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SUMMARY

Cement clinker production is a highly resource and energy intensive process and
contributes substantially to annual global anthropogenic greenhouse gas emissions. One
potential pathway to reduce the environmental footprint of cement-based materials is
through the reduction of clinker content in concrete by partial replacement of cement
with fillers. In this investigation, the partial replacement of cement with chemically inert
nano and microsized fillers of titanium dioxide (TiO,) and limestone was examined. The
effects of nano and micro fillers on early-age properties, long-term properties,
photocatalytic properties (for TiO2-cement mixtures) and life cycle costs were measured
and compared.

Investigation of early-age properties shows that nanoparticles increase rate and
degree of early cement hydration and chemical shrinkage due to heterogeneous
nucleation effect. In contrast, coarser microparticles (>3um in this research) maintain or
marginally decrease the rate and degree of early cement hydration and decrease chemical
shrinkage due to a dilution effect. In addition, temperature sensitivity of hydration
reactions increases in the presence of nanoparticles. Investigation of long-term properties
shows that pore size refinement is possible with the partial replacement of cement with
nanoparticle fillers. But the long-term tests of filler-cement mixes also demonstrate that,
compared to ordinary portland cement mix, the strength decreases and permeability
increases.

Analysis of photocatalytic properties of TiO,-cement mixtures showed a lack of

an appropriate testing procedure for nitrogen oxide (NOx) gas conversion by cement-

XiX



based materials. Thus, a new standardized procedure and photocatalytic efficiency factor
for characterizing photocatalytic NOx binding by cementitious materials is proposed. Life
cycle analysis demonstrates that although inclusion of TiO, increases initial
environmental impact of cementitious materials, the innovative photocatalytic properties
of TiO; could improve sustainability. Life cycle analysis also shows that partial
replacement of cement with limestone decreases environmental impact of cementitious
mixtures due to lower processing “costs” of limestone compared to cement.

Thus, the results from the current research demonstrate that variation of dosage
and particle size of inert fillers can be used to tailor properties and structure of cement-
based materials and that environmental sustainability can be improved by partial
replacement of cement with inert fillers that introduce additional functionalities or fillers

with lower embodied-energy and emissions.

XX



CHAPTER 1
INTRODUCTION

1.1  Background

Cement production is a highly energy intensive process and contributes to the
release of pollutants including carbon dioxide, sulfur oxides, particulates and heavy
metals [1] into the atmosphere due to both the chemical reactions occurring in the kiln
and, in most cases, the burning of fossil fuels for power production. In the United States,
the average energy consumption for a cement plants is estimated to be about 5.2 GJ per
metric ton of cement. Cement production also releases 0.98 tons of equivalent carbon
dioxide per ton of cement clinker produced [2] with the total carbon dioxide (COzyq)
emission by the cement manufacturing industry in 2006 being an estimated 45.8 Tg
COzq [3]. Thus, along with transportation and energy sectors, the construction industry
is identified as one of the major contributors to greenhouse gas (GHG) emissions [4].

Billions
9

8

7 Total world population

i

Developing countries

Developed countries

1900 1950 2000 2050
Figure 1.1. Worldwide population history and future trend [5]
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Figure 1.3. Worldwide cement production trend data from USGS [6]



Concrete is the largest volume-manufactured product on earth, other than
processed water, with current estimates of global concrete production being
approximately around 10 billion m* per year or 13.1 billion cubic yards in 2011 [7].
Globally, concrete production is expected to continue to increase due to massive
infrastructure developments throughout the world and due to the increasing world
population (Figure 1.1). For example 27.9 million m® of concrete was utilized for the
Three-Gorges Dam project, the largest ever usage of concrete for a single project [8].

Cement is only one of the components used in concrete and the amount of cement
in a concrete mixture can vary, typically ranging from 300 to 1000 Ib/cu.yd for ordinary
to high strength concrete [9]. Thus, high CO, emissions from the construction industry
are in part due to the large demand for concrete. As shown in Figure 1.2 the cement
industry is one of the two largest sources of carbon dioxide emissions among the
manufacturing industry in the United States [3]. CO, emissions become more significant
because of the increasing production of cement in the world, as shown in Figure 1.3, with
production in 2012 being estimated at 3.70 gigatons [6]. Life Cycle Analysis (LCA) of
cement manufacture, considering processes from transport of supplies (raw materials,
fuels and electricity) to cement production, indicates that ~95% of the CO, emissions
derives from the clinker production phase (burning of fuels in kiln and decarbonation)
[10]. Thus, if the cement clinker fraction in concrete mixtures could be reduced, there is a
high potential for decreasing CO, emissions into the atmosphere from the construction
industry and hence achieve sustainability. Developments toward cement reduction, while

retaining adequate concrete performance at both early ages and in long-term



performance, can make a tremendous impact, in terms of sustainable development
because of the large — and growing — demand for concrete.

Because of this potential to positively affect sustainable development, it is an
imperative that the construction industry continues to implement methods and techniques
to decrease the total energy use and emissions from concrete construction. In the past, the
cement industry has improved cement manufacturing processes to reduce energy use by
changing from a wet to a dry Kiln, recirculation of heated air for preheating raw materials
as well as improved grinding by the use of grinding aids. But further reductions in energy
use and emissions are required to achieve sustainability. Suggested pathways for
effectively addressing high energy use and CO, emissions in cement and concrete
production include:

1) reduction of energy use and CO; emissions during cement clinker production

2) reduction of cement content used in the concrete industry by the addition of

fillers

3) enhancing strength and thus decreasing quantity of concrete used

4) reduction of cement use by increasing the lifespan of existing and new

structures [11].

In addition, additional positive contributions to sustainability could be achieved
through the introduction of new capabilities or functions to concrete, which positively

impact the environment (e.g., photocatalysis).



As a part of this research, the pathway of decreasing the cement content in
concrete by the partial substitution of cement using nano and microsized* [12] fillers
were studied, and the properties of the resulting materials in the presence of these fillers
were investigated. In this way, it is ensured that progress toward mitigating the
environmental impacts of cement do not compromise performance, including early age
properties, mechanical behavior, and durability.

In combination with portland cement in pastes, mortars, or concretes, fillers may
modify the early age as well as long-term properties of cementitious materials. Reactive
fillers which include all supplementary cementitious materials (SCMs) (e.g., fly ash,
silica fume, slag, metakaolin) react with the cement hydration products in the presence of
lime and water to form supplementary calcium silicate hydrates (C-S-H), increasing the
strength and durability of concrete relative to ordinary concrete [13-15]. The use of
SCMs has been generally well-examined. The effects of inert fillers in cementitious
materials are, in comparison, not nearly as well-explored or understood. (The term
“fillers” will be used to denote finely divided materials which are chemically inert or
practically so in combination with portland cement and water.) To gain fundamental
understanding on the effect of particle size and dosage of fillers on cement-based
materials, in particular, research is needed. Here, the effect of fillers on early and long-

term properties of cement-based materials will be assessed with particular emphasis on

! In the context of this research nanoparticles are defined as any material that has a size in the order of
nanometers (less than 100 nm) and microparticles are defined as any particles with size range larger than a
nanoparticle and in the order of micrometers.



the variations in behavior with particle size, from the nano to microscale, and dosage
rates.

