Table 3.1: Specifications of sodium silicate solution
3.2.3 Used chemicals
Chemical compound Supplier Specification
Argon Westfalen AG 4.8 Spektro
Betol 39T Woellner GmbH
Hydrochloric acid Fluka Analytical TraceSelect, 34-37%
KBr Merck KGaA Uvasol
Lead II-oxide Merck KGaA Emplura
Lead II-nitrate Thermo Fischer GmbH  99.0 % min
Mercury GMR mbH > 99.9995 %
Microsit 10 BauMineral GmbH
Multi Element Standard VIII  Merck KGaA
NaOH pellets Merck KGaA EMPROVE

Rutile

Sikalon A

Sulfuric acid

Water (bidestilled)

Zinc Il-oxide

Zinc Il-nitrate hexahydrate

Kronos Titan GmbH
Woellner GmbH
Merck KGaA

Panreac AppliChem
VWR Chemicals
Thermo Fischer GmbH

Kronos 2900

EMSURE, 95-97%
technical
NORMAPURE
98.0%

Table 3.2: Used Chemicals
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4 Characterization of the used fly ash Microsit 10

4 Characterization of the used fly
ash Microsit 10

In this research fly ash, provided by BauMineral, was used as raw material. The
exact name of this fly ash is Microsit 10 which has a maximum in grain size of 10 um
and according to the data sheet, the specific surface area is 7.300 cm?/g.™® A SEM

image can be seen in figure 4.1.

Figure 4.1: SEM image of Microsit 10; Magnification of 5,92 kx'®

For a better experimental setup, we analyzed the chemical composition (XRF

and acid fusion) and the mineralogical and structural composition (XRD and IR).

Moreover, we used the raw material in our leaching experiments to gain knowledge

as to how raw fly ash behaves when subjected to acidic treatment.

4.1 Chemical Composition

XRF spectroscopy shows the main contents of the materials, whereas the ICP-OES

results of the acid fusion of the materials show trace elements, like heavy metals.
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4 Characterization of the used fly ash Microsit 10

The data of the XRF analysis can be seen in table 4.1 and the material showing a
LOI of 3,09 %. With a calcium percentage of about 5% this fly ash can be classified

as class F fly ash.!!

Si0, ALO, Fe,0, CaO MgO K,0 Na,0 LOI

02.07 2738 512 429 1.87 2.04 077 3.09
Table 4.1: XRF Analysis of Composition; in %

For the acid fusion, 250 mg of the raw material were submitted into a microwave
container. Then 3,0ml of concentrated HNO;, 3ml of concentrated HF and 1 ml of
concentrated HCl were added. The container was shut and carefully put into the
Microwave. The power was raised in 10 min to the desired 800 W and held for 45 min
to achieve a complete fusion. After cooling down, leftover HF was annihilated by
20 ml of boric acid. The resulting solution was diluted 1/10 and analyzed by ICP-
OES, which results can be seen in table 4.2.

As Ba Be Bi Co Cr Cu Ga Li Mn
69 1005 11 190 55 117 127 128 140 326

Mo Ni Pb Se Sr Te U V Zn

14 116 71 0 634 0 103 255 232
Table 4.2: ICP-OES analysis of acid fusion; in ppm

4.2 Structural Characterization

For structural characterization we used X-ray diffraction to determine the different
phases in our fly ash as well as to calculate the amount of crystalline phases and the
leftover amorphous phase. Calculations were based on Rietveld refinement. Infrared

spectroscopy was used to determine the Si-O and Al-O vibrations in fly ash.

4.2.1 X-ray diffraction

For X-ray diffraction, first a qualitative measurement was taken, to determine all
phases apparent in fly ash. The detected phases were mullite, quartz, anhydrite,
magnetite and hematite. An overview of the taken spectra is shown in the following
figure (4.2).

As reference cards ICSD 98-008-0125 (mullite), 98-005-4664 (quartz low), 98-004-
1057 (hematite), 98-011-2702 (magnetite) and 98-000-5295 (anhydrite) were used.
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Figure 4.2: XRD diffractogram of fly ash; M: mullite, Q: quartz, A: anhydrite, H:
hematite, Fe: magnetite

To determine the phases quantitatively, 20 % rutile was added as internal standard.

The calculated amounts are shown in table 4.3.

Phase ‘mullite quartz hematite/magnetite anhydrite amorphous

Percentage | 16 3 1 1 79
Table 4.3: Quantification of determined phases in fly ash by Rietveld refinement

As the crystalline phase consists mostly of mullite and quartz in which silicon-
ions and aluminum-ions are bound, calculations to the overall reactive, amorphous
amounts of aluminum and silicon can be made. In fly ash, the percentage of crys-
talline silicon is, according to our calculations, 3.2 %, of crystalline aluminum 6.4 %
of the silicon and aluminum present. About 10 % of oxygen is bound in crystalline
phases as well. This leaves an amorphous phase in which 97 % of the total amount

of silicon and 93.6 % of aluminum are present.

4.2.2 FTIR spectroscopy

Fly ash was subjected to infrared spectroscopy using the KBr pellet technique. A
complete spectra of raw fly ash can be seen in figure 4.3.

The bands at 3500 cm ™! and 1620 em ™! show -OH vibrations which either come
from moisture in the fly ash itself of from the KBr which is very hydrophilic. The
original fly ash shows a main signal at 1170 em~! which correlates to the Si-O-Si
vibrations in fly ash. Moreover, the band at 1434 cm™! is connected to sodium car-
bonate and the second largest peak at 474 cm ™! can be assigned to the symmetrical
deformation vibrations of Si-O-Si (4, Si-O-Si).
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Figure 4.3: IR spectra of fly ash Microsit 10

4.3 Leaching behavior

Fly ash was subjected to the same leaching conditions as later on the geopolymer
samples. Bidestilled water, sulfuric acid and hydrochloric acid were used as eluates
for 28 days. The remaining solid material was weighted, filtered, dried and analyzed
using XRD and FTIR spectroscopy. The mass loss was determined and is shown in
table 4.4

Leaching solution ‘ H,O0 H,S0, HCI

Percentage ‘ 4 17 21
Table 4.4: Mass loss of fly ash after leaching experiments

Fly ash submersed in water does hardly show any mass loss, in sulfuric acid a
larger percentage is lost, however in hydrochloric acid over 1/5th of the original
mass is lost. The resulting diffractograms of the residues are shown in figure 4.4.

The crystalline phases of mullite and quartz remain unchanged, not depending
on the leaching solution. However, the signals of anhydrite and hematite disappear
in sulfuric acid and hydrochloric acid completely. In water, a remaining residue of

these signals can be detected.
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Figure 4.4: Comparison of fly ash (FA), fly ash leached in water (H,0O), in sulfuric acid
(H,SO,) and hydrochloric acid (HCI); A: anhydrite, H: hematite

Looking at a comparison of the IR spectra of fly ash (original and leached, see
figure 4.5), a shift in wavenumbers can be detected.

Fly ash which was eluted in water shows a shift in the asymmetrical stretching
vibrations of Si-O-Si from 1170 em™! to 1200 ecm™!. Furthermore, it is noticed that
the carbonate band disappears and a small peak at 1384 em~! appears. In the
sample leached in sulfuric acid, a shift to 1191 em~! for the v,, Si-O-T vibration is
seen, however the appearance of this shift changes and a second shoulder is visible
at 1110 em~t. This shoulder appears even stronger, as second peak, in the sample

L'is found. We correlated

leached in hydrochloric acid. There a signal at 1100 ecm™
this signal to the asymmetrical stretching vibrations of Si-O-Al. The deformation
vibrations show no change at all, however the symmetrical stretching vibration of Si-
O-T at 796 cm ™! increases in intensity and looks sharper, therefore more crystalline,
than before.

We can conclude, that mostly the amorphous phase of fly ash is attacked during

the acidic leaching process.




4 Characterization of the used fly ash Microsit 10

——FA

——FAin H,0

——FAin H,SO,

FA in HCI

Transmittance
\

| | I | I I |
1600 1400 1200 1000 800 600 400 200

Wavenumber [cm™]
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5 Variation of the Na/Al ratio

with addition of metal powders

As mentioned in the introduction, we first of all investigated the influence of the
Na/Al ratio in geopolymers. Therefore, we synthesized six different samples with a
ratio varying between 0.4-0.8. Higher ratios as well as lower ratios did not produce
solid, dry samples, therefore this range was used. In theory, an amount of 1.0
would be expected to produce geopolymers with the best properties. However, this
theoretical amount suggest all aluminum apparent in fly ash (in the amorphous
phase, not bound in mullite), is used in the reaction. However, in chemistry, we
hardly have reactions which show a turnover rate of 100% therefore, the lower
amounts of sodium are quite as expected.

Furthermore, we investigated the possibilities to foam geopolymers using metal
powders as foaming agents. This knowledge was considered to be useful in the later
on investigation of heavy metal inclusion and the investigation of acidic resistance,
depending on the porosity of samples. Only aluminum and zinc powder were used
as foaming agents, as we focused on the chemical reaction producing hydrogen via

oxidation of the used metals.

5.1 Experimental Procedure

5.1.1 Geopolymer Synthesis

The geopolymers were synthesized by mixing all dry materials and then adding the
activating solution in the desired amount. The exact composition can be seen in
table 5.1.

Foamed Geopolymers

Using the same ratios as in the not foamed samples, foamed geopolymers were pre-
pared using different foaming methods. Aluminum powder was added to the slurry
in an amount of 0.005, 0.1 and 0.2% of the solid raw materials. Zinc powder was

added in 1.0 % of the solid raw materials. The powder was added to the geopolymer
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5 Variation of the Na/Al ratio with addition of metal powders

Name SiO,/Al,0; Na/Al 1/s NaOH |g/lsor]

Fo4 4,0 0.4 051 106
F05 4.0 0.5 0.51 169
F06 4,0 0.6 0.1 233
FO7 4,0 0.7  0.51 297
FO8 4,0 0.8 0.51 361

Table 5.1: Composition of Geopolymers

slurry and stirred for another 3 to 4 minutes before the mixture was molded into

the desired forms, covered with foil and set for 28 days.

5.2 Results and Discussion

5.2.1 Material properties

First of all, the compressive strength of the reference samples F04-F08 was tested.
The resulting average values of at least three measurements with the standard devi-

ation can be seen in figure 5.1.
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Figure 5.1: Compressive strength values of samples FO4-F08

F08 shows the highest average value with 40 N/mm?, followed by sample F05. No
definite correlation between an increasing Na concentration and increasing compres-
sive strength value could be found. For foamed samples, however the results are
clearer. Additionally to compressive strength, thermoconductivity and density were

determined. The results are shown in figure 5.2.
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Figure 5.2: Material properties (thermoconductivity, density, compressive strength) of
foamed samples FO4-F08

The skeletal densities show a slight decrease for the samples F06, FO7 and F08
in the order of Al 0,1 — Al 0,2 — Zn. Samples of F04 show an increase of the
skeletal density. However the decrease in the bulk density is more pronounced. It
shows that Zn-powder is, independently on the ratio of Na/Al, the most efficient
material to produce foamed geopolymers. The compressive strength in the Zn —
samples is mostly lower than in the Al — samples, however, it is still a measurable
strength, which shows the geopolymers are stable enough to be handled. The lowest
thermoconductivity could be found for F05 with a value of 0.08 W/m*K and a
compressive strength of 1.06 N/mm?.

Furthermore, samples were leached in hydrochloric and sulfuric acid to investigate
the acidic resistance in dependency of the Na/Al ratio. The resulting mass loss
percentages are given in figure 5.3.

In some research articles, it is reported that hydrochloric acid destroys the reac-
tion products of the geopolymer reaction, therefore leaving only not reacted fly ash
particles as well as the crystalline phases mullite and quartz.%*>4% We observe a
mass loss of up to 55 % for sample F08. However, this mass loss was recorded for
leaching in sulfuric acid. The highest mass loss in hydrochloric acid was observed for
sample FO7 with a percentage of 50 %. F06 shows the lowest mass loss percentages
in hydrochloric and sulfuric acid and is considered, therefore the sample with the

mot stable ratio.
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Figure 5.3: Mass loss determined in hydrochloric and sulfuric acid of geopolymer samples
F04-F08

5.2.2 Microscopy

Optical Microscopy

Geopolymer samples were examined using an optical microscope. The porous struc-
ture and the differences between the foaming methods can be observed clearly. In

figure 5.4 samples of FO8 with all three foaming methods are displayed. The images

show that Zn-powder generates a highly porous structure, resulting in pores up to
200 pm.

a) 0,1% Al as foaming  b) 02% Al as foaming
agent agent
Figure 5.4: Microscopy images of geopolymers FO8 using different foaming agents

c) Zn as foaming agent
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Scanning electron microscopy

In addition to optical microscopy, SEM was used to gain a deeper insight into
the geopolymer phases. Firstly, optical images were attained to obtain a clearer
morphological image of the different phases (unreacted fly ash particles, amorphous
matrix and crystalline phases). Furthermore, the influence of the different amounts
and kinds of metallic powder could be analyzed. Here, an exemplary image of F06
with 0,1 % of Al-powder in a magnification of 150 times is shown, figure 5.5. The
size of the formed pores using this amount is about 200 um. If the material in
between the pores is examined more carefully and a higher resolution is used, more

information about the phases can be obtained.

- T ‘_LEF"II ‘B

Figure 5.5: SEM image of FO6 foamed Flgure 5 6 Element mapping of FO6
with 0,2 % Al-powder; Mag- foamed with 0,1% Al-
nification: 1kx powder showing Na crystals,

fly ash spheres and geopoly-
mer matrix; Magnification:
1 kx

In figure 5.7, SEM images of geopolymer samples with Na/Al ratio from 0.4-0.8
are displayed. A magnification of around 6000 x was used to enhance the structure
in the pm area. It can be seen that, with increasing Na/Al ratio (from 0.4-0.6, a—c)
the crystalline phase grows from in the beginning small infrequent crystals to bigger
ones, which are partially connected. Figure 5.7d and e show the formation of a
glassy phase which covers other particles in the matrix. In figure 5.7f a sample of a
foamed geopolymer is shown. In this case a comparison with the not foamed samples
(figure 5.7 ¢), indicates lesser crystal growth which is probably due to the interference
of the pore building with the crystal growth. This leads again to the generation of
an almost glassy overcoat in the sample. The increasing crystal growth due to

higher concentrations of sodium ions is well established in literature. ™

. However,
the formation of a glassy sphere covering the particles at a higher concentration of
sodium ions is not well known. Moreover, little is known about the influences of

metal powders introduced into the matrix as foaming agents.
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Supplementary to the optical images, element mappings were taken. These map-
pings show the distribution of elements in a specific area which leads to a deeper
knowledge of the different phases and their composition in the materials. Figure 5.6
shows a mapping of the sample FO6 with 0,1 % added Al-powder. It displays the
area in between the pores. The geopolymer matrix in this area is exemplary for all
other samples. The needle shaped crystals show a higher amount of Na'-ions than
the rest of the matrix. Moreover, unreacted fly ash spheres are clearly visible. The
element distribution of the gel phase in the geopolymers shows the development of
an (C,N)-ASH gel with a ratio Ca/Si lower than 0,3.* The ratio Si/Al of the mea-
sured points in the gel decreases in the order: F04-F05-F06 - F07 from 3.1 to 1.3.
FO08 shows a slightly higher ratio of 1.9.

5.2.3 IR spectroscopy

The IR spectrum of geopolymers can be separated in different parts (figure 5.8. The
signals at ca. 3000cm ™! and 1620 cm~! are due to H,O which is either leftover in
the geopolymer paste or, probably the higher part, due to H,O in the KBr pellet.
The band at 1425 cm™! can be attributed to the formation of NaCO, which is more
pronounced in samples with a higher Na™ amount.? The signals which are due to Si-
O-T (Si-O-Si and Si-O-Al) bonds can be differentiated into three parts: ~ 1000 cm ™!
Vas asymmetric stretching vibration, ~ 700 cm ™! v,: symmetric stretching vibration,
500 cm~! § deformation vibration. 5%

In figure 5.8b the region between 250 and 1600 cm ™! is displayed. This part of
the spectrum is chosen because it shows the vibrations of the Si-O-T bond. The,
in comparison to the raw material fly ash, new developed bands at 1000 cm ™! are
due to the Si-O-T bonds in the formed geopolymers. The signal at 1100 cm ™! can
be attributed to the Si-O-Si bonds in the geopolymer. Moreover, a shift to lower
wavelengths can be observed correlating with a higher ratio of Na/Al. This suggests
a better inclusion of AI*" in the geopolymer network.”® A formation of NBOs (non-
bridging-oxygens) is also observed at higher amounts of Na'. This shoulder at
880 cm ! is more pronounced in geopolymers with higher Na® concentration, due to
stretching vibrations of Si—O Na' and is also connected with the inclusion of AI**
in the tetrahedral network.®%? According to Lee and Van Deventer, J. S. J.% a fully
polymerized tetrahedral network would depolymerize with increasing concentration
of Na-ions, which can be seen in the increase of the absorption at 880 cm™'.%* Due
to the smaller molecular vibration constants, which result from the more ionic bonds
of T-0, also explains the shift to lower wavelength of the absorption at 1000 cm 1.

A comparison between the shift of the asymmetric stretching vibrations of the Si-

O-T bond of foamed an not-foamed geopolymers can be seen in graph 5.8 d). The
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FO4, 6700 x, 15 keV; SE F0.5, 5800 %, 15 keV; SE — 4 pm —i

a) F04 showing fly ash particles, matrix ~ b) FO5 showing crystalline material and
and pores a fly ash sphere

F——dpm —

icrystalline &
material

l—dpm

| W
FO,6, 6200 x, 15 keV; SE

c) F06 showing small fIy ash spheresand  d) FO7 showing fly ash particles and a
growing crystalline material beginning glassy overcoat

FO.6 AI0.1, 4200 x, 20 keV;

e) FO8 showing a glassy overcoat over  f) F06 Al 0,1 showing pores and fly ash
the sample and fly ash spheres residues
Figure 5.7: High resolution (6 kx) SEM images of samples with different Na/Al ratio.
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d) Shift of wavelengths of v, Si-O-T vibrations in foamed geopolymers
Figure 5.8: IR spectra of geopolymers; a) IR spectra of F04-F08, b) IR bands 1600-
250 cm, c) Shift of wavelength of Si-O-T bond, d) Shift of wavelengths of
Vas SI-O-T vibrations in foamed geopolymers

shift of the signals towards lower frequencies due to the amount of Na™ inclusion has
been discussed earlier. Although the samples were ground during the preparation
for IR measurements, the porosity of the samples is mirrored by a shift in frequency.
In the samples F04 — FO7 the wavelength between not foamed samples and samples
foamed with Al 0,1 % hardly any shift is observed. The samples with Al 0,2 % and
Zn—powder show a shift towards higher frequencies but only slight differences in
between these two foaming methods. Moreover, the shift is less pronounced in the
samples with a higher amount of alkali metal ions. According to Roy>' porosity is

an important aspect in interpreting IR spectra because the porosity influences the
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bond length and therefore the force constant between the alternating elements.®' By
grinding the geopolymer samples, bigger pores are destroyed, however smaller pores
(about 1 um, according to mercury porosimeter, see section 5.2.5) are still existent
in the sample. In shifting to higher wavenumbers, the vibrational force constant

increases which indicates a shorter bond length.

5.2.4 X-ray diffraction spectroscopy

As mentioned earlier, section 5.1, the used fly ash was analyzed using XRD spec-
troscopy. The quantitative Rietveld refinement showed a value of 79 % of amorphous
material. Depending on this value, the amounts of Na—-ions were calculated. The
geopolymers (F04 — F08) were also investigated using diffraction spectroscopy. A
qualitative comparison of the different geopolymers can be seen in graph 5.9. This
representation was chosen to show the different qualitative phases of the geopoly-

mers. The quantitative data is represented in table 5.2 and table 5.3.
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Figure 5.9: Qualitative XRD spectra of geopolymers F04-F08; Q: quartz; M: mullite; A:
anhydrite, H: hematite, Fe: magnetite

Phase F04 F05 F06 FO7 FO8

Mullite 12 85 45 92 24
Quartz 4.1 2.2 6.5 25 55
Amorphous 83.6 89.2 89.0 884 92.1

Table 5.2: Quantitative data obtained from XRD measurements; [w in %]

Qualitative analysis of the geopolymer samples results in the detection of four
phases: Quartz, mullite, anhydrite, hematite and magnetite. This conclusion is co-
herent with the analysis of Zhang et al.?®, although he attributed the signal at 30 °20©
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Phase  F06 F06 Al0,005 F06 Al0,1 F06 Al0,2 F06 Zn

Amorphous 89.0 85.9 83.4 86.5 80.1

Table 5.3: Quantitative data obtained from XRD measurements, a comparison of foamed
samples; [w in %]

in fly ash to calcite and not to magnetite and the signal at 33 °20 to hematite as it is
the case here.?® However, these signals are hardly detectable in the geopolymer sam-
ples. Mullite and quartz are the main components, iron oxides are detectable only
in small amounts. The amorphous phase accounts for about 90 % of the geopolymer
which explains the big amorphous "hump" in the XRD diffractograms and the bad
resolution. Moreover, if 20 % of rutile are added to the samples to gain a quantitative
result, only the phases mullite and quartz are detectable.

It can be observed that the amorphous amount in the geopolymer increases with
higher Na*-ratio up to almost 92 %. However, in the foamed samples, this amount
decreases with higher porosity, samples foamed with Zn powder showing only an

amount of 80 % amorphous phase.

5.2.5 Porosity

In graph 5.10a comparison of the not foamed geopolymers F04 — FO8 and an overview
of the intruded volume of all samples can be seen.

The samples without any addition of foaming agent show pores at 0,01 um (F04,
F05, F06) and at 90 um (F07 and F08). According to this observation, the porous
structure changes with the ratio of Na/Al. A lower ratio promotes smaller pores,
whereas a higher ratio facilitates larger pores. This might be connected to the setting
time of the geopolymers as the samples with a higher ratio harden faster than the
samples with the lower ratio. In fact, if the ratio in our system is lower than 0.4,
samples do not harden completely within 28 days.

The intruded volume graph (graph 5.11) shows clearly that the most porous ma-
terial is the geopolymer foamed with Zn-powder. The highest amount of mercury
intruded for all different ratios was determined at a pore size between 1pum and
10 um (see figure 5.10). Part ¢ of figure 5.10 displays the sample F06 as an example
for the different foaming agents. Zn-powder shows the highest values for the pore
volume distribution, followed by Al powder in higher concentration. The addition
of Al in 0,2 % shows a formation of pores with a diameter of 0.01-0.1 pum, whereas
the addition of Al 0,1 % results in pores with a smaller diameter than 0.01 gm. The
pores from the original framework are, to a lower extent, traceable in the foamed
geopolymers.

In contradiction to the data of Masi et al. %, we found that pores with an addition
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Figure 5.10: Mercury Intrusion porosimetry of samples FO4-F08: a) Overview of all
not foamed geopolymers, b) Comparison of geopolymers foamed using Zn—
powder, c) Comparison of F06 using all foaming agents

higher than 0.01 % of Al-powder do not collapse but our system is stable up to the
addition of 0,2% of Al-powder. The amount of collapsed pores is depending on
the ratio Na/Al with an ideal ratio of 0.6 for stabilization of the built pores. The
intruded volume of the samples foamed using Al-powder is higher in the samples
with a lower Na/Al ratio (F04, FO5 and F06). Masi et al.% states that the reaction
with higher amounts of Al-powder is very fast and therefore the pores collapses. Al-
though we could observe a very fast foaming reaction, the pores were stable enough
throughout the setting time.%® The samples with a higher ratio (F07 and F08) de-
veloped a firm structure faster than the samples with a lower ratio. This would
suggest that the collapse of the pores is depending on other factors than the time

the geopolymers need to build up a solid structure.
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Figure 5.11: Intruded volume, recorded by MIP, of samples FO4-F08

5.3 Conclusion

We showed in our work that it is possible to use metal powder as foaming agents
during geopolymer synthesis and build lightweight building materials. Different

pore volumes and pore sizes, depending on the foaming agent and amount of metal

powder, were synthesized. Using Zn-powder, the highest porosity was achieved.

Moreover, the influence of the foaming agent and therefore of the porosity to the
structure of the geopolymer was analyzed on a sample with a Na/Al ratio of about
0.6. Sodium ions stabilize the geopolymer structure and therefore the introduced
pores. The most stable ratio against acidic attack was found to be 0.6. Moreover, it
was observed that with a higher amount of Na'-ions, the generation of crystalline
phases was preferred compared to the geopolymers synthesized with a lower amount
of sodium ions. The formed crystals show a needle shaped structure and were

preferably build inside pores with an diameter higher than 20 um.
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6 Addition of PbO, Pb(NO,),,
ZnO and Zn(NO3),

In this experimental setup, metal salts in varying amounts were added to a refer-
ence sample. The reference sample was produced, according to the amounts given
in chapter 5 for the mixture F06. Lead and zinc were chosen as metal ions and
added in the water soluble form of lead nitrate and zinc nitrate. Moreover, the not
water soluble form lead oxide and zinc oxides were chosen. These "nonreactive"
components were added to see a mainly physical encapsulation of metal ions and
the ability of geopolymers to immobilize these salts. Metal nitrates were added in
a dissolved form, to gain knowledge of metals salts which could be reactive and
participate in the geopolymer reaction. Furthermore, this way it was possible to see
the difference of probable physical and chemical encapsulation.

Samples were foamed to enhance the surface of the geopolymers especially to see
the influence of the porosity onto the acidic resistance. Samples with a high surface
and water soluble metal nitrates are added can be expected to show the highest

possible leaching values.