Prior research has showed that fine fillers affect cement hydration [16], particle
packing and permeability of the cementitious systems [17], as further discussed in
Chapter 3. The inclusion of fillers to cement could also induce additional benefits to the
concrete or mortar mix. For example, the addition of titanium dioxide filler to cement can
introduce photocatalytic properties to cementitious materials [18] and addition of
limestone can increase the workability of the cementitious mixture [19].

Titanium dioxide and limestone nano and microparticles used as filler in cement
and concrete mixes are the focus of this research. Nano and microparticles of these fillers
were selected because of the increasing interest in the use of these fillers by the cement

and concrete industry, as explained in the following two sections.

1.2 Fillers in Cement

Research on the effect of filler addition to cement has generally focused on fillers
with particle sizes comparable to cement grains. For example, when limestone powders
(of surface area 0.952 m?/g) were added to cement up to 15% addition rates, the 7-day
strength was 22% and 10% higher than the control mix for 5% and 10% limestone
addition and the 28-day strength decreased only marginally [20]. Other researchers have
noted that the compressive strength increased as the particle size of the filler decreased.
But compared to the reference control mix, the strengths of the cement-filler mix at
different ages were found to be higher or lower based on the percentage addition of filler
as well as the fineness of filler [21]. When fillers with particle size distribution

6



comparable to cement were added, researchers have also observed an increase in the
degree of hydration [22] as well as chemical shrinkage in the first 24 hours of hydration
[23], but the influence of finer inert particles has not been well-examined previously.
For guidance, examination of the use of nano and microscale silica particles in
concrete may be helpful. (Although such materials are not inert and are typically
pozzolans, lessons learned in this area bear some relevance to inert particles, particularly
when considering the relative effects of nano and microparticles.) Use of silica fume in
cement-based materials, with sizes in the tens to hundreds of nanometer, affects particle
packing and size distribution and with time by its pozzolanic reaction further densifies
the microstructure; as a result, the structure and properties of the cement-based material
are altered by the introduction of these particles which are much finer than cement [12,
24]. Even smaller nano-SiO, particles have been shown to enhance strength and
interfacial transition zone properties greater than ordinary silica fume [25], suggesting the
potential benefits in decreasing reactive particle sizes below the upper range of
nanoscale. However, in part because of this accelerated early hydration and also because
of alteration of the pore size distribution in the cementitious system, these reactive
particles have also been found to increase shrinkage. For example, researchers have
observed that the use of nano-SiO; increased 7 day shrinkage by 80% compared to an
equivalent mix with micro-silica [26]. Thus, this examination suggests that nano and
microparticles of the same composition can have different effects on structure and
behavior in cement-based systems because as the particle size decreases from micro to

nanoscale the surface area increases considerably.



121 Nanoparticles and TiO;, in Cement

While titanium dioxide (TiO) is usually present in cement clinker in trace
quantities as an impurity from the raw materials used for cement manufacturing, more
recently titania is introduced intentionally to ground clinker to impart new functionality
through surface-initiated photocatalysis. This results from the discovery of the
photocatalytic properties of certain forms of TiO; by Fujishima and Honda [27] which
has increased the potential application of TiO, in cementitious systems [28]. The chain of
photochemical surface reactions induced by irradiation of TiO, with UV light (hv), in the
presence of water and oxygen is summarized in Equation 1.1 (adapted from Banerjee et
al., 2006 [29]). The reactive oxygen species (i.e., 02", H,0,) and hydroxyl radicals ("OH)

are strong oxidizing agents and cause various photocatalytic reactions (Equation 1.1).
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The introduction of nanocrystalline titanium dioxide, particularly in the anatase
form, can convert ordinary construction materials, including concrete, to a
photochemically active surface. The photocatalytic activity of TiO, in construction

materials and coatings are being used for smog abatement, biocidal properties super-



hydrophobic/philic and self-cleaning ability [30-34] (Figure 1.4). The initial applications
of TiO, in civil engineering materials were for self-cleaning ability using which outer
walls and facades could be maintained stain free [28]. The application of TiO, for
decreasing NOx (NO+NO,) [35, 36] and volatile organic compounds (VOC’s) has a
gained a greater attention of the civil engineering community because of potential
benefits with decreasing pollution. Several research projects [31, 37, 38] as well as pilot
field application projects [39, 40] were undertaken to further understand the potential
applications and effect of various factor on photocatalytic properties.

Research has shown that photocatalytic activity is superior in nanoscale TiO, due
to the high surface area of the nanosized crystals [18, 41] and thus more nanosized TiO,
is being used for its photocatalytic properties. This relatively new technology and particle
additions are being implemented in various construction materials including ceramic tiles
and glass panels (TOTO Hydrotect), aluminum panels (Alcoa’s Reynobond® with
EcoClean™), stucco tiles (Solar Stucco™, Amcot Stucco™), concrete paving stones [42]
and coatings for stone, cement and concrete (StoCoat Lotusan®), and also special cements
with TiO, additions (TX Active® by Essroc, Italcementi Group). In this research the
effects of bulk additions of TiO, nanoparticles, at varying dosage rates, to cement paste

on the properties of the cement-based material is investigated.

el
R

Figure 1.4. Schematic of photocatalytic reaction in the presence of TiO,




1.2.2 Microparticles and Limestone in Cement

Ground limestone, with typical particle sizes comparable to cement, has long been
used in the construction industry to improve the water retention capacity and workability
of mortar, where it is a component in masonry cements, and concrete, where it has
traditionally been used as a replacement for a portion of the fine aggregate. Researchers
have observed that the use of limestone, either as a replacement for cement or sand,
increases the flowability and consistency of mortar [43], one of the primary reasons for
the use of limestone powder in self-compacting concrete mixes [19]. Limestone additions
improves concrete consistency by reducing water demand, and if a low water-to-cement
(w/c) concrete mix design is used, high limestone replacement levels can result in almost

similar concrete performance as ordinary portland cements mixes [44].

Table 1.1. Maximum prescriptive limits on limestone addition to cement-based materials

Standard Maximum Comments
limestone addition
ASTM [45] 15% ASTM has approved 15% limestone in
2013
CSA [46] 15% CSA has approved 15% in 2009 [47]
CEN [48] 350 For CEM I1/B-L po’ftland limestone
cement

More recently, the use of ground limestone as a component in portland cement or
as blended-hydraulic cement has been permitted by various standards organizations. The
prescriptive limits on the maximum percentage addition of limestone to cement vary
according to the industry standard and country. As shown in Table 1.1, the maximum

prescriptive limits on the addition of limestone vary between 15% to 35% [45, 46, 48, 49]
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based on the standard. ASTM C150 Standard Specification for Portland Cement [50]
specifies only a maximum of 5% limestone in portland cement but ASTM C595 Standard
Specification for Blended Hydraulic Cements [45] allows up to 15% limestone in blended
hydraulic cements.