6.1 Experimental Procedure

6.1.1 Geopolymer Synthesis

The main synthesis procedure is given in section 3. As a reference sample F 06
was chosen due to the experimental data gained in the previous chapter (chapter 5).
This sample has a Na/Si ratio of 0.6 and a Si/Al ratio of 1.7.

PbO and ZnO samples

The metal oxides were added to the slurry in the amounts of 1 — 5% depending on
the fly ash amount. An overview of the prepared samples is shown in the following
table (6.1).

The setting time was 28 days based on cement production. After this time the

geopolymers were used for further analysis (IR spectroscopy and XRD spectroscopy,
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Name PbO |win %] ZnO [w in %)|

"PbO" 1 1 0
"PbO" 2 2 0
"PbO" 3 3 0
"PbO" 4 4 0
"PbO" 5 3 0
"ZnO" 1 0 1
"ZnO" 2 0 2
"ZnO" 3 0 3
"ZnO" 4 0 4
"ZnO" 5 0 3

Table 6.1: Composition of geopolymers with metal oxide addition

microscopy and porosimetry). Leaching tests were also done after this setting time

Pb(NO;), and Zn(NO;),

In the samples with nitrate addition, the same Al/Si ratio was used. However, as
the nitrates are water soluble, they were added to the geopolymer slurry in their
dissolved form. For this the needed amount of metal nitrate was dissolved in 100 ml
water. For keeping the same ratios as in table 5.1 described, especially the same 1/s
ratio, a few adjustments had to be made. As 100ml less activating solution were
used, the needed amount of silica was added in form of dried silica powder and the

extra NaOH was added to the activating solution. As not water free zinc nitrate

was used, the actual percentages of added zinc nitrate are between 0.6 and 3.2 %.

An overview of the prepared samples is shown in table 6.2.

Name Pb(NO;), |win %] Zn(NO,), |w in %]

"PbNO" 1 1 0
"PbNO" 2 2 0
"PbNO" 3 3 0
"PbNO" 4 4 0
"PbNO" 5 5 0
"ZnNO" 1 0 0.6
"ZuNO" 2 0 1.3
"ZnNO" 3 0 1.9
"ZnNO" 4 0 2.6
"ZnNO" 5 0 3.2

Table 6.2: Composition of geopolymers with metal nitrate addition
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Activating Solution

The activating solutions were prepared using sodium silicate solution (39T) supplied
by Woellner GmbH & Co.KG, Germany. Moreover, SIKALON was used as a dry
silica source in the preparation of the nitrate samples.

The activating solutions were prepared using 39T and 233g NaOH pellets for
preparation of 11 activating solution. For the preparation of the metal nitrate sam-
ples, 44,47 g of NaOH pellets were added extra in 11 activating solution. The NaOH

pellets were dissolved in 39T solution and stirred for 24 h.

Foamed geopolymers

Foamed geopolymers were synthesized using aluminum powder as foaming agent.
After preparing the slurry, 0,1% or 0,2% of Al-powder were added to the slurry.
The percentage is correlated to the amount of fly ash. The further preparation of

the geopolymers was not changed.

6.2 Results

6.2.1 Scanning electron microscopy

Topographic SEM images were taken of all geopolymers, mostly to see the influence
of the added oxides and nitrates on the matrix. However, in most cases the changes
were too small to be detected by SEM. Only in the samples with 5 % addition, some
interesting observations were made. Supplementary, SEM images were taken from
the leached geopolymers to get an impression as to how the matrix is dissolved

during leaching.

SEM images from not leached geopolymers

"ZnO" First of all a reference sample is depicted in figure 6.1. In this photograph a
normal geopolymer matrix is shown with unreacted fly ash spheres, small pores and
an amorphous matrix surrounding them. Some fly ash particles are partly covered
with the amorphous matrix. The observed pores vary in size and can be due to
preparation of the sample where fly ash particles were disconnected or are pores
build by water evaporation. Looking at the sample of 5% added ZnO, which can be
seen in figure 6.3 in a high resolution of 50.000x with an in-lens detector. An edx
measurement was also taken of this spot (figure 6.4) and figure 6.2 shows the matrix

around this chosen edx spot.
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Figure 6.3: SEM image of the marked
edx spot of "ZnO" 5 — high

resolution (50.000x)

From the edx measurement it can be clearly said that this particle is a solid ZnO
flake with no hint of aluminum or silicon in the particle. Moreover, no zinc signals
could be detected in the surrounding geopolymer matris. Therefore, zinc-oxide did
not dissolve during the reaction but remains unchanged and physically embedded in

the matrix. There is no hint to any chemical bond between the geopolymer matrix

and the ZnO particle.

"PbO" Looking at the distribution of PbO in the geopolymer matrix a very dif-

ferent behavior is observed. An image of the in-lens detector is displayed in 6.5 and

Figure 6.1: SEM image of "ZnO" 0
as reference sample showing
pores and fly ash spheres

Figure 6.2: SEM image of "ZnO" 5
with the edx spot marked;
magnification of 5000x

M Si

ol

L 160

Figure 6.4: Edx spot analysis of sample
||ZnO|| 5

the correlating element mapping with the signals of Pb is shown in figure 6.6.
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i
— o

Figure 6

5: SEM image of "PbO" 5  Figure 6.6: Element mapping of "PbO"
showing geopolymeric ma- 5, showing Pb signals
trix and fly ash spheres;
magnification of 5000x us-
ing in-lens detector

Looking at the element mapping it is clear that PbO is distributed throughout
the whole geopolymer matrix. Only remaining fly ash particles do not show any
measurable amount of Pb signals. The slightly small difference between the section
of the first picture and the second one is due to the change from the normal SEM
detector for the edx measurement to the in-lens detector. However pores and fly ash
spheres can be matched to the parts of the element mapping where no Pb signals

are detected.

"ZnNO" The addition of Zn(NO;), showed no abnormalities in the SEM images
at all. A taken element mapping confirms our suspicions that the Zn*'-ions are

completely distributed within the amorphous matrix.

"PbNO" Using the water soluble Pb(NOs;), as supplement in the geopolymer
synthesis, SEM imaging shows a mostly similar pattern as with the addition of
Zn(NO;),. However, it was possible to find small spots during the analysis where
a higher concentration of Pb*" was visible. The following pictures display one
measured edx spots showing a higher amount of Pb-ions (figure 6.7).

Edx spot2 and edx spot3 showed no sign of enhanced concentrations of Pb*" in
these areas. Only edx spot4 shows a higher amount, as displayed in the analysis in
figure 6.7d. Slightly larger spots (marked with edx spot) with a similar contrast to
the normal matrix showed only higher amounts of iron, see figure 6.7b). However,
near the spot with higher Pb concentration, in a higher resolution, no difference in
the geopolymer matrix can be determined. Tt seems that through the dissolving of

Pb(NO,), in water, the lead ions get well connected with the surrounding matrix.
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; frish o . :
a) SEM figure of "PbNO 5" showing 3 b) SEM picture of spotl; containing
measured edx spots higher amount of iron

c) SEM image of "PbNO" 5 with d) Edx analysis of marked spot in c)

marked edx spot; magnification of

20.000x using in-lens detector

Figure 6.7: SEM analysis of "PbNO" 5; a) SEM figure of "PbNO 5" showing 3 measured
edx spots, b) SEM picture of spotl; containing higher amount of iron, ¢)
SEM image of "PbNO" 5 with marked edx spot; magnification of 20.000x
using in-lens detector, d) Edx analysis of marked spot in c)

SEM images from leached geopolymers

Taking SEM images from the rest of the matrix after leaching of the geopolymers
was thought to give a hint towards the dissolving of the matrix in the different
leaching agents. Therefore, all samples were dried after leaching and prepared on
carbon-pads for SE microscopy.

Scanning electron microscopy of the leached geopolymers, to be precisely the solid
rest of the geopolymers, shows a different picture for each leaching solution. For the
geopolymers leached in water (figure 6.8a), almost no difference to the former matrix

is detectable. Looking at the figures of the sample leached in HCI (figure 6.8b, only

fly ash particles are detectable. No geopolymeric, amorphous matrix can be seen.

In figure 6.8c and d samples leached in sulfuric acid are depicted. A half destroyed
matrix is visible in both figures. In the lead sample also a high amount of crystalline
material can be seen, whereas in the Zn sample no such crystals are formed. In the

element mappings, an interesting difference between the samples with added ZnO
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c) "PbO" 4 leached in H,SO, d) "ZnO" 4 leached in H,SO,
Figure 6.8: SEM analysis of "PbO" 4 and "ZnO" 4 in different leaching solutions; a)
"PbO" 4 leached in H,O, b) "PbO" 4 leached in HCl, c) "PbO" 4 leached
in H,SO, d) "ZnO" 4 leached in H,SO,

and PbO is shown (see ﬁgures 6.9 and 6.10).

Flgure 6 9- Element mapplng of ”PbO” Flgure'610 Element mapplng df
4 leached in H,SO, "ZnO" 4 leached in HCI
In the first figure with lead oxide added to the geopolymer, it is clearly visible

that part of the lead stays during leaching in the solid state. It probably reacts
with the sulfate-ion to build PbSO,. This is indicated by the correlation between
the detected sulfur ions and the lead ions. Zn cannot be detected in the rest of the

geopolymer after leaching.
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6.2.2 IR spectroscopy

IR spectroscopy as analytical method investigating the structural properties in
geopolymers is very common and, as explained earlier, the KBr pellet method is
used. All geopolymers including the leached rest of the samples were investigated
by this method.

IR spectroscopy of metal oxides

Firstly, a comparison of samples with added ZnO and PbO (samples "MO" 0-5) are
shown in figure 6.11 and 6.12.

; "Znc" 0 BV e Fre=tin | "PbO" 0
il AT TS s "PBO" 1
: "ZnQ" 2 : (/ vl S
s \_ // |
5 Zno" 3 5 "PHO" 3
E ——"Zn0" 4 E "BhO" 4
= "ZHO" 5 =
B B "PbO" 5
T T T T . v v T T T T ; v ¥
1800 1600 1400 1200 1000 80D 60D 400 1800 1600 1400 1200 1000 8O0 60D 400
Wavenumber [erm’'] Wavenumber [erm’']

Figure 6.11: Comparison of IR spectra Figure 6.12: Comparison of IR spectra

of "ZnO" geopolymers of "PbO"

In all samples, the expected bands of H,O (§ -OH: 1620 cm™!) and Na,CO,
(1410 em™!) are observed. Moreover, the Si-O-Si and Si-O-Al stretching and bend-
ing vibrations, as explained in the introduction are also apparent. However, no new
signals correlating to the lead or zinc oxides are observed. Furthermore, no shift in
the asymmetric stretching band of Si-O-T (1010 cm ™) is observed. The samples
with the addition of lead oxide, however appear rather more crystalline in their
shape. This means, the signals are slightly sharper. This can be observed especially
in the second signal in the peak at 1010 cm™!. The small shoulder at about 1100 cm
which was suggested correlates to v,s Si-O-Si vibrations, increases in intensity with
the added amount of PbO. In samples with added zinc oxide no such behavior is
noticed but the bands appear rather broad.

In figure 6.13 this difference in shape can be noticed better as a comparison of
samples "ZnO" 0, "ZnO" 5 and "PbO" 5 is shown.

In addition to the before mentioned changes, a slight increase in the vibrations
of the non-bridging-oxygen’s (NBO’s) at the samples "ZnO" 5 and "PbO" 5 can be

detected. Also in the "ZnO" samples an increase of the band at 600 cm !

, correlating
to the symmetrical stretching vibrations of Si-O-Al is observed. Furthermore, an
increase of the deformation vibrations at 450 cm ™! connects with an increase in the

Zn0O concentration.
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Figure 6.13: Comparison of geopolymers without any addition ("ZnO" 0), "ZnO" 5 and
"PbO" 5

Looking at the same samples but in their leached state, the impact of the leaching

solution is shown.
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Figure 6.14: Comparison of IR spectra  Figure 6.15: IR spectra of "PbO"
of "ZnO" 2 in different leached in HCI

leaching solutions
Water, as mentioned before, does not have any significant impact on the structure

of the geopolymers. In sulfuric acid and hydrochloric acid, the asymmetrical stretch-
ing vibration of the Si-O-T bonds at 1000 ¢cm ™! is shifted to higher wavenumbers but
also significantly broadened. A minimum could not be determined because the trans-

mittance detected is too close to zero. Nevertheless, no extra evolving signals in the
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leached residues depending on the added amount (figure 6.15) were detected. The
symmetrical stretching vibrations of Si-O-Si and Si-O-Al show a shift towards higher
wavenumbers and an increase in intensity. A significant increase in the stretching
band of NBO’s was detected if samples were leached in acids, especially in hydrochlo-
ric acid. The difference in appearance of leached and not leached samples, suggests
a destruction of the geopolymer matrix. If hydrochloric acid is used, hardly any
resemblance to the spectra of the original sample is observed. These observations
underline the hypothesis that hydrochloric acid is able to dissolve the amorphous

matrix of geopolymers.

IR spectroscopy of metal nitrates

The TR spectra of the metal nitrates are shown in the following graphs (figures 6.16
and 6.17). Firstly, a comparison between Zn(NOs;), and Pb(NO;), is drawn.

"PbNO" 0
it "PENG" 1 4 "ZANO" 0
g "PLNO" 2 ™ “”u\ \ ol
5 " - 3 -"ZnNO" 2
= PbNO™ 3 o
E g "ZaNO" 3
& "PHNO" 4 £ .
g E 'ZaNO" 4
"PNO" 5 E "ZINO" 5
1800 16'05 14IUC 12IUG 1CIGC 5:‘70 G:“U 40‘0
VEpambe | 1800 16'05 14IUC 12IUG 1CIGC 5:‘70 G:“U 40‘0
Figure 6.16: IR spectra of samples Whsmpmtar o
"PbNO" 0-5 Figure 6.17: IR spectra of "ZnNO" 0-5

Comparing the two nitrates no huge differences can be detected. The lower in-
tensities of Pb(NOj;), 5 are due to a slightly different preparation of the KBr pellet.
However, the bands show no shift, compared to the other nitrates. It is noted that
the intensities of the Si-O-T vibration (1015 ¢m™!) show a slight decrease, compared
to the reference sample "PbNO" 0. A slight increase in the shoulder at 1107 cm ™
can be detected correlating to the asymmetrical stretching vibrations of Si-O-Si as
well as an increase in the signal at 619 cm (v, Si-O-Si). Comparing the spectra of the
nitrates to the spectra of the oxides, a new signal, the v NaNO, vibration is visible.
The asymmetrical stretching vibration Si-O-T shifts from around 1005 cm™! (PbO
and ZnO) towards higher wavenumbers in the nitrate samples (1015 cm™1).

The IR spectra of the leached samples (HCl and H,SO,) are shown in the following
figures (figures 6.18, 6.19, 6.20 and 6.21), however no graphs of the samples leached

in water are shown, as there is no difference to the reference samples.
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Figure 6.18: IR spectra of "PbNO"  Figure 6.19: IR spectra of "PbNO"
leached in HCI leached in H,SO,

A comparison of Pb(NO,), in the two leaching solutions (figures 6.18 and 6.19)
shows that in HCI the main signal, before detectable at 1015 ecm ™!, is now shifted to-
wards higher wavenumbers (1100 cm™'). Moreover, the shape of the formerly broad
band is now quite different. For the samples "PbNO" 0, "PbNO" 1, "PbNO" 2 no
broad signal is detected, but a very sharp (crystalline like) signal of the v, Si-O-T
vibration. Almost no signal of the v, Si-O-Si vibration (beforehand at 1105 cm ™)
is seen. In the spectra of the samples with a higher Pb(NO,), concentration, the
Si-O-T band broadens significantly until in the sample "PbNO" 5 almost no dif-
ference in shape is observed. However, the shift to higher wavenumbers continues
from 1015 em™' to 1100 em ™" for the v, Si-O-T vibration and from 1105 em ™' to
1190 em™! with an increasing intensity in the Si-O-Si signal. Moreover, no NaNO,
band can be detected anymore. The rest of the spectra is similar to before with an
increase of intensity and a shift of the shoulder at 990 cm ™! c¢m, correlating to the
NBO’s.

The spectra of the samples leached in sulfuric acid show a similar pattern. The
shift towards higher wavenumbers is almost identical (1105 cm™"' and 1180 em™1)
however the signal at 1180 ¢m ™! gains intensity compared to the reference samples.
Another small shoulder is detectable at 1288 ¢m~! which was not present before and

is not present in the samples leached in HCI or the leached oxide samples.
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Figure 6.20: IR spectra of "ZnNO"  Figure 6.21: IR spectra of "ZnNO"
leached in HCI leached in H,SO,

Zinc nitrates in HCl and H,SO, (figures 6.20 and 6.21) do not show the same
behavior as the lead nitrates. Samples with zinc nitrate leached in HCIl show a
smoother line than the lead nitrates. The Si-O-T band shifts to almost the same
wavelength as in the other samples (1105 cm™!). With increasing concentration
of Zn(NO;) in the sample, the peak at lower wavenumbers (v, Si-O-T) decreases
in intensity whereas the second signal (v,s Si-O-Si) increases. Furthermore, the
shoulder of the NBO’s decreases in intensity with a higher concentration of added
zinc nitrate. Again, no Na,CO, band can be detected.

The samples leached in sulfuric acid, however, do not show a smooth line. They
display sharp, crystalline like signals. The originally broad band at 1000 cm ™! now
shows two sharp single signals of v, Si-O-Si (1180 em ™) and v, Si-O-T (1070 em™1).
Again, a shoulder at 1280 ¢m ™! appears and the shoulder at 1014 cm™' (NBO)
remains unchanged. In sample "ZnNO" 3 interestingly, the signals are the clearest
to see. The v, Si-O-T (890 cm™! and 850 cm™') shows a high intensity compared
to the not leached samples. Also, the v, Si-O-Al vibration, before at 540 cm ™! now
at 580 cm ™!, is of a higher intensity.

For a better comparison of the direct differences of the leaching solutions, "PbNO" 4
and "ZnNO" 4 in the different solutions is shown in a separate figure (figures 6.22
and 6.23).
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Figure 6.22: Comparison of IR spectra Figure 6.23: Comparison of IR spectra
of leached and not leached of leached and not leached
"ZnNO" 4 "PbNO" 4

In the left figure, the shift of the main signal and the increase of intensity of some

bands can be seen more clearly, as well as the disappearance of the NaNO, signal. In
the original fly ash spectra (fig:IR-FA-1) only the expected signals of v, Si-O-T and
vs Si-O-T are detected. When leaching the raw material in the solvents, only a shift
towards slightly higher wavenumbers appears. Moreover, the wavenumbers of the v,
Si-O-T are very similar to the wavenumbers detected in the leached geopolymers.
Especially if HCI is used as a leaching solution, the measured spectra are almost
identical. Only the shoulder at 980 cm ™! of the NBO vibrations is not detectable in
the spectrum of fly ash. In sulfuric acid however, fly ash does not show the signals
at 890 em™!, 850 em™! (both vy Si-O-T), 615 ecm™! and 580 cm™! (v, Si-O-Al) at
all. The spectra of the leached geopolymer moreover, shows small signals between
1000 em~! and 1325 em ™! which the spectra of fly ash does not show. Here, only a

smooth, broad band is measured.

6.2.3 X-ray diffraction spectroscopy

As mentioned in the characterization of fly ash (section 4), fly ash has an amorphous
amount of about 79 %. This phase is able to react in the geopolymer reaction which
leads to even higher amounts of amorphous phase in the geopolymers. Our research
shows that most geopolymers in this part of the thesis possess an amorphous phase
of about 90% — 95%. As crystalline components mullite, quartz and hematite
were found, which are also apparent in fly ash. All geopolymer samples (leached
and not leached) were tested using 20 % of rutile as internal standard and a solid
lens applying the Rietveld method for quantification. Moreover, all samples were
measured using a variable lens for qualitative testing.

The diffractograms of samples with ZnO and PbO addition are shown in figure
6.24 and figure 6.25.

The crystalline components of fly ash remain unchanged in the geopolymer sam-

ples (mullite, quartz and hematite). A clear enhancement of the ZnO signal can be
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Figure 6.24: Diffractogram of samples with ZnO addition; M: mullite, Q: quartz, D:
diopside

seen with increasing ZnO addition to the geopolymers. All other phases show no
change. As a crystalline signal of ZnO can be seen so clearly, it is suspected that
Zn0 does not react in any way during the geopolymerisation reaction but remains
as inert phase. Moreover, a small amount of diopside is detected.

In the diffractograms of samples with PbO addition no such enhancement of one
crystalline signal can be determined. A small signal of Pb;O, can be detected in
samples with a relatively high amount of added PbO. All other PbO signals do not
show a clear appearance in the diffractograms. Mullite, quartz and hematite signals
remain unchanged. This observation leads to the conclusion that PbO is distributed
in the amorphous phase and not detectable with XRD analysis anymore.

The diffractograms of the dissolved nitrates are depicted in figures 6.26 and 6.27.

In the samples with Zn(NO,),, a zincferrate (franklinite, ZnFe,O,) can be deter-
mined in the sample with 5% addition of Zn(NOsy),, however no phases with nitrate
contribution can be observed. A second, newly formed phase is found, namely
CaMgSi which can also be determined in the sample with 5% addition of zinc ni-
trate.

Adding Pb(NO,), to the geopolymer, phases consisting of nitrate compounds are
found. Two different types (NaNO, and NaNO;) are detectable. Interestingly, in
the samples with a higher amount of added Pb(NO,),, only NaNO, can be found.
In samples with lower concentration ("PbNO" 1 and "PbNO" 2 only signals coming
from NaNO, are measurable.

The diffractograms of the leached geopolymers were also analyzed using XRD
spectroscopy. However, due to the small amounts of the solid rest material after
leaching, the resolution of the diffractograms is worse than in normal geopolymers.
The qualitative diffractograms are shown in figures 6.28 and 6.29.

In this part of the diffractogram, the focus is on the remaining detectable ZnO
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Figure 6.25: Diffractogram of samples with PbO addition; M: mullite, Q: quartz, H:
hematite
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Figure 6.26: Diffractograms of samples with addition of Zn(NO;),; Fr: franklinite, M:
mullite, CaMg: calcium magnesium silicide

phases. In water as leaching solution, almost no change in the crystalline structure
is detected. Moreover, the beforehand detected ZnO phases are still intact. Neither
in sulfuric acid nor in hydrochloric acid are these signals apparent.

For the analysis of geopolymers with added PbO only the resulting diffractograms
of the sample leached in sulfuric acid are shown (6.29). In HCI and water, similar
behavior as with the samples with added ZnO was observed. With increasing con-

centration of PbO, a fluffy white residue was observed in the leaching solutions. This
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Figure 6.27: Diffractograms of samples with addition of Pb(NO,),; Na2: Na(NO,), Na3:
Na(NO,), M: mullite, Q: quartz
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Figure 6.28: Diffractograms of "ZnO" samples leached in HCI, H,SO, and H,0

residue was analyzed with the rest of the sample and was proved to be crystalline
PbSO,. In samples with no ("PbO" 0) or low ("PbO" 2) addition of PbO no reflexes
of lead sulfate were detected in the X-ray diffractograms.

The leached samples were compared with the leached fly ash. The resulting diffrac-
tograms of samples leached in hydrochloric acid are shown in figure 6.30.

The diffractograms of these four samples show no difference. The beforehand
identified phases mullite and quartz are still apparent, no other remaining phases
could be detected. In fact, the spectra are completely similar to each other.

The quantitative analysis using 20 % rutile as internal standard, showed between
89 — 94 % amorphous phase for the geopolymers, no matter if nitrates or oxides
are added. The in hydrochloric acid leached samples show an amorphous phase of
around 78 %.

58




6 Addition of PbO, Pb(NQ,),, ZnO and Zn(NO,),

"PbO" 4

"PbO" 2
"PbO" 0

A T 1 o 1
20 25 30
Position [°2Theta] (Kupfer (Cu))

Figure 6.29: Diffractograms of samples "PbO"("PbO" 0, "PbO" 2 and "PbO" 4)
leached in the H,SO,
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Figure 6.30: Diffractograms of leached fly ash and geopolymer samples "PbNO" 0,

"PbNO" 5 and "ZnNO" 5 in HCl; M: mullite, Q: quartz

6.2.4 Porosity

Mercury intrusion porosimetry (MIP) is used to analyze the pores in the geopolymers
with a diameter ranging between 0,005 gm and 100 pum. At first, the oxides and the

nitrates of lead addition are compared (see figures 6.31 and 6.32).
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Figure 6.31: MIP of "PbO" 0-5 Figure 6.32: MIP of "PbNO" 0-5

All PbO samples show an increased porosity at a diameter of 0,01 um, however
no pores with a higher diameter. The sample "PbO" 0, with no added lead oxide,
does show pores with a diameter of over 10 ym. In the nitrate samples, the pore
sizes do slightly vary. In sample "PbNO" 3 a high volume is intruded at a pore
diameter of 0,04 pum, sample "PbNO" 2 however shows pores at 8 yum and 12 pm.

To compare the intruded volume of the foamed and not foamed samples, a different

representation is chosen (figures 6.33 and 6.34).
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Figure 6.33: Representation of the cu-  Figure 6.34: Representation of cumula-
mulative intruded volume tive intruded volume of
of sample "PbO" 5 sample "PbNQO" 4

Comparing these two graphs, it becomes clear that the oxide addition leads to a
higher cumulative intruded volume, than the nitrate addition. As the preparation
of the samples varies slightly, there are differences between the reference sample
"PbO" 0 and "PbNO" 0. "PbNO" 0 shows an increase cumulative volume at a pore
size of smaller than 0,01 pum.