Limestone could be introduced to cement in two ways: before grinding of clinker
or as an additive or replacement to cement, intermixed after cement grinding or during
batching of concrete. When limestone microparticles are added to cement clinker before
grinding, cement manufacturers also typically grind the limestone blended cement to a
finer size to increase the rate of hydration and strength gain [9], especially at early stages
of hydration. But the limestone can get crushed to a very fine powder during grinding of
clinker, since limestone is soft compared to cement [49]. In this research the effect of
addition of limestone microparticles as a bulk additive to cement is investigated to study
the effect of limestone particles on the short as well as long-term properties of

cementitious systems.
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1.3 Research Motivation

The use of inert fillers has been proven to be an effective pathway to reduce the
clinker content in cement and concrete and the addition of fine fillers could greatly affect
the properties of cement and concrete when compared to coarser filler additives. Hence,
comparison of nano and microsized fillers is relevant for understanding the influence of
filler particle size on cement hydration, early shrinkage, strength evolution and durability
and these properties could be optimized based on the particle size of filler. Thus, as
previously stated, one of the main motivations for conducting this research is to improve
understanding of the influence of nanoparticles and microparticles on the short-term and
long-term properties of portland cement-based materials.

In addition to the short and long-term properties, life cycle costs of these material
systems should also be investigated. The total embodied energy and carbon emissions of
filler-cement system should be compared to the plain cement system and a life cycle
assessment should be conducted to ensure that all critical environmental factors are
considered for the selection of a sustainable construction material, particularly because
environmental concerns have spurred the use of both TiO, and limestone. Since TiO; and
limestone are relatively new additives to cement, a life cycle assessment of TiO,-cement
and limestone-cement system are conducted as a part of this research and compared to
results from plain cement mixes. The results from a life cycle cost analysis in terms of
energy and emissions of these various cement-filler systems is critical to understanding

the true contribution of these materials to sustainability.
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1.4  Purpose and Objective

The main objective of this research is to understand the effect of the replacement
of cement with fine fillers - commercially available micro and nanoparticles of TiO, and
limestone - on the properties of the filler-cement systems. The early age and long-term
properties, photocatalytic properties and the life cycle costs of these filler-cement systems
are investigated as a part of this research.

The objectives can be classified into the following four main categories.

1. To understand the effect of nano and microparticles of two inert fillers - TiO, and
limestone - on the early age properties of cementitious materials: Tests including
isothermal calorimetry, chemical shrinkage, autogenous shrinkage, flow
characteristics, setting time, degree of hydration and activation energy
(temperature sensitivity) are conducted. The microstructure of the filler-cement
systems is also studied using electron microscopy.

2. To understand the effect on long-term properties of cementitious materials due to
the addition of nano and microparticles of TiO, and limestone: Strength tests and
tests for permeability and pore structure including specific surface area and pore
size analysis, chloride permeability and resistivity tests are conducted to
characterize the effect of these particles on the structure developed in these binder
systems.

3. To evaluate the effects of TiO, particles on induced photocatalytic properties of

cement-based materials: Applicability of current NOx tests for testing cement-
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based materials are evaluated and NOx conversion efficiency of cementitious
materials with commercially available TiO, are characterized and compared.

To understand the effect clinker reductions with the use of nano and microsized
fillers on sustainability in terms of embodied energy and carbon dioxide
emissions: A life cycle analysis (LCA) of the filler-cement systems is conducted

to identify the change in sustainability indices due to the fine particle use.

14



1.5  Organization of Dissertation

The structure of this dissertation is outlined below

o Chapter 2 presents the literature review on the properties of cementitious materials in
the presence of nano and micro fillers including early age properties as well as long
term properties. The literature review also includes background on activation energy,
photocatalytic properties in the presence of TiO, and sustainability in the presence of
TiO, and limestone fillers.

e Chapter 3 presents the effect of fine inert fillers on the early age hydration of
cementitious materials. Results from setting time, flow characteristics, isothermal
calorimetry, chemical and autogeneous shrinkage, activation energy and microscopy
are presented.

e Chapter 4 outlines the long term properties of cementitious materials in the presence
of nano and micro fillers. Results from specific surface area and pore size
distribution, strength tests, chloride permeability and resistivity tests are presented
and discussed.

e Chapter 5 presents the results from photocatalytic properties of TiO,-cement systems.
Testing procedure and results from NOxy tests is discussed and a new efficiency factor
for photocatalytic conversion is defined and discussed.

e Chapter 6 presents the results and discussion about the sustainability of cementitious
materials in the presence of TiO, and limestone. The life cycle analysis and pathways

for use of nano and micro fillers is discussed in this chapter.
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e Chapter 7 presents a summary of the research performed as a part of this dissertation
and the primary conclusions. Further research topics are recommended based on the
results from this research.

e Appendices include additional results not provided in the body of the dissertation -
the effect of particle dispersion on hydration reaction and life cycle inventory data for

plain cement and filler-cement mixtures.
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CHAPTER 2

LITERATURE REVIEW

2.1  Properties of Cementitious Materials in Presence of Inert Fillers

The modification of portland cement, especially using fillers, remains of interest
to researchers and to industry because of potential opportunities to tailor behavior (e.g.
setting time, shrinkage, strength development, durability) and to also contribute to
sustainability. As will be explained in this chapter, most of the prior research on the
effect of fillers on hydration examined larger micrometer-sized particles [20, 51] and
emphasized on strength development characteristics [52]. Therefore, the anticipated
contributions of this research include fundamental understanding of the effect of dosage,
particle size and type of inert additive on the early and long-term properties and life cycle
costs of cement-based materials.

The effect of inert fillers on the properties of cement-based materials depends
predominantly on the particle size and distribution of the fillers used. When a filler of a
median size smaller than the size of cement is used, the rate of cement hydration could
increase due to nucleation effect [22, 53] and the particle size distribution, and thus, the
particle packing of the cementitious materials could also be modified. When fillers of size
comparable to or larger than size of cement particles are used there could be a decrease in
the rate of cement hydration [51]. The addition of fillers could result in a decrease in total
hydration product formation and hence an increase in porosity due to this “dilution
effect”. Thus, depending on the particle size of the filler used, there is a possibility of an

increase or decrease in the rate of reaction and the total hydration product formed or a
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modification of the porosity and structure of the hydrated cementitious material. The
effect of the particle size of filler on the structure, and hence properties of cement-based
materials, is further explored in the following sections.

It should be noted that some researchers have noted marginal reactivity of
limestone powder with cementitious minerals [22, 54]. However, in the current research
the reactivity of limestone powder is considered negligible as compared to the reactivity
of fine pozzolanic fillers such as microsilica and henceforth in this manuscript both

limestone particles as well as TiO; particles will be categorized as ‘inert” or ‘fillers’.

2.2  Early Age Properties in Presence of Inert Fillers

The progress of the hydration reaction, shrinkage characteristics as well as the
evolution of the microstructure should be researched to fully understand the fundamental
effect of micro- or nanoparticles on the formation of hydration product, especially at
early age. When fillers with particle size distributions comparable to cement were
included in the mix, researchers have observed an increase in the degree of hydration [22]
as well as an increase in chemical shrinkage in the first 24 hours of hydration [23]. (The
degree of hydration (o) of a cement-based material is the fraction of the cementitious
materials that has undergone hydration at any particular time [9].