The cumulative intruded volume increases with the addition of Al-powder. Sam-
ples with 0,2% added aluminum powder show a higher porosity than the samples
with 0,1 % added Al-powder. Interestingly, the samples with lead oxide addition
show a different pore size dependency. Mostly pores with a diameter of 10 um
were detected. In the samples with added lead nitrate smaller pore sizes (3 um and

0,1 um) are noticed. This leads to a higher totally intruded volume of the foamed
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lead oxide samples, (about 0,55 cm?/g compared to 0,35 cm?/g).
The resulting MIP measurements of the zinc nitrates are depicted in the following

figures.
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Figure 6.35: Representation of the cu-
mulative intruded volume

of sample "ZnO" 5

Figure 6.36: Representation of the cu-
mulative intruded volume
of sample "ZnNQO" 5
Again, the cumulative intruded volume of the nitrate samples is significantly lower
than the cumulative intruded volume of the zinc oxide samples. In these samples,
however, the oxides show a different pore volume dependency. More pores with a

smaller volume are created with the addition of Al-powder.

6.2.5 Leaching tests: Loss of weight

The geopolymers were leached in bidestilled water, sulfuric acid (10%, 1mol/l)
and hydrochloric acid (3mol/1). Sulfuric acid and water were chosen because of
environmental studies suggest, these conditions simulate environmental procedures.
Hydrochloric acid was chosen because of it’s ability to dissolve the amorphous matrix
in geopolymers. The geopolymers were immersed in the leaching solution in a mass
ratio of 1/100 and kept in the closed containers for 28 days. After this time, the
solid rest of the geopolymers was filtered through a vacuum flask and then dried at
50°C for 24 hours. The filter was weighed and the mass loss calculated.

The resulting mass percentages are presented in the following tables.
In water In water all zinc oxide samples, foamed and not foamed, show a percent-
age of 15 % weight loss. Zinc nitrates show a slightly higher weight loss of 12 — 18 %
increasing with increasing Zn(NO,) addition. This behavior is the same for foamed
and not foamed samples.

Lead oxide addition results in a weight loss of 15 %, too. However, in the samples
foamed with Al 0,2 a loss of only 9% is measured. The nitrates show a slightly lower

percentage of 12% loss for all samples.
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Sample H,S0, HCI| Al0l H,S0, HCI| Al02 H,S0, HCI

"ZnO" 0  44.6  40.0 | "ZnO" 0 33.3 64.3 | "ZnO" 0 423 61.2
"ZnO"1 375 409 | "ZnO"1 477 751 | "ZnO"1 50.7  57.0
"ZnO" 2 38.0 41.8 | "ZnO" 2 48.0 56.7 | "ZnO" 2 457 775
"ZnO" 3 351 421 | "ZnO" 3 61.5 57.0 | "ZnO" 3 65.1 60.3
"ZnO" 4 372 409 | "ZnO" 4 51.6 57.8 | "ZnO" 4 439 60.0
"ZnO"5 346 444 | "ZnO"5  46.0 62.8 | "ZnO" 5 482 58.0

Table 6.3: Weight loss of zinc oxides; [w in %]

In sulfuric and hydrochloric acid In table 6.3 all percentages of the weight loss
are given for zinc oxides. Looking at the first three columns the data for the main
"ZnO" samples is given. It is apparent that the overall weight loss using HCI as
leaching solution is higher than when sulfuric acid is used. However, both acids show
higher results than water. In sulfuric acid a decreasing tendency of the weight loss
is correlated with a higher concentration of added ZnO. In HCI a slight tendency of
an increased weight loss with an increase of ZnO concentration is apparent. Looking
at the foamed samples, the weight loss is significantly higher than in the not foamed
samples. Again, here an increase of weight loss from ZnO 0 — ZnO 3 in sulfuric acid
is observed for both amounts of added alumina. In HCI the highest weight loss of
all samples (ZnO 2 Al 0,2) with 77,5% is detected. Otherwise the weight loss in

HCl is again higher than in sulfuric acid.

Sample H,SO, HCl| Al01 H,S0, HClI| Al02 H,80, HCI

"PbO" 0 481 44.1 | "PbO" 0 53.8 454 | "PbO" 0 475 39.0
"PbO" 1 423 433 | "PbO"1 604 455 | "PbO" 1 480 435
"PbO" 2 40.2 44.0 | "PbO" 2 39.7 456 | "PbO" 2 30.5 404
"PbO" 3  44.8 43.7 | "PbO"3 54.0 43.0| "PbO" 3 482 41.2
"PbO" 4 422 435 | "PbO" 4 417 394 | "PbO" 4 40.6 404
"PbO" 5 423 470 | "PbO" 5 39.9 44.0| "PbO" 5  40.7 42.7

Table 6.4: Weight loss of lead oxides; [w in %]

Looking at the lead oxide samples (table 6.4), a similar pattern can be observed,
however most weight losses fall in between 40 — 50 % which is lower than in the
zinc oxide samples. For the not foamed samples no increase or decrease of weight
loss tendency can be observed depending on the PbO amount added. Only the
reference sample ("PbO" 0) shows a slightly higher weight loss than the samples
with added PbO. In the foamed samples, a similar observation can be made. Only
sample "PbO" 1 Al0,1 shows a higher value than the rest of the samples.

For samples with added nitrate salts, no foamed samples were investigated. Inter-

estingly, lead nitrate in sulfuric acid shows a negative weight loss and therefore an
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Sample  H,S0, HCl| Sample H,S0, HCI

"PbNO" 0 -17.2 40.8 | "ZnNO" 0  -0.7  39.5
"PbNO" 1 -15.5 41.5|"ZnNO"1 -15.1 454
"PbNO" 2 -12.8 42.0 | "ZnNO" 2  -4.9  47.3
"PbNO" 3 -17.0 43.0 | "ZnNO" 3 0.1  45.7
"PbNO"4 23 418 | "ZnNO"4 10.6 454
"PbNO" 5  -0.5 43,5 | "ZnNO" 5 171 438

Table 6.5: Weight loss of metal nitrates

increase in weight which means an increase in solid material. Only sample "PbNO"
4 shows a small weight loss and sample "PbNO" 5 a very small increase in weight.
In HCI a weight loss of between 41% and 43 % is observed. Zinc nitrate in HCI1
shows higher amounts of weight loss, with the highest value of 47 % in the sample
"ZnNO" 2. In the samples with a higher concentration of Zn(NO,), the weight loss
decreases again. Some samples of zinc nitrate ("ZnNO" 0 — "ZnNO" 2) in sulfuric
acid show an increase in weight, like the lead samples. "ZnNO" 4 and "ZnNO" 5

however, do show a weight loss.

6.2.6 Leaching test: ICP-OES analysis

The filtrates of the different samples were analyzed by ICP-OES spectroscopy. De-
pending on the added salt, either zinc -or lead ions were focused on. The solutions

were diluted to minimize the effects of the different matrices.

Samples in water

First of all, the samples which were eluted in water, showed no outward signs of
change during the 28 days. The results from the analysis of the eluates confirm the
suspected behavior. The leaching in water does not have any significant impact of the
geopolymers. The element concentrations of the added ions were so minimal that our

method using our [CP-OES analysis was not within the range of the concentrations.

Samples in H,SO,

The samples leached in sulfuric acid showed an interesting behavior. The solid
samples were partly dissolved and the before colorless leaching solution turned into
a bright yellow solution. Moreover, in the samples with added lead ions, a formation
of a fluffy white, slightly crystalline phase was observed. The solid geopolymers
turned into a colorless gel during the process. During filtration and drying of the

filter cake, a gray powder was produced. The filtrates were diluted and analyzed by
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ICP-OES. The resulting concentrations can be seen in the following figures.

Samples with lead addition In figure 6.37 a comparison of the foamed and not
foamed samples of lead oxides can be seen, in the next figure (figure 6.38) a compar-

ison of the not foamed samples of the lead oxides and lead nitrates can is shown.
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Figure 6.37: Comparison of leaching concentrations in lead samples of foamed and not
foamed samples in both leaching solutions (H,SO, and HCI)

It was observed that the foamed samples show the same leaching behavior as the
not foamed samples. Moreover, the behavior of lead samples in H,SO, is completely
different than the behavior of the same samples in HCI. In sulfuric acid all samples
showed a saturation from the first minimal added amount on. It was only possi-
ble to detect a leaching concentration of about 2,0mg/l. The samples "PbO" 4
and "PbO" 5 foamed with Al 0,2 showed a slightly higher concentration of almost
3,0mg/L.

Samples which were leached in hydrochloric acid showed always higher amounts
of leached lead ions. An almost linear correlation between the added amount of lead
ions and the leached concentration can be determined.

A comparison between the oxide samples and the nitrate samples shows a slightly
higher leaching amount of lead ions in the nitrate samples, at least in HCI as leach-

ing solution. However, in both experimental setups, the correlation is still almost
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Figure 6.38: Comparison of of leaching concentrations "PbO" and "PbNQO" samples

linear, resulting in maxima of 346 mg/l and 315mg/1 respectively. Using sulfuric
acid, no huge differences in the leaching amounts were measured. A slightly higher
amount in the oxide samples of "Pb" 1 and "Pb" 2 was observed. Calculating the
actual percentage amounts of the lead ions in the geopolymer, it can be seen that
in HCI about 100 % of the possible amount are leached. A complete overview of the

percentage amounts is given in table 6.6.

Geopolymer "PbNO" in HCl "PbNO" in H,SO, "PbO"in HCl "PbO" in H,50,

"Pb" 0 0 0 0 0
"Pb" 1 114 24 100 3.1
"Pb" 2 109 1.6 99 1.9
"Pb" 3 120 1.1 98 1.2
"Pb" 4 118 0.8 90 0.9
"Pb" 5 107 0.7 98 0.7

Table 6.6: Weight percentage amounts of leached lead ions; [w in %]

A comparison of zinc nitrate and zinc oxide samples in HCl and H,SO, is shown
in the following figure 6.39.

All samples show a linear dependency of leached ions to the added amount of
zinc nitrate or zinc oxide. However, the leached concentrations of the nitrates are

considerably lower than the concentrations of the oxides, about 200 mg/1 for oxide

65




6 Addition of PbO, Pb(NQ,),, ZnO and Zn(NO,),

e ZnNO in HCI
v ZnNO in H,SO,
300 - ZnO in HCI
v—ZnOin H,S0O,
250
35, 200 |
£
C v
2 150 1
g v
=
8 100 4
g . 4
O ,./-“.—" —— —__.
50 . . ' ‘
e
0 o’
T : | | | |
Zno0 Zn1 Zn2 Zn3 S —

Geopolymer Mix

Figure 6.39: Comparison of leaching concentrations of "ZnO" and "ZnNO" samples

samples and 50mg/1 for nitrate samples. The amount of leached zinc in weight

percentage is shown in table 6.7.

Geopolymer "ZnNO" in HCl "ZnNO" in H,SO, ZnO in HCl ZnO in H,SO,

"Zn" 0 0 0 0 0

"Zn" 1 42.1 31.7 86.7 66.9
"Zn" 2 40.3 30.8 84.2 66.4
"Zn" 3 37.3 29.8 84.5 67.0
"Zn" 4 42.3 32.2 78.0 61.3
"Zn" 5 39.6 30.7 81.8 63.7

Table 6.7: Weight percentage amounts of leached zinc ions

The amounts of zinc nitrates are lower than the amounts of zinc oxides. In HCI
for zinc nitrates about 40 %, for zinc oxide 83 %, in sulfuric acid 31% and 65 %

respectively.
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6.3 Discussion

6.3.1 Structural analysis
Lead addition

In our diffractograms of lead doted geopolymers no phase corresponding to Pb;SiO;
was observed. However, in the samples with 5% addition of lead oxide, a signal
at ~ 3320 was found which was set as Pb;O,. In the samples with lead nitrate
addition, no signals correlating to lead were found, however sodium nitrate signals
were determined. This would suggest an inclusion of the lead in the amorphous
phase as it was suggested a couple of times in literature.?® Moreover, apparently not
all lead oxide was dissolved during the reaction but some seemed to be physically
bound in the matrix and could be detected as lead oxide. In the element mappings
of "PbO" samples, a homogeneous distribution of lead was found throughout the
matrix, however in the samples with lead nitrate addition, some spots with a higher
concentration of lead were found. Apparently, when lead is fused into the matrix,
it builds up clusters which cannot be detected using XRD technique. Interestingly,
no changes in the IR spectra of lead oxides could be determined.

In the samples of lead nitrate however, the lead seems to have a profound influ-
ence. A strong signal of sodium nitrate at 1380 cm~! was detected underlining the
findings during XRD measurements. The decreasing intensity of the Si-O-T signal at
1000 em™! and the shift to higher wavenumbers (1005 ("PbO") to 1015 ("PbNO")
would suggest an increase in the Si/Al ratio and a lesser crystalline phase.?*5* An
increase in the Si/Al ratio correlating to a higher amount of lead ions leads to less alu-
mina in the network which might result in a lesser compressive strength value. This
was also observed in some experiments looking at the compressive strength of lead
doped geopolymers.?*®3 In our measurements of the compressive strength for lead
oxides (see section 9.2.4) a clear increase was observed, for the lead nitrates however,
a decrease in compressive strength was observed. The porosity of the geopolymers
increased slightly when "PbO" was added but remained the same with the addition
of lead nitrate. Foaming agents did increase the porosity but in the samples with
added lead nitrate, the increase was less profound than in the samples of lead oxide.
As lead nitrate is more involved in the geopolymer network it seems that it hinders

the alumina powder to react as strongly as in not doped geopolymers.

Zinc addition

In the samples doped with "ZnO", a steadily increasing signal of ZnO was observed

in the diffractograms of "ZnO" 0 — "ZnO" 5 which supports the idea of an only
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physically bound ZnO particle in the geopolymer. As a ZnO particle was found
in the SEM micrographs, the conclusion can be drawn that ZnO does not dissolve
during the reaction and is simply immobilized in the matrix. No influence of ZnO on
the porosity of the foaming behavior was observed. In the IR spectra, an increase in
the NBO’s vibrations and an increase in the sodium carbonate signal were observed
with a higher concentration of ZnO. It seems that the addition of ZnO hinders the
formation of a continuously homogenous amorphous matrix in the geopolymers by
building physical barriers.

The addition of zinc nitrate into the mixture, did not lead to any signals of ZnO,
however signals of a zinc iron oxide (franklinite) were found in the diffractograms.
As iron is apparent in fly ash in the amount of 5% a reaction to a zinc iron oxide is
possible, however so far not mentioned in literature. The IR spectra show a strong
signal of sodium nitrate at 1380 cm ™! and the asymmetrical stretching vibration of
Si-O-T at 1015 em~!. Otherwise no shift could be detected. The intruded volume in
the zinc nitrate samples is slightly decreasing with the amount of added zinc nitrate.
It can be concluded that zinc nitrate is also distributed in the amorphous matrix,
underlined by SEM micrographs, but does not have such a strong influence onto the

structure as lead doped samples.

6.3.2 Leaching behavior

In acidic environments, the formation of monomers, dimers and trimers is kinetically
favored. Moreover, a gel phase can be observed which most likely consists of silicic
acid which is most stable at a pH 2-3. However, this acid can form colloidal particles
or a gel. Different other reactions can take place if geopolymers are immersed in

acids.

e Formation of silicic acid gel (SIOH groups form siloxane bonds)!?

e Replacement of cations (Na™, K") by H'?°

e Attack of alumosilicate framework?*

The third possibility would lead to a mass loss of the geopolymers, which is
observed in our research. The not foamed samples which were subjected to HCI
treatment showed a mass loss of about 40%. In the foamed samples, however an
increasing weight loss with an increasing cumulative volume from MIP is observed.
The addition of 0,2 % Al-powder leads to the highest observed values in weight loss,
while it also shows the highest intruded volume in MIP measurements. Zinc oxide

samples show a higher weight loss than lead oxide samples, where the percentage
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stays at 40 %. This leads to the conclusion that the matrix is stabilized with the addi-
tion of lead oxide samples even if the surface which can be attacked (due to increased
porosity through foaming agents) is higher. Almost 80 % are dissolved in the sample
"ZnO" 0 Al0,2 which shows that only 20 % crystalline material and fly ash residue
remain. In other words a turnover rate of almost 80 % during the geopolymerisation
reaction is achieved. According to Fernandez-Jiménez et al.*?, the insoluble residue
after HCI attack consists of unreacted ash (vitreous phase, mullite, and quartz).*?
The residue was also examined using X-ray diffraction which showed mullite and
quartz at exactly the same signals as in leached fly ash (see figure 4.4). Moreover,
the IR spectra of in HCI leached fly ash and in HCI leached geopolymers show the
same Si-O-T band at 1105 cm~!. Furthermore, the topographic images taken by
SEM show only loose fly ash particles in the residues of in HCI leached geopolymers
(see figures 6.8b and 6.10). These results confirm the suspected dissolution of the
amorphous, geopolymeric matrix leaving only unreacted fly ash phases.

Comparing the results of the mass loss in sulfuric acid, it is noticed that the
percentage is lower than in HCl. However, an increase in the samples of added
zinc oxide in the weight loss with increasing porosity is observed. This underlines
the conclusion that the higher surface leads to a better accessibility of the built
matrix. Looking at the samples with added lead oxide a slight decrease in weight
loss from samples foamed with Al 0,1 to Al 0,2 is seen. However, the lead nitrates
show an increase in weight which indicates the formations of a new solid material.
The diffractograms of these samples show the crystalline phase of PbSO, which
is formed by leached lead ions and the sulfate ions from the sulfuric acid. As no
new crystalline phases in the samples of "ZnNO" but a weight loss is detected, a
different mechanism seems to take place. As lead and sodium ions are leached from
the geopolymer, it is possible that the protons of the sulfuric acid fill in for the
cations, thereby stabilizing the matrix. In the SE micrographs of samples leached
in sulfuric acid (see figures 6.8¢ and d) a broken geopolymeric matrix is observed.
The photograph of "PbO" 4 shows a crystalline material on top of the matrix, in
contrast the image of "ZnO" 4 shows no such crystalline (PbSO,) material. In this
sample, a matrix which looks partly intact, partly destroyed is depicted. It can be
concluded that through the leaching the matrix is either partially destroyed or firstly
destroyed and then partly built again using the H" ions.

The analysis of the concentrations of Pb?" and Zn®" ions in the filtrate in the
ICP-OES show first of all, no difference between foamed and not foamed samples.
As in table 6.6 shown, in the case of leaching concentration in HCI already 100 % are
leached. Therefore, it is not possible to get higher results in the leaching concentra-

tion of the foamed samples. In sulfuric acid, only about 2% of the possible amount
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are leached and the same results are gained for the foamed samples. In these cases
however, the leached lead ions form crystalline PbSO,. It may be concluded that at
a concentration of 2mg/1 in the filtrate enough lead is apparent to crystallize.

A comparison of zinc oxide and zinc nitrate shows that zinc oxide is leached in
2 times higher concentrations than zinc nitrate, which is the case in both leaching
solutions. In HCI however, the amounts are significantly higher. As ZnO is not
dissolved during the geopolymerisation reaction and still detectable as ZnO in XRD
and SEM, the high amounts suggest that the ZnO particles are physically bound
to the geopolymer matrix and as the matrix is dissolved, the ZnO particles loose
their connection, dissolve in the acidic media and can be detected in the filtrate.
Interestingly, no difference between the foamed and not foamed samples can be seen,
all three show a leached percentage in HCI1 of 82 %. Zinc nitrate shows no difference
in foamed and not foamed samples as well, but the leached percentage in HCI is only
at 40 %. With regard to this lower amount it can be theorized that the nitrates are
chemically bound and located in the 60 % of the geopolymer which are not affected
by the acidic attack. As no crystalline phase can be seen in the X-ray diffractograms,
a crystallization reaction is not probable. The SEM images of the zinc nitrates show
a complete homogeneous distribution of the zinc ions in the geopolymer. Therefore,
it might be concluded that the zinc nitrates remain in the amorphous matrix an
stabilize this matrix through chemical bonds.

Zinc nitrates in sulfuric acid show an even lower percentage of detected zinc ions
in the filtrate, 31 % not depending on the added amount. As the matrix of the
geopolymer is not completely dissolved as in HCI as leaching solution, the lower
percentage is quite expected.

Looking at the TR spectra of the leached zinc nitrate samples, the appearance of
the resulting bands in HCI look quite the same as in the original sample, only shifted
towards higher frequencies. In the work of Rees® a shift to higher wavenumbers is
connected to an increase in the vibrational force constant.?'** Bakharev?* observed
a similar shift in leached samples and connects it to an increase in the Si/Al ratio
and hence to the dealumination process during leaching.?* He concludes that the
size of the shift is connected to the strength of the acid in attacking the geopolymer
network. In our research the shift of the Si-O-T band is quite similar in both
leaching solutions. Nevertheless, there are significant differences. In sulfuric acid two
signals are detected and the beforehand only as shoulder noticeable asymmetrical
stretching vibration of the Si-O-Si band becomes more clearly. This is the case for
all samples, especially the nitrate samples. The band of the v,, Si-O-Al decreases in
intensity. This underlines the theory of the dealumination in the leaching solutions.

No difference in the shift depending on the amount of added lead nitrate is observed.
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In the samples with added zinc nitrate, the highest intensities are observed for
sample "ZnNO 3", with sample "ZnNO 5" showing almost no sign of destruction
of the geopolymer matrix. In the zinc nitrate samples leached in HCI, the band of
Vgs Si-O-Al disappears almost completely whereas the band of v, Si-O-Si increases.
The spectra of the oxides show only a broad band between 1000 — 1200 em™t. No
transmission signals in this region could be measured. Therefore, it can only be
speculated that the matrix in these cases was destroyed completely, not depending
on the amount of added lead oxide.

In the lead nitrate samples leached in HCI, the stabilization of the matrix with
the addition of lead is even more pronounced. In the samples with a low addition,
a complete destruction of the amorphous matrix is observed in the IR spectra. No

1

broad band is detected, but a sharp signal at 1100 em™". In the samples with

a higher added amount a "normal", broad amorphous band is detected. These
results suggest that the nitrates are chemically bound to the matrix and stabilize

the amorphous phase against the acidic attack.

6.4 Conclusion

From our structural analysis (SEM, IR spectroscopy and XRD) we conclude the

following:

e The addition of lead oxide leads to the formation of Pb,O,.

e Lead -and zinc oxide do not dissolve completely within the reaction but are

still detectable in the geopolymer.
e Sodium nitrate is formed with the addition of metal nitrates.
e Increase in the Si/Al ratio is correlating with increase in lead nitrate addition.

e Metal nitrates hinder the reaction with aluminum powder which results in a

lesser porosity. Lead nitrate hinders the reaction to a greater extent.

e The addition of zinc nitrate leads to the formation of zinc iron oxides which
are detectable in XRD.

Our leaching experiments and the analysis of the residues of the geopolymers

including the weight loss analysis lead us to the following conclusions:

e Geopolymers without foaming agents show a weight loss of 40 % in hydrochloric

acid for both metals in sulfuric -and hydrochloric acid.
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e If the geopolymers, doped with metal oxides, are foamed with aluminum pow-
der a weight loss of 80 % in hydrochloric acid can be achieved. Hence, the

maximal turnover rate in this reaction is 80 %.

e The analyzed residues after leaching show exactly the same XRD and IR sig-

nals as the residue of leached fly ash.

e The geopolymer samples with added lead nitrate and then leached in sulfuric
acid form PbSO, if a concentration higher than 2,0mg/1 is apparent in the

leaching solution

e The concentration of leached zinc is 2 times higher from samples with added
zinc oxide than zinc nitrate. Zinc oxide is only physically imbedded in the

matrix, zinc nitrate however is chemically bound.

e During leaching a dealumination of the geopolymer is detected in both leaching

solutions.

e A stronger Si-O-Si signal is detected in leached samples with added metal

nitrates

e Lead oxide shows a lesser stabilization of the geopolymer matrix than lead

nitrate if the geopolymer is exposed to acidic attack.

Leaching experiments have proven very helpful in understanding the chemical
behavior of geopolymers. In our further research, we will focus on the variation of
the Si/Al ratio and the influences this ratio has on the inclusion of lead and zinc

nitrates in geopolymers.
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7 Variation of the Si/Al ratio and
addition of Pb2T and Zn2™

In this fourth part of the thesis, a varying Si/Al ratio is investigated. In addition of
this variation, lead nitrate salts and zinc nitrate salts are added to the geopolymer
during the synthesis. Focus will be laid onto the structural differences of the geopoly-
mers with and without addition of metal nitrates. Moreover, the acidic resistance of
the samples will be measured using the described static leaching tests. Differences
of the stability of the matrix can be assumed, depending on the Si/Al ratio and the

added metal nitrate salt.

7.1 Materials and Methods

Geopolymer synthesis

Geopolymers were synthesized with a varying Si/Al ratio but a steady 1/s ratio of
0.5 and a Si/Na ratio of 0.6. As dry component fly ash and SIKALON were used,
activating solution and water were added as liquid components to the mixture. The

composition of the samples can be seen in table 7.1.

Activating Solution

The activating solutions were prepared using 39T and a specific amount of NaOH

pellets which were dissolved in the sodium silicate solution (see table 7.2). The

Sample Si/Al ratio SIKALON |w in %| fly ash |w in %] H,O |w in %]

F10 2.0 16 100 4
F'15 2.2 18 100 9
20 2.4 25 100 12
F'25 2.6 33 100 18
F30 2.8 43 100 22
F35 3.0 o4 100 28

Table 7.1: Composition of geopolymers, the amount of fly ash is set as 100 %;
AL:activating solution
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Sample F10 F15 F20 F25 F30 F35

NaOH [w in %] 25 20 15 10 5 0
Table 7.2: NaOH added to 39 T

Sample Si/Al ratio SIKALON [win %] H,O [win %] MNO,, [w in %]

F10 "MNO" 2.0 16 1 9
F15 "MNO" 2.2 18 1 9
E20 "MNO" 2.4 25 5 9
F25 "MNO" 2.6 33 11 9
F30 "MNO" 2.8 43 15 9
F35 "MNO" 3.0 54 22 9

Table 7.3: Composition of geopolymers with added metal nitrates, the amount of fly ash
is set as 100 %; AL:activating solution, M: Pb or Zn

activating solutions were stirred for 24h. SIKALON was added directly to the

geopolymer mix as a dry component.