Chemical shrinkage, also called Le Chatelier contraction, is the relative volume
reduction between the initial reactants (cement and water) and final hydration products in
a closed environment. In a contribution fundamental to the field, Powers suggested using
the degree of hydration at any stage of hydration reaction and the water-to-cement or

water-to-solid ratio to obtain the chemical shrinkage as well as solids (unhydrated and
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hydrated) and water (capillary and gel-water) according to the following equations [47,

55, 56].

Chemical shrinkage: V¢ =0.20(1-p) a (1 - VE)

Capillary water: Vaw=(p-132(1-p)a) (1-VF)
Gel water: Vgw =0.60(1 —p) a (1 - VF)
Gel solids: Vgs =1.52(1-p) a (1 - VF) (1)

Unhydrated Cement: Ve =(1-p)(1—-a) (1-VE)

where p = (w/c)/(w/c + pu/pc) is the initial volume fraction of water in the mixture, w/c is
the effective water-to-cements ratio, py and p. refer to the densities of water and cement
and VE is the volume fraction of filler in the blended paste. Gel water is the water held
within large surface area of the hydration product (gel solids) and is located between the
gel solids in the C-S-H interlayer space (gel pores). Capillary pore is the space not taken
up by the cement and hydration product and generally is considered to be pores of size
greater than 2.5nm. The water held in the capillary pores is called capillary water.
Cement hydration in the presence of fillers could be modeled based on the Powers’
equations and compared to experimental results to ascertain the validity of Powers model

in the presence of inert fillers.

The presence of fillers can affect other shrinkage characteristics of cementitious
mixtures, including autogeneous shrinkage [57] and possibly plastic shrinkage.

Autogenous shrinkage is the macroscopic reduction in volume of cementitious mixtures
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during hydration. Autogenous shrinkage occurs in cementitious mixtures with low (<0.4)
w/c hydrating under sealed conditions [58]. Such low w/c mixtures can self-desiccate due
to insufficient water for complete hydration and can create empty pores within the
hydrating paste microstructure which can result in cracking [59]. Plastic shrinkage is the
volumetric contraction of cement paste due to the loss of water by evaporation or by
absorption of water by the substrate or aggregate. Plastic shrinkage is not considered in
this research, since plastic shrinkage depends on by rate of water loss to the environment
and thus can be controlled externally [9]. Most of the previous research on the effect of
fillers on autogenous shrinkage was conducted using reactive fillers, where it was
observed that fillers could increase or decrease autogeneous shrinkage based on the type

and dosage of filler used [57, 60].

As mentioned earlier, when fillers of various particle size distributions were included
in the cementitious mixture, researchers have observed both acceleration and deceleration
of cement hydration and a change in shrinkage as well as the porosity and structure of the
hydration product. However, little prior effort has examined the influence of a range of
sizes of inert particles; variations in cement composition among studies preclude their
comparison. Thus the effect of particle size of fillers in the micro and nanoparticle range
on hydration rate, chemical shrinkage and microstructure development is likely
significant and warrants a comprehensive examination to better understand the role of

filler size on early age behavior.
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Overall, the partial substitution of cement grains with inert nanoparticles and
microparticles may modify the cement hydration kinetics and alter the development of
microstructure in comparison to ordinary pates due to three different mechanisms (Figure
2.1) listed below:

e dilution effects,

e heterogeneous nucleation, or

e change in particle size distribution/system porosity [61].

‘D @ |

Figure 2.1. Schematic representation of cement hydration: a) Plain cement before
hydration, b) Plain cement after hydration, ¢) Cement with microparticle filler — before
hydration, d) Cement with microparticle filler — after hydration (dilution effect), e)
Cement with nanoparticle filler — before hydration (change in particle size and porosity),
and f) Cement with nanoparticle filler — after hydration (heterogeneous nucleation and
changes in particle size and porosity)

When a dilution effect is dominant in the case where inert particles of size similar

to or greater than cement grains replaces cement and the particles can be envisioned as
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substituting for reactive cement grains, as shown in Figure 2.1c. In this case, the rate of
the reaction of the entire mixture will be reduced because of the decrease in the total
available cement for hydration reaction, as well as by the resulting increased distance
between reacting cement particles. As a result the effective w/c increases and the pore
solution become less concentrated and hence results in less hydration product formation
for a given age [61] as shown in Figure 2.1d. Chemical and autogeneous shrinkage in
cement mixes depend on the degree of hydration. Since the rate of cement hydration
decreases when dilution effect is dominant, the chemical and autogeneous shrinkage
could also decrease in this scenario.

Heterogeneous nucleation is typically the dominant mechanism when well-
dispersed particles of size similar to or less than cement grains are used as a partial
substitution for cement (Figure 2.1e) and the hydration reactions are accelerated (Figure
2.1f). Heterogeneous nucleation is a physical process that results in activation of
hydration reaction and formation of products on foreign solid surfaces [21]. In the case
where fillers are included, the additional surface area provided is believed to increase
rate of reaction by decreasing the energy barrier required for the hydration reaction to
proceed [62]. The effectiveness of this catalysis depends on the fineness and dosage of
the filler [53]; it is understood that finer fillers generally produce greater nucleation
effects. Chemical and autogeneous shrinkage could increase when heterogeneous
nucleation effect is dominant, since in these cases the rate of cement hydration increases
due to surface nucleation of hydration products [23].

Modification of particle size distribution is envisioned to occur with the

substitution of chemically inert filler results in a change of the particle size distribution
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and hence particle packing in a system. This effect is also dominant when well-dispersed
particles of size similar to or less than cement grains replaces cement particles (Figure
2.1e). In addition to altering the initial porosity, the subsequently formed microstructure
[17] will vary from an ordinary cement system.

But, while much research has examined the influence of variations in cement
particle size and size distribution, this effect of the particle size and size distribution of an
inert filler on cement hydration is not well documented in literature. The possible
refinement of pore size distribution when nano and microparticles replaces cement grains
could increase the capillary tension and therefore the shrinkage could also increase in
such scenarios [57]. In addition, other phenomena may occur, including water absorption
and/or adsorption by the nanoparticles, interactions with nanoparticle surface treatments,
and reaction of materials previously presumed to be inert [63]. Thus, a comprehensive
research program is necessary to better understand these complex relationships between

particle size of fillers and cement hydration reaction.

2.2.1 Temperature Sensitivity and Activation Energy in Presence of Inert

Fillers

The temperature sensitivity of cement hydration reaction is of importance to
understand the effect of variation in temperature on the development of properties of
cementitious materials [64]. The temperature sensitivity of cementitious mixtures can be
evaluated by estimating the apparent activation energy of cement mixtures [65, 66]. The
apparent activation energy can also be used in maturity models for estimating the strength

development of cementitious mixtures at different ages [67]. The presence of
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nanoparticles could affect the temperature sensitivity of cement mixes and this variability
can be used to optimize setting and hydration behavior of cement mixes.