Geopolymers with metal nitrates

The synthesis of the geopolymer with the addition of metal nitrate salts was slightly
different. The same Si/Al ratios were used and the 1/s ratio was set to 0.51 due
to preparation problems. 250g of metals nitrate powder were dissolved in 300 ml
water. These solutions were added to the mixture. The composition of the activating
solutions did not change but the amount of added water was adjusted. A water free
lead nitrate was used, however Zn(NO,),x6 H,O was used as zinc nitrate. The exact

compositions can be seen in table 7.3.

7.2 Results and Discussion

7.2.1 Structural analysis

Geopolymer samples were analyzed using XRD, IR and SEM after the setting time

was completed.

X-ray diffraction

The original samples were analyzed using X-ray diffraction spectroscopy as a qual-
itative and a quantitative method. Therefore, different procedures were used, as
explained in the introduction. Rietveld quantification was used to determine quan-

titatively the amorphous phase.
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The not leached samples showed the phases mullite and quartz as main phases,

as was expected. Moreover, in some samples, starting with F25 (Si/Al ratio = 2.1)
more crystalline components were found. The diffractograms of samples F25 — F35

are shown in the following figure (see figure 7.1).
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Figure 7.1: XRD of samples F25, F30 and F35; M: mullite, Q: quartz, S: aluminum
silicate (Al,SiOg) K: potassium magnesium silicate (K,(MgSisO,,)), CaSi:
calcium silicate

The mullite and quartz signals are also apparent in fly ash as raw material. These
crystalline phases do not take part in the geopolymer reaction and are still present
in the geopolymers. In samples starting with F25 other phase were found, namely
aluminum silicate, potassium magnesium silicate and calcium silicate. These phases
start appearing when the n(Si)/n(Al) ratio is higher than 2.6. The signal of the
CaSi phase enhances in higher ratios with the formation of a second, less intense
signal (peak at 32.85°20). It seems, these phases are connected with the geopolymer
reaction and are build as crystalline components. This would also explain why the
highest amorphous amount was observed for F20 with 95%. The lowest value was
found for F35 (89 %).
were in between 89 % and 93 % and for samples with addition of lead nitrate between
92 % and 94 %.

concluded from these values. The lesser values for samples with added nitrate salts

With the addition of zinc nitrate, the amorphous amounts
However, these changes are so small that there cannot be a trend

are simply due to the formation of NaNO;. Only sample F35 shows a "significant"
increase of 5% (4 %) in the amorphous phase if lead nitrate (resp. zinc nitrate) is
added. Therefore, it seems in this case the addition of nitrate salts leads to a slight
increase of the amorphous phase.

Figure 7.2 shows a comparison of F25, F25 "PbNO" and F25 "ZnNO".

the influences of the added nitrates are shown. It can be seen that the mullite and

Hereby,
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Figure 7.2: XRD of F25, F25 "PbNO" and F25 "ZnNO"; M: mullite, Q: quartz, S:

aluminum silicate (Al,SiOg), CaSi: calcium silicate, NaNO;: sodium nitrate

the quartz phase do not change. The aluminum silicate phase, however, disappears
in samples with added lead nitrate. With the added amount of nitrates, sodium
nitrate is also found as crystalline component. This suggests, that the building
of the aluminum silicate and the phase, which takes place during the geopolymer
reaction, is disturbed by the presence of the lead ions. As lead and zinc influence the
geopolymer matrix and the reaction in different ways, it is our suggestion that the
inclusion of lead into the amorphous matrix influences the Si/Al ratio and therefore

hinders the formation of the aluminum silicate phase.

IR Spectroscopy

First of all, samples F10 — F35 are depicted in the following figure 7.3. In the right
figure (figure 7.3b)) a comparison of F10 — '35 with the addition of Pb(NO;), can
be seen.

Both figures show only the range between 1800 cm ™! and 250 ¢m ™. Other signals
detected in the IR spectra, at 3250 em™! and 2350 cm™! are due to -OH and CO,
vibrations.?*2 The here observed signals can be matched to stretching bending
vibrations of Si-O-Si and Si-O-Al according to table 2.2.

Not connected to the Si-O-T vibrations is the signal 1620 em™ (6 — OH), at
1380 em ™! which is due to NOj; stretching vibrations and the bands at 1450 cm ™!
and 1410 em™! which come from Na,CO, and NaHCOj; respectively forming on the
surface of the geopolymer.®!

The nitrate band is only apparent in samples with the addition of zinc or lead
nitrate. In these samples, however the carbonate band decreases. A comparison
of the samples F25, F25 "ZnNO" and F25 "PbNO" is shown in figure 7.3c. The
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observed shifts of the asymmetric stretching vibrations of Si-O-T are shown in figure
7.3d.

It is to keep in mind that a shift to a higher wavenumber of the asymmetric
stretching band of Si-O-T is connected to a dealumination process in the sample. A
shift towards lower wavenumbers is therefore a sign for the inclusion of alumina into
the lattice. This behavior can be explained by a higher force constant which is the
case in Si-O bindings rather than in Al-O bindings. A higher force constant always

implies higher wavenumber and thus a lower wavelength.?%>*
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Figure 7.3: IR spectra of F10-F25; a) Samples F10-F35, b) With addition of Pb(NO,),,
c) F25, F25 "PbNO" and F25 "ZnNO", d) Shift of asymmetric stretching
vibration of Si-O-T

A comparison of sample F25 shows that with the addition of the nitrates no specific
new bands, which connect to the geopolymer structure, are created. However, the
appearance of the band at 1100 cm ™! changes slightly in the means that the signal of
Vas Si-O-Si increases slightly. At the same time, the shoulder at 880 ¢m ™! becomes
less sharp. This may lead to the conclusion that the presence of the lead -and zinc
nitrate changes the structural behavior depending on the Si/Al ratio. It increases
the Si-O-Si bonds which would suggest a decrease in the non-bridging-oxygens.

The shift of the asymmetrical stretching vibration of Si-O-Al is also strongly de-
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pendent on the Si/Al ratio. In the samples without addition of metal nitrates, a
shift from sample F10 to sample F15 from 1028 em ™! to 1035 em ™! is observed. Af-
terward, the samples show a decreasing wavenumber down to 1031 ¢m~! for sample
F35. This behavior suggests firstly a lesser inclusion of aluminum ions into the ma-
trix (Si/Al = 2.0 to 2.2), followed by a slight increase of inclusion. However, it can
be said that sample F10 with a Si/Al ratio of 2.0 shows the highest amount of alu-
mina in the geopolymer matrix. Furthermore, sample F10 shows the smoothest line
in the IR spectra with increase in sharpness with an increasing Si/Al ratio. These
findings correlate well with the observed trends in the XRD diffractograms, showing
an increase in crystalline phases from sample F25 to sample F35. Furthermore, in
the spectra of sample F35 a second small signal at 1111 cm ™! is observed, signaling
the formation of more Si-O-Si bonds.

For samples F10 and F35 only a shift of two, respectively 1 em ™! is observed with
the addition of metal nitrates. A shift in this ratio might be due to the experimental
error in IR spectroscopy. However, for zinc nitrate, it fits well into the observed
behavior of the following ratios, in which an increase in wavenumber up to 1047 cm ™1
for sample F25 is observed. In these ratios of 2.0, 2.2 and 2.4 it seems zinc nitrate
facilitates the formation of Si-O bonds. In samples with a higher ratio, F25 — F35
it apparently facilitates the formation of Al-O bonds as the wavelength of the peak
shifts to frequencies below the reference sample. For zinc nitrate addition a minimum
in frequency is achieved in sample F30 with a value of 1026 cm .

Only in sample F20 lead nitrate facilitates the formation of Si-O bonds as in this
sample the only shift to higher frequencies (up to 1043 em™!) is observed. In all
other samples, lead nitrate promotes the formation of Si-O-Al bonds. The minimum
frequency of 1024 em™! observed for sample F25 with a Si/Al ratio of 2.6.

We can conclude, that in samples with a high Si/Al ratio (2.6, 2.8 and 3.0)
the addition of metal nitrates leads to a better inclusion of aluminum into the
geopolymer matrix. This behavior is observed to a greater extent in samples doped
with zinc nitrate. Moreover, it can be said that the built structure in sample F20 is

strongly influenced by the presence of metal nitrates.

Scanning Electron Microscopy

Samples were analyzed using SEM technology. To get an impression as to how the
Si/Al ratio influences the topography of the geopolymer all samples in a resolution
of 2000x are shown in the following figure 7.4.

These are exemplary photographs of the samples, however the topography of these
samples was very homogenous. Between the samples a change in the topography is

visible. In all samples, the not reacted fly ash particle spheres are visible. In figure
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Figure 7.4: SEM images of samples F10-F35, Magnification of 2 kx

7.4a, the sample with the lowest Si/Al ratio, small dots on top of the matrix are
visible. These dots increase in size in samples F15 and F20. In sample F25 (figure
7.4d) it looks like these dots form a connected coating, which is also apparent in
figure 7.4e. In the SE micrograph of sample F35, however, the coating seems to have
broken down and instead bone formed crystals are observed.

Looking at the element mappings taken of samples with the addition of Zn(NOj),

79




7 Variation of the Si/Al ratio and addition of Pb*" and Zn®*

and Pb(NO;),, a similar pattern to previous research is detected. Both metal ni-
trates show a homogenous distribution throughout the matrix. No metal signals

however, can be detected from the residues of the fly ash spheres. In figures 7.5 and

7.6 the taken images of samples F15 and F30 are shown.

f e

Signal A

Figure 7.5: F15 "PbNO", red shows

lead included and dis- zinc distributed throughout
tributed throughout the the matrix
matrix

7.2.2 Leaching tests

Leaching tests were conducted using the static leaching method. Thereby, the sam-
ple is left in the leaching solution (HCL and H,SO,) for a specific time (28 days) and
is then analyzed. In our case, leaching solution and sample were filtered and then
the residue was dried and prepared for analysis (XRD, IR and SEM). The filtrate
was examined using ICP-OES.

ICP-OES

For ICP-OES analysis, the filtrates were diluted and HNO; was added, thus mini-
mizing the effects of the different leaching solutions. The percentage of the leached
metals (Pb?" or Zn*") was determined and is shown in figure 7.7.

Samples with added lead nitrate show the highest leaching percentages in hy-
drochloric acid. A maximum of almost 120 % was calculated, however slight mis-
takes in preparation and measurement can explain this too high ratio. Samples F15,
F20, F30 and F35 show a complete leaching of the added lead ions. Sample F25
shows only a percentage of 66 % and sample F10 only 7%. As previous research
showed, HCI has the ability to destroy the amorphous matrix in geopolymers?43742,
However, in contrast to previous experiments, no silica gel was found to precipitate
during leaching time. The samples in HCI stayed outwardly intact. Sample F10
with a Si/Al ratio of 2.0 and, as we have shown previously, the highest amount of
bound alumina seemed to be most stable against the acidic attack. Also, sample

F25 which shows a minimum in the Si-O-T asymmetric stretching vibration and
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Figure 7.7: Comparison of resulting leached weight percentages of F10-F35 using ICP-
OES

therefore, a high amount of bound alumina if the sample is doped with lead nitrate,
shows a high stability.

Looking at the amounts of zinc leached in HCl, an even lower percentage was
calculated. A maximum leaching amount of 80% was found. Almost the same
behavior is observed in the sulfuric acid environment. Hereby, a maximum of 75 %
for sample F35 was found. Only sample F30 shows a lower leaching value of 59 %
which is out of line. Sample F10, however shows again the by far lowest value of
about 11 %. Furthermore, zinc is bound more strongly than lead in the geopolymer
matrix.

Lead nitrate samples leached in sulfuric acid did not show any measurable concen-
tration of lead in the ICP-OES analysis. However, this is due to the formation of
lead sulfate leading to a maximum concentration of lead in the filtrate of 2,0 mg/1,
which was proven in previous experiments.

In this study, we also examined the leaching behavior of other elements, namely:
Ca?", K, Fe?" and Mg®". These elements are already apparent in the fly ash
component of the geopolymer. The resulting weight percentages can be seen in
figures 7.8 and 7.9.
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In both leaching solutions calcium shows the highest leached values which are
about 14 %. In sample F10 the lowest values are calculated. This was already the
case in the observed lead and zinc values. It leads to the conclusion that geopolymers
with a Si/Al ratio of 2.0 are the most stable against acidic attack. If we accept that
HCI dissolves the amorphous matrix to a high or complete level, we conclude that
about 85 % of the remaining examined elements are located in the remaining fly ash
particles or the surrounding, not dissolving material. For calcium and iron, some
phases with a higher level could be determined by SEM. These phases seem to be
stable against the acidic attack.