The activation energy of cementitious materials can be calculated using various
techniques to quantify the effect of additives on cement hydration reaction. Arrhenius
equation, defined in Equation 2.2, is used to calculate the activation energy of materials.
Arrhenius theory denotes the relationship between the rate of a chemical reaction,
activation energy and temperature. According to the classical definition, activation
energy for a single reaction system represents the potential energy necessary for the
initiation of a chemical reaction. But this definition is not directly applicable to chemical
reactions with multiple reactants minerals or where the reaction mechanism and/or
products change as the reaction progresses. The activation energy, if calculated for such
systems, does not represent the activation energy of separate minerals or their reactions,
but rather for a combination of the activation energies of these minerals and reactions
[68].

k = Ae_(Ea/RT)

(2.2)
In(k) = In(A) — E, /RT

where k = rate of reaction, A = proportionality constant, Ea = activation energy, R =

universal gas constant (8.314 J/mol/K) and T = temperature in Kelvin.

The reaction of cementitious materials with water is an example of a reaction
where multiple minerals react simultaneously and the reaction mechanism and products

change with time [67]. Thus the activation energy concept is not directly applicable to

24



cementitious systems. But “apparent” activation energy, an empirically derived value,
can be used to represent the combined temperature sensitivity of all the chemical
reactions during cement hydration [64]. Henceforth in this research article, the usage of
the term activation energy should be considered equivalent to “apparent” activation
energy.

Previous researchers have, in fact, applied Arrhenius theory to determine
activation energy (and hence temperature sensitivity) of various cement material
properties including compressive strength and maturity functions [69], time to end of
induction period during hydration [70], time to peak rate of heat evolution during
hydration [71], and also to calculate the “apparent” activation energy of the cement
hydration reaction for comparison between cementitious mixes [64, 72]. The most
common use of the Arrhenius theory on cementitious materials has been to obtain the
“apparent” activation energy and for use in maturity functions. The apparent activation
energy of cement hydration reaction itself has been calculated using various cement
properties including data obtained from isothermal calorimetry [64, 72, 73], free lime
measurements [74] and free water index obtained using quasi-elastic neutron scattering
[75].

The values of instantaneous activation energies calculated during cement
hydration vary as cement hydrates [67]. Cement hydration is initiated as predominantly a
surface controlled reaction and slowly changes to a diffusion controlled reaction during
later stages of hydration [76]. The transition between surface controlled reaction and
diffusion controlled reaction is not clearly discernible and could also vary depending on

the temperature and type of cement mix [76]. Researchers have also noted that the
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activation energy of surface controlled reactions and diffusion controlled processes are
different [68, 72], with diffusion controlled reactions exhibiting lower activation
energies. Hence the calculation of activation energy based on the classical Arrhenius
equation assuming constant activation energy over the entire hydration curve could be
erroneous. The apparent activation energy of cement hydration reaction has been shown
to be constant when degree of hydration (o) of cement is less than 0.50 (or 50%), when
the reaction is predominantly surface controlled [67]. Thus, in this research it was
ensured that the data used for calculating reaction rate and activation energy was limited
to a degree of hydration of less than 0.50.

The apparent activation energy calculated for a hydraulic cement or cementitious
system (e.g., combinations of cement, supplementary cementitious materials, SCMs,
and/or inert fillers) is as a useful tool for understanding the effect of temperature on the
hydration of cementitious materials [77]. A higher activation energy for chemical
reactions will result in a greater variation of reaction rate with temperature change and
hence a “higher sensitivity to temperature”. Such understanding is important for
appreciating the influence of field temperatures on hydration rates and thus development
of microstructure, time to set, and rate of strength development, among other features.

The apparent activation energy of cementitious systems can be affected by
various factors related to the chemical and physical properties of the materials used and
the mixture proportions. For example, an increase in the water-to-cement ratio has been
found to decrease the activation energy [77]. The effect of chemical admixtures on
activation energy varied among different researchers. Some researchers found that the

inclusion of superplasticizers had minimal impact on the activation energy [78], whereas
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others observed that the addition of superplasticizer decreased activation energy [77]. The
addition of a water reducing retarder as well as an accelerator was found to decrease the
activation energy of cementitious mixtures [77].

With regard to variations in the composition of the cementitious system, previous
researchers have noticed that the substitution of cement with ASTM C618 Class F fly ash
and silica fume decreases the activation energy [77], while slag increases the activation
energy [79]. The higher activation energy in the presence of slag has been attributed to a
hydration mechanism that is less dependent on diffusion [79]. Some researchers have
noted that the percentage of tricalcium aluminate (C3A) and alkali content of cement
could have an influence on the change of activation energy when ASTM C618 Class C
fly ash and slag is added to cement.

Most of the previous research has thus focused on the effect of supplementary
cementitious materials and chemical admixtures on the activation energy of cements. But
recent interest and research in the use of inert (or largely chemically inert) nano- to
micro-sized particles in cementitious has indicated that these particles modify cement
hydration kinetics at early ages [12, 80]. Such nanoparticles modify hydration process by
increasing the reaction rate due to heterogeneous nucleation on the surface of
nanoparticles [53]. Hence the activation energy of cementitious mixtures could also be
affected by the presence of nanoparticles. But the effect of nanoparticles on the activation
energy of hydration reaction has not been previously quantified. Thus, the current
research also examines the effect of nanosized mineral fillers on the activation energy of

cementitious systems.
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2.2.2 Model for Quantification of Cement Hydration Data and Calculating

Activation Energy

Hydration of cementitious materials can be studied by quantifying the cement that
has undergone hydration reaction. Degree of hydration of cement, o, is a measure of the
proportion of cement that has undergone hydration and is used to track progress of
hydration. Degree of hydration is defined as the ratio of the hydrated cement to the
original quantity of cementitious material. The degree of hydration varies between 0 and
1, where 0=0 denotes no hydration which is the state before water is added to the cement
and a=1 denotes a state of complete hydration of the entire quantity of cement. In reality,
not all of the cement might hydrate and hence a degree of hydration equal to 1 might
never be achieved in typical cements [9]. The degree of hydration could be measured
directly by chemically quantifying the amount of reacted and unreacted cement, for
example by using thermal analysis [81]. But in this research the degree of hydration was
determined indirectly utilizing the heat development data of cement paste mixtures
obtained using calorimetry, following the approach in [65]. Previous researchers have
shown that the heat released at any time divided by the total heat of hydration provides an
appropriate measure of degree of hydration. Thus the equation for degree of hydration
(o(t)) at any time t, for mixes without supplementary cementitious, is given in Equation

2.3.

a(t)=H() Hemn (2.3)

where H(t) = cumulative heat evolved by the cement mixture from start of hydration till

time t (J/g) and Hcer, = total heat of hydration of the cement mixture (J/g).
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Previous research has shown that the total heat of hydration of cement (at the
theoretical 100% hydration) can be calculated from the proportion of the phases present
in the cement based on Bogue potential calculations. The equation used to calculate the

total heat of hydration of the cement used in this research is: [65].

Heem = 500pc3s + 260pcas + 866pc3q + 420 peaar +

(2.4)
624psp3z + 1186Prreecao + 850PMgo

where Hcem = total heat of hydration (J/g) of cement at complete hydration (at o = 1) and
each p;term is the mass fraction of that cement mineral phase in the cement. The total
nominal heat of hydration of the cement (Hcem) used in this research was calculated to be
462.78 J/g, which was constant for all the mixtures, since inert fillers do not contribute to
the total heat evolved in cement.

Once the variation (with time) of degree of hydration is calculated using Equation
2.3, the cement hydration data can be mathematically represented using various models.
Researchers have suggested a three parameter exponential model to characterize the

degree of hydration data [82, 83] and the equation that defines the model is:

a(t) = @ e 0" 2.5)

where oy is the maximum degree of hydration, t is the hydration time parameter and f is

the hydration shape parameter.

The parameters of the model ay, T and § can be used as representative parameters
for the hydration development of cement mixtures and their values can be used to gain

valuable information about cementitious mixes. If two of the three parameters are kept
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constant the variation of the third parameter would result in the following trends. An
increase (or decrease) in value of ay indicates a possible greater (or lower) maximum
degree of hydration in a cement mix. Although oy represents the maximum degree of
hydration, some researchers have obtained values of o, greater than 1.0 [73], which is
theoretically not possible according to the definition of degree of hydration. Thus ay
should only be considered as a representation of the maximum degree of hydration and as
a tool for comparison between different mixes. Relative decrease (or increase) in the
hydration time parameter(t) indicates an acceleration (or deceleration) in the reaction and
also lower (or greater) time to reach peak reaction rate and possibly setting time. 3
represents the slope of the degree of hydration graph, with higher values indicating
greater slope. A decrease (or increase) of the hydration shape parameter () would
indicate a greater (or lower) degree of hydration of the cementitious mix during initial
stages of reaction and a lower (or greater) degree of hydration during later stages [82-84].
But when comparing cementitious mixes of different compositions, the values of oy, T
and B could all be different and thus the combination of the three parameters would result
in a more complex representation and trends in the data.

Researchers have demonstrated that, the hydration time parameter (t) obtained
from the three parameter model fit of the hydration data [64] can be used to calculate
apparent activation energy of cementitious mixtures. Here, the activation energy (E,) of

cement mixes was determined using the following equation.

E, = c J R (2.6)




where trer and Tier are the hydration time parameter and concrete temperature (in K) at the
reference temperature, 1. and T, are the hydration time parameter and concrete
temperature at different temperatures at which isothermal calorimetry was conducted and
R is the universal gas constant (8.314 J/mol/K). For the calculations in this research 25

°C was considered as the reference temperature.

2.3  Long-term Properties in Presence of Inert Fillers

Most of prior research conducted on the effect of fine fillers has focused on the
mechanical properties of the cementitious system. When fillers such as limestone were
included in cementitious mixture up to 15% replacement rates, the 7-day strength was
higher than the control mix and the 28-day strength decreased only marginally [20].
Other researchers have noted that the compressive strength increased as the fineness of
the filler increased. Compared to the reference control mix, the strengths of the cement-
filler mix at different ages were found to be higher or lower based on the percentage
addition of filler as well as the fineness of filler [21, 22].

Because of their potential to modify porosity, pore size distributions and
permeability, it can be envisioned that the addition of nano- and micro-sized particles to
cement can also affect long-term properties such as durability [9]. The initial pore size
distribution and hence permeability of the system depends, at least in part, upon the
fineness and amount of filler used in the mixture [61]. The w/c and the particle size
distribution of the cement could also affect the properties of the hydration product. But

these are beyond the scope of this project and research on the effect of various inert
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particles of different particle sizes only would be investigated in this research. The long-
term effect on permeability could depend both on the initial pore size distribution as well
as the formation of hydration products on the surface of fillers, which could result in a
well dispersed hydration product in the microstructure. Thus the relationships between
the developed microstructure (e.g., pore size distribution, specific surface area) and
parameters which relate to durability (e.g., permeability) warrants further examination.

Ensuring the durability of the material is also critical for the contribution of inert
fillers to sustainability [85]. Water penetration, carrying with it aggressive ions, is central
to most deterioration mechanisms affecting concrete. Generally in concrete in a hostile
environment, low permeability of the concrete reduces the rate of deterioration and
results in a longer service life, except for cases such as thaumasite formation which can
occur even at low permeability. But thaumasite formation is not considered in this
research. A study of chloride solution (3% NaCl by mass) absorption of concrete when
replacing cement with limestone indicated that the chloride ion penetration was deeper at
45 days for mixtures with higher limestone contents [86].

Here, the influence between composition, structure and long-term performance,
will be assessed through measurements of strength, specific surface area, pore size
analysis and rapid chloride permeability test (RCPT according to ASTM C 1202) of
pastes prepared with the same cement and varying dosage rates of the inert micro and
nanoparticles. Mercury intrusion porosimetry (MIP) was not selected as one of the test
methods in this project because of inherent errors in assumptions (e.g., “ink bottle”
effect) made when MIP is applied to cement-based materials and other microporous

materials and because MIP is not able to measure all pores sizes present in cement paste
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[87]. RCPT test was selected such aggressive agents that permeate and diffuse through
the concrete microstructure is considered, since the transport of ions depend on the size
and chemistry of the molecule, atom or ion moving through the porous media.
Permeability and porosity has a strong inverse correlation with the strength of the
cement-based materials, as observed by researchers [88]. Since cement hydration has a
strong influence on the change of pore structure, the presence of fine fillers which
nucleates the growth of C-S-H could increase degree of hydration and hence could affect
the capillary pore volume and structure and have a significant effect on permeability.
Returning to the conceptual model presented in Figure 2.1, the addition of fine
particles improves or densifies the pore structure by two main mechanisms [89]. First, the
total pore volume is expected to decrease due to heterogeneous nucleation of hydrates on
the surface of the fine filler particles and the concomitant acceleratory effect on cement
reactions. In addition, the pore structure is refined by the addition of these finer
materials, reducing the connectivity of the pores, and thus reduces the permeability and
porosity. Based on model-based studies capillary porosity could become disconnected
when the value of porosity is below a certain limit. This capillary porosity limit varies
based degree of hydration, water-to-cement ratio and there is also significant variation on
limit based on the model and ranges from 18% according to [90, 91] or around 30%
according to [9]. The effect of size of inert fillers on the permeability and pore size

distribution of cementitious materials is also examined as a part of this research.
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2.4  Photocatalytic Properties

The photocatalytic activity of titanium dioxide (TiO2) was discovered accidently
when TiO; was found to be the cause of degradation on paints containing TiO,. The
interaction of TiO, with ultraviolet (UV) light in the presence of water and oxygen was
called “Honda-Fujishima effect” and was first described in Nature [27]. Photocatalytic
titanium dioxide (Ti0O,) has been used in various applications predominantly because of
the wide range of compounds that can be decomposed at room temperature using only
solar energy and moisture [92]. Further research by various research groups has shown
that the photocatalytic effect is superior in nanostructured TiO, especially in the anatase
form compared to the rutile or brookite forms [93]. The major applications of
photocatalysis by anatase TiO, include removal of organic and inorganic pollutants,
photo-degradation of pathogenic organisms [94] and self-cleaning and anti-fogging
applications [34]. The photocatalytic effect of TiO, has been used in various civil
engineering applications including construction materials such as ceramic tiles, asphalt
pavements and concrete paving blocks [32, 37]. The TiO; in these materials has been
shown to oxidize organic and inorganic contaminants on the surface and also as an anti-
microbial agent [94, 95].