In samples F25-F35 leached in hydrochloric acid, the values of all analyzed ele-
ments sinks continuously, after reaching a maximum at F15. This behavior is not
dependent on the element but rather highly influenced by the Si/Al ratio. In sam-
ples leached in sulfuric acid, the level stays constant from samples F20 — F35. Again,
the highest values are detected for F15.

From the leaching experiments we can conclude that sample F10 with a Si/Al ratio
of 2.0 is the most stable against hydrochloric attack, not depending on the doping
with lead or zinc nitrate. Furthermore, we can see a correlation of the amount of
aluminum bound in the geopolymer matrix to the acidic resistance. The reference
sample show a decreasing leached amount of ions Ca®", K, Fe?" and Mg®" with

an increase in aluminum, as concluded by IR spectroscopy.

Structural Analysis of residues after leaching

SEM was used to get an impression as to how the geopolymer samples changed
during leaching.

Figure 7.10a shows a mostly intact matrix of sample F10, although the sample
was leached in HCI for 28 d. Sample F35 in HCI shows a not completely unchanged
matrix, compared to the not leached sample, however the matrix is not completely

destroyed. Looking at figures 7.10c and 7.10d one can see that the addition of
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Figure 7.10: SEM images of leached samples F10, F35 and F20; a) F10 in HCI, b) F35
in HCI, ¢) F20 "ZnNO" in H,50,, d) F20 "PbNO" in HCl

the metals influences the behavior in the leaching solution. Especially the addition
of lead forms a geopolymer in which only the residues of the not reacted fly ash
particles are detectable. No matrix, as described beforehand is still visible. The
sample with zinc nitrate addition leached in sulfuric acid, shows a partly destroyed
matrix. However, the coating as in the original sample is still apparent.

IR spectra were used to confirm the structural changes in the leached residues.
In figures 7.11 and 7.12 comparisons of the spectra of samples F10 and F20 are
displayed. Only the part between 1800 cm ™' and 200 cm ™! is shown, the band
from the sodium carbonate and sodiumhydrogencarbonate, beforehand observed,

disappear during the leaching of the geopolymer samples.
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leaching solutions and with leaching solutions and with
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A comparison of sample F10 with and without the addition of metal nitrates
shows a shift in the main stretching vibration from 1000 cm~'to 1100 cm ™ 'as was
detected in previous research. No difference in the shift between each individual
leaching solution is detected. However, in all leached samples the signal of v, Si-
O-Si is more enhanced than before. Not one single broad band is observed, but
a combination of two bands. For samples leached in HCI the signal of Si-O-Si
(1180 ¢cm™!) becomes stronger pronounced than the beforehand dominating band
of Si-O-Al (1105 em™!). This proves the dealumination and destruction process of
the amorphous geopolymer matrix through the acidic attack. Bakharev?* observed
a similar behavior, however in his research the Si-O-Si signal did not show such a
strong enhancement. The Si-O and Al-O stretching vibration at 880 cm ™! (labeled
NBO in figure 7.13) show an increase in strength and a shift to higher wavenumbers.
The vy Si-O-T vibrations also show an increase in strength in the leached samples,
especially if hydrochloric acid is used as eluate.

In figure 7.13 a comparison of samples F10 — F35 leached in sulfuric acid is dis-
played. Hereby, the influence of the Si/Al ratio is detectable, as the signals at
1180 em ™t and 1090 em ™! corresponding to v, Si-O-Si and v, Si-O-T respectively
change in intensity. Moreover, a shift from 1030 em™! to 1090 em ™! is observed.
Sample F20 shows a strong enhancement of the Si-O-Si signal and a decrease in the
Si-O-T signal, so not two peaks are visible in the IR spectra but only one broad band.
This behavior is also apparent in samples F20 "PbNO" and F35 "PbNO" leached
in sulfuric acid and for sample F20 "PbNO" also when leached in hydrochloric acid.
This broad "hump" is the same "hump" that appears when fly ash is leached in
hydrochloric acid (see figure 4.5). In the sample with zinc nitrate addition no such
behavior is observed (see figure 7.12).

The analysis of the residues using XRD revealed that mullite and quartz remained
unchanged during the acidic attack. Figure 7.14 shows a comparison of sample F35

with and without added metal nitrates leached in both leaching solutions.
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Figure 7.13: IR spectra of samples F10 — F35 leached in H,SO,

No remaining crystalline phase of aluminum silicate, potassium magnesium silicate
or of calcium silicate remained in the residue. However, in sample F35 "PbNO"
leached in sulfuric acid, signals of lead sulfate are appearing. This crystalline phase
forms when lead is leached from the geopolymer and confirms our previous research.
Other samples (F10 — F30) show the same signals of mullite and quartz. Moreover,
it was proven that fly ash shows the same residue signals as geopolymers leached in

sulfuric -and hydrochloric acid.

7.3 Conclusion

The increasing Si/Al ratio leads to the formation of new crystalline silicate phases
in the geopolymer, namely aluminum silicate, potassium magnesium silicate and cal-
cium silicate. Moreover, a change in the topography of the geopolymers was noticed.
This underlines the different behavior we have noticed, during preparation. The
highest synthesized value, 3.0 did not harden completely, that is why our suggestion
is that it is possible to produce geopolymers (with acceptable consistency) up to a
Si/Al ratio of 2.6. The most stable ratio in our experiments was sample F10 with

a ratio of 2.0 which also showed the highest amount of aluminum bound into the
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Figure 7.14: XRD diffractograms of F35, F35 "PbNO" and F35 "ZnNO" in different
leaching solutions; M: mullite; Q: quartz, Pb: PbSO,

geopolymer matrix.

To summarize our leaching experiments, we prove that the resistance of geopoly-
mers to acidic attack is strongly dependent on the Si/Al ratio. F10 shows the lowest
leached values, not dependent on the metal ion. F15, F20, F30 and F35 show a lead
leaching percentage of 100 % suggesting a complete destruction of the amorphous
matrix. This conclusion is underlined by the taken SEM images in which the matrix
of samples with lead addition appears completely destroyed. Zinc is leached up to
a percentage of 80 %, not regarding sample F10, not depending on the Si/Al ratio
(F15-F35).

The addition of lead nitrate leads to a less stable matrix against acidic attack.
With the addition of zinc nitrate, we see either a dealumination process for samples
with a relatively low Si/Al ratio, however if the ratio increases, zinc ions facilitate the
formation of aluminum inclusion. Moreover, zinc stabilizes the geopolymer matrix

against acidic attacks.
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8 Summary and Conclusion

In this thesis a thorough investigation of the possible influences of the Na/Al and
the Si/Al ratios in geopolymers was made. Moreover, we showed the influences of
porosity and ratios onto the ability to immobilize the heavy metal ions Pb®" and
Zn?". For this investigation we used a variety of analytical tools, including acidic
resistance tests.

First of all, the used fly ash (Microsit 10) was shown to possess an amorphous
amount of 79 % with an even higher value of reactive silicon and aluminum. Only
3% of silicon and 6.4 % of aluminum are bound in the crystalline phases mullite and
quartz. Moreover, fly ash was leached in hydrochloric and sulfuric acid as well as in
water. Therefore, we were able to compare these results with the leaching results of
our synthesized geopolymers.

In the investigation of the Na/Al ratio in geopolymers, we found that a ratio of
0.6 is the most stable ratio against acidic attack. Furthermore, a high amorphous
amount of 90 % was found for these geopolymers. The addition of metal powders
as foaming agents reduced this amorphous amount to 80 %. Moreover, Zn-powder
showed the highest porosity values, followed by aluminum powder added in a per-
centage of 0.2 %. We used these results as a foundation for our further investigations.
Therefore, all following geopolymer samples showed a Na/Al ratio of 0.6.

Using this ratio as basis for the next experimental setup, lead and zinc ions were
added to the samples. As salts, water insoluble oxides as well as water soluble
nitrates were used. We found that an amount below 3% does not show in any
XRD diffractograms, however when higher amounts are added, traces of Pb;O,
were observed. As expected, ZnO and PbO do not take part in the reaction, but lie
physically embedded in the geopolymer matrix. Leaching tests confirm that ZnO
and PbO are leached at a significantly higher ratio than Pb(NO;), and Zn(NO;),
and are therefore possibly bound chemically into the amorphous matrix. Another
fact supporting this conclusion, is that the addition of zinc nitrates leads to the
formation of small amounts of zinc oxides which are detectable in XRD. Furthermore,
a dealumination process, confirmed by shifts in IR spectra, is correlating with an
increase in lead nitrate addition to the pure geopolymer. Moreover, an addition of
nitrates leads to a lesser reaction with aluminum powder, and therefore to a lesser

porosity. The porosity influences the weight loss to a great extent, proving that a
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higher surface is more exposed to acidic attack, hence the foamed geopolymers are
less stable.

An increasing Si/Al ratio, with a stable sodium ion amount, leads to the forma-
tion of new crystalline phases, aluminum silicate, potassium magnesium silicate and
calcium silicate, in geopolymers which are detectable in XRD. This proves that the
potassium and calcium ions can take part in the reaction and cannot be disregarded
in the reaction process. From our samples, the geopolymer with a Si/Al ratio of
2.0 showed the best stability against acidic attack and the highest aluminum values
bound into the geopolymer matrix. This samples leads only to a leaching percentage
of about 10 % for lead nitrate as well as zinc nitrate.

To summarize, this thesis brings new knowledge to the mechanisms included in
geopolymer synthesis and their behavior when heavy metals are added to the slurry.
It supports the theory that geopolymers can be used as cement substitutes, however
more research, especially more dynamic leaching tests are necessary before environ-
mental consequences can be predicted. Foamed geopolymers can be used as light
weight materials for example, as filling material in brick industry. The inclusion
of zinc ions can lead to a better stability against acidic attack, although further

research is necessary to understand the included mechanisms.
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9.1 Chapter 5: Variation of the Na/Al ratio with
addition of metal powders

9.1.1 IR spectroscopy
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Figure 9.1: FO4-F08 foamed with AlQ,1 Figure 9.2: FO4-F08 foamed with AlQ,2
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Figure 9.3: F04-F08 foamed with Al0,1
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9.1.2 XRD
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Figure 9.5: FO4-F08 foamed with AlQ,1 Figure 9.6: FO4—F08 foamed with AlQ,2

9.2 Chapter 6: Addition of PbO, Pb(NO;),, ZnO
and Zn(NO;),

9.2.1 IR spectroscopy
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Figure 9.7: "PbO" 0-5 leached in H,O Figure 9.8: "PbO" 0-5 leached in HCI
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Figure 9.11: "PbO" 0-5 with 0,1% Al
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Figure 9.13: "PbO" 0-5 with 0,2% Al

Figure 9.15: "ZnO" 0-5 leached in H,O
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9.2.2 XRD
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Figure 9.24: XRD of "PbNQO" 0-5 leached in H,O
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Figure 9.26: XRD of "PbNO" 0-5 leached in H,SO,
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Figure 9.27: XRD of "ZnNO" 0-5 leached in H,O
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Figure 9.29: XRD of "ZnNO" 0-5 leached in H,SO,
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9.2.3
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Figure 9.38: MIP of "ZnNO" 0-5 Figure 9.39: MIP  of "ZnNO" 0-5
foamed with 0,1 % Al
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Figure 9.40: MIP  of "ZnNO" 0-5
foamed with 0,2 % Al
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Added percentage ZnO PbO Zn(NO;), Pb(NO,),
0 6,21 16,3 26,2 28,7
1 23,1 7,75 15,8 14,8
9 2,8 14,2 13,3 11,6
3 247 322 185 14,3
4 14,8 125 13,8 13,5
5) 16,1 38,6 22,2 13,6

Table 9.1: Compressive strength values [N/mm?] of samples "ZnO", "PbO", "ZnNO"

and "PbNO" 0-5

9.2.4 Compressive strength

9.3 Chapter 7: Variation of the Si/Al ratio and
addition of Pb®" and Zn**

9.3.1 IR spectroscopy
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Figure 9.41: IR spectra of F10-F35
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Figure 9.43: IR spectra of F10-F35
"PbNO" leached in H,SO,
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Figure 9.42: IR spectra of F10-F35

Figure 9.44: IR spectra of F10-F35

leached in HCI
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Figure 9.45: IR spectra of F10-F35

Figure 9.46: IR
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9.3.2 XRD
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Figure 9.47: XRD of F10-F35
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Figure 9.48: XRD of F10-F35 "PbNO"
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Figure 9.50: XRD of F10 leached in HC| and H,SO,
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Figure 9.51: XRD of F15 leached in HCl and H,SO,
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Figure 9.52: XRD of F20 leached in HCl and H,SO,
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Figure 9.563: XRD of F25 leached in HCl and H,SO,

Position [*2Theta] (Kupfer (Cu])

Figure 9.54: XRD of F30 leached in HCl and H,SO,
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