In the last decade, research and application has increased on the ability of
photocatalytic TiO, to decrease pollution in the form of NOx (NO; + NO), VOC’s and
sulfur oxides [18, 35, 96]. The nitrogen oxides are highly reactive and major air
pollutants especially in urban areas with high emission of these gases from automobiles.
Moreover, NOx, together with SO, and SOs, produce acid rain, which can be harmful for

vegetation (e.g., forests, crops) as well as aquatic life [97] and the built environment [98,
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99]. The nitrogen oxides participate in the formation of “photochemical smog” and also
in the formation of ozone [97], both of which are detrimental to human health [100].
Thus there has been an increased incorporation of TiO, on surfaces exposed to these
pollutants in urban areas that include paving blocks and concrete surfaces [32, 40].
Although the complete reaction mechanism remains somewhat uncertain, the
photocatalytic oxidation of NOx broadly follows a set of chemical reactions as given

below [101].

hv, TiO,

2NO, +H,0 > HNO, + HNO;

. @.7)
4NO +30, +2H,0 —» T

> 4HNO,

Most prior research conducted on the utility of TiO, for introducing
photocatalytic properties to cement [31, 32, 102] for NOx oxidation have followed the
standards ISO 22197-1 2007 [103] or the equivalent JIS R 1701-1 [104] or the UNI
11247 standard [105]. Several researchers have used the JIS R 1701-1 [32, 106, 107] and
ISO 22197-1 [31, 42, 102] tests for characterizing the photocatalytic activity of
construction materials, whereas the UNI 11247 was introduced recently and thus has not
been widely used [108]. Each of these tests were originally developed for studying the
NOx removal properties of relatively impervious “fine ceramic” materials [103-105] and
surface coatings (e.g., on ceramics, metals), and, as a result their appropriateness for
more porous, heterogeneous, and variable (including time- and environment-dependent

variability) cement-based materials should be considered. The applicability of these
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existing test methods for measuring the photocatalytic conversion of NOx on the surface

of cementitious materials is reviewed.

2.4.1 Review of Current Test Methods for Photocatalytic NOx Conversion

Several organizations describe standard test procedures for examination of the air
purification capabilities of fine ceramics and other inorganic materials [103-105]. These
test methods have begun to be used for the examination of cement-based materials, as

well.

Table 2.1. Comparison of testing, sample and analysis parameters of various tests for

testing NOx conversion performance of photocatalytic materials

ISO 22197-1 | JIS R1701-1 | UNI 11247

Test gas NO NO NO and NO,

Test gas 400ppb NO +

concentration 1000ppb 1000ppb 150ppb NO;

) Gas flow rate
Testing (I/min) 3 3 3
parameters rest duration
5 5 1

(h)

UV light

intensity 10 10 20

(W/m?)

Sample area 49.25 49.25 65

(cm°)

Sample — — —
Sample curing
parameters

Surface - — —

preparation

. : NOx
Analysis parameters Nads (gqsu)atmn Quas (Se%L)Jatlon reduction
' ' percentage
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The following is a brief review of the existing photocatalytic tests for construction
materials, which are based on the flow of reactant gases over photocatalytic samples. Key
features of these tests are summarized in Table 2.1. Other tests for photocatalytic activity
which were followed by researchers and based on rhodamine [33, 38], atrazine [109],
toluene [93] conversion and biological growth [30] on surface of the construction

materials are not discussed here.

24.1.1 JISR 1701-1

The standard JIS R 1701-1: “Fine ceramics (advanced ceramics, advanced
technical ceramics) - Test method for air purification performance of photocatalytic
materials - Part 1: Removal of nitric oxide” [104] was developed by the Japanese
Standards Association in 2004. This can be considered as one of the earliest testing
method for photocatalytic properties of construction materials, and one which specifically
addresses ceramics (i.e. an inorganic non-metallic materials made from heating and
subsequent cooling).

In the JIS test, a continuous flow of reactant gases (i.e., this is a “dynamic
method”) flows over test sample surfaces, and the reactant gas concentration is
continuously measured using a chemiluminescent NOyx analyzer. The standard suggests
the use of a test piece that measures 49.5mmz=0.5mm wide and 99.5mmz0.. The reactant
gases are allowed to pass over this flat, plate-like sample in a 5mm thick layer. A light
source (300 to 400 nm wavelength) is used to irradiate the surface of the test sample with

UV light to produce an irradiance of 10 W/m?.
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The JIS standard specifies using NO gas at 1.0 ppm by volume with 50% relative
humidity at 25 °C + 2.5 °C and at a flow rate of 3.0 L/min. The test samples are stabilized
under flowing reactant gases before exposing them to UV light, which is also allowed to
warm up before exposure of sample. Once the gases have stabilized at the specified
concentration the samples are exposed to UV light and reactant gases for 5 hours. The
samples are exposed to the reactant gases and the photocatalytic conversion is measured
using an integral of the difference between the input and output concentration of the gas
(Equation 5.3). Elution tests are also conducted to confirm the NOx conversion efficiency

of the test sample by measuring the nitrate and nitrite ion produced on the test sample.

2.4.1.2 ISO 22197-1

The standard 1SO 22197-1: “Fine ceramics (advanced ceramics, advanced
technical ceramics) — Test method for air-purification performance of semiconducting
photocatalytic materials — Part 1: Removal of nitric oxide” [103], was developed in
2007 by ISO based on the JIS R 1701-1 standards which was developed earlier. The ISO

22197-1 standard follows the same procedures given in the JIS R 1701-1 standard.

2413 UNI 11247

The standard UNI 11247: “Determination of the catalytic degradation of nitrous
dioxides by photocatalytic inorganic materials” [105] was developed more recently, in
2008, by the Italian standards organization (UNI). This test is similar to the JIS R 1701-1
and ISO 22197-1 tests and is also a “dynamic” method with a continuous flow of NOx

gases. The concentration of gases is different from the previous tests and uses 0.55 ppm
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of total NOx gas which is a mixture of 0.15 ppm of NO; and 0.40 ppm of NO gas. The
irradiance in doubled from the 1SO and JIS tests to 20 W/m? and the samples are tested
for 1 hour. The other parameters used are similar the 1ISO and JIS tests described above.
The use of a combination of NO and NO; in the UNI 11247 test could simulate
real world conditions, but during photocatalysis there could be a conversion of NO to
NO; and vice versa. These reactions and conversions cannot be studied accurately using
the UNI 11247 test. Moreover, in the current research and in Maggos et. al., [36], it was
observed that once cement-based samples are irradiated with UV and exposed to NOx
gases it could take a few hours for gases to stabilize. Thus, the relatively short duration of

the UNI 11247 test could be unsuitable for certain construction materials.

24.14 Other NOx tests

Among the other tests that have been used by researchers are a “static” tests [36]
in which a constant volume of pollutant gas is maintained and recirculated as a closed
circuit in the reaction chamber. The pollutant gas concentrations before and after the
experiment are measured to calculate the photocatalytic efficiency of TiO, surfaces. It
should be noted that this test is different from the previous tests which were “dynamic”
and used a constant flow of pollutant gases over the photocatalytically active TiO,
samples. The “static” tests do not represent real world conditions where pollutant gases
would move over the TiO; surfaces because of air circulation (e.g., air circulation inside
buildings or wind). Thus, the dynamic tests are more appropriate to use for measuring the

photocatalytic efficiency of cementitious materials with TiO, additives.
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2.5  Sustainability of TiO, and Limestone Cement Mixes

Sustainability has been defined as development that meets the needs of the present
generation without compromising the ability of future generations to meet their own
needs [110]. Sustainability is often examined in terms of environmental sustainability,
societal sustainability and economic sustainability [111, 112]. In the context of this
research, the term sustainability refers to the environmental sustainability of the material,
product, project or the built system under consideration.

Sustainability of a material or process is assessed by conducting a Life Cycle
Assessment (LCA) and calculating the total embodied energy and associated emissions
(mainly COy) [112-114]. The total primary energy used and emissions generated to
abstract, process and manufacture specific goods, services or process and eventual safe
disposal of the waste materials to earth have to be considered in the LCA [115]. The
embodied carbon dioxide can also be associated with the specific chemical reaction that
occurs during the manufacture, which is especially true in the case of cement

manufacture [116], where decomposition of limestone releases CO, into the atmosphere.

2.5.1 Sustainability Matrices and Life Cycle Analysis

Green building rating systems such as LEED™ (Leadership in Energy and
Environmental Design), Green Globes™ or Energy Star certification are simple ways of
assessing sustainability. These rating systems are mostly used for assessing the
sustainability of an entire building rather than individual components or materials used

for construction of the building [117]. Thus for accurate assessment of sustainability,
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especially when a new material or composition is considered, it is necessary to conduct a
Life Cycle Assessment (LCA) [112, 115].

A life cycle cost analysis is a powerful tool used to make economic and
environmental sustainability decisions for selection of any construction material [118].
This analysis accounts for all impacts or “costs” involved over the product’s lifecycle
[115]. Typically the LCA of a building or material will include the extraction of materials
and fuel used as energy for manufacture, transportation of materials, construction,
operation including maintenance and repair and demolition, disposal, recycling or reuse
of the material at the end of its functional life [4, 117, 119]. Often buildings with a lower
first cost for new construction might require higher costs during the entire life cycle
[114]. Conversely, durable materials and materials that can offset the “costs” by other

means can have a lower life cycle cost [120].

The four major phases of a Life Cycle Analysis are given in Figure 2.2 given below

[121].

Define goal Conduct Life Assign inventory data Rank significance of
and scope > Cycle Inventory > to impact categories > impact categories

Figure 2.2. The four phases in the process of developing an LCA

One of the first steps of an LCA is to define the scope and boundary of the LCA
analysis. A common approach is to consider all the flows related to the system (cradle-to-

gate approach). But often in practice, the most significant processes can be analyzed or if
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two products are being compared, the processes where the two products differ from each
other can also be compared [122]. The latter approach will be followed in this research,
where the processes that distinguish the cement systems with and without TiO, and
limestone additives will be compared.

The second stage of an LCA is the Life Cycle Inventory (LCI) analysis, which
accounts for all individual material, energy and emissions inventory and flows to and
from the product under consideration. The material, energy and emissions inventory
could be conducted for the entire life cycle or only the processes being compared, as
defined according to the scope of the LCA analysis. The inventory data could be
collected from energy and materials data directly obtained from materials manufacturers
(as in [123]) or by utilizing databases embedded in LCA software suites such as Building
for Environmental and Economic Sustainability (BEES) or SimaPro.

The third stage called Life Cycle Impact Assessment (LCIA) is to assign and
translate the materials and energy use and emissions (the inventory data obtained in the
previous step) to various environmental impact categories (based on ISO 14040 standard
end points [121]) and some of the impact categories could be land use, resource use,
climate change, health effects, acidification and toxicity to the environment [124].

The last stage of an LCA analysis is interpretation of the results including ranking
of significance of the impact categories and obtaining a single point score for all effect
due to the various inventory items obtained in the LCI. The weightage of the various
impact categories from the previous LCA step depends on the assessment method
selected (e.g. Eco-Indicator 99E method or BEES). The final single point score or the

scores in the impact assessment step obtained for various systems or materials could be
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compared to ascertain the sustainability of these systems or as a comparative tool
between the various systems under consideration. However, the weights used in the final
LCA step are subjective and may affect the conclusions of the LCA. Researchers
sometimes use the results obtained from the third LCA stage (LCIA) to compare the
different products or processes under consideration [124]. When comparing the results,
either from the third or fourth stage of LCA, a lower score indicates a more sustainable
and possibly environmentally friendly product or process. If the score for any product or
process is negative, the results indicate the products or process has a beneficial impact on
the environment, in terms of energy or emissions.

In the context of the current research, the amount of cement in concrete is
expected to be reduced with the addition of fillers (TiO, and limestone). But production
and additional processing of these fine fillers could introduce additional components in
the energy and emissions of the composite materials [125]. On the other hand, the use of
photocatalytic materials can also decrease pollution in the form of smog, NOx (NO, +
NO) gases and volatile organic compounds (VOC’s) [32, 35, 36]. All these additions and
reductions “costs”, energy and pollutants will be included in the analysis. Researchers
have examined the effect of fillers on durability of cementitious materials, but most
studies were conducted using reactive fillers [106, 126, 127]. The effect of inert fillers on
the life-cycle cost due to the effect on durability has not been examined or quantified.
Thus the effect of addition of fillers on life cycle analysis due to the effect on durability
will not be examined in this research.

It should also be noted that energy is required and carbon dioxide is released

during the operation and maintenance of a building [4]. But researchers have found that
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the operational energy saving achieved using materials with better insulation could be
lower than the premium energy spent on the material manufacturing [128]. In this
research the operational and maintenance embodied energy for a building will not be
considered as a part of the life cycle or embodied energy cost analysis.

The limitations of LCA are well-documented and include reliance on data (often
industry-reported) which may be inaccurate, highly variable, or limited [4, 115, 119]. The
goal with the preliminary LCA performed here is not to provide absolute quantitative
assessments of environmental impacts, but rather to form a basis for a generalized
comparison of nano and microparticle additions to concrete as well as to examine the

potential effects of further research.
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CHAPTER 3

EARLY AGE HYDRATION STUDIES

3.1 Introduction

In this chapter the effect of nano and micro fillers on the early age properties of
cementitious materials is examined. Previous researchers have predominantly examined
the effect of inert filler particles with sizes comparable to cement grains. When fillers
with particle size distribution comparable to cement were added, researchers observed an
increase in the degree of hydration [22] as well as chemical shrinkage in the first 24 hours
of hydration [23], but the influence of finer inert particles has not been well-examined
previously.

Thus the effect of particle size of much finer fillers (in the micro and nano range)
on early age cement properties such as hydration rate, setting time, flow, chemical and
autogenous shrinkage, microstructure and temperature sensitivity should be evaluated.
The particle size of the filler could thus be tailored, to produce desired effects on rate of
hydration, workability, time to set, dimensional stability and temperature sensitivity.

Thus, the overall objective of this part of the research is to improve understanding
of the influence of two increasingly common portland cement mineral fillers (or
additives) - TiO, nanoparticles and limestone microparticles - on early age hydration of
portland cement when used as partial replacements for cement. The effect of particle size
and percentage of fillers on the hydration reaction was investigated. Moreover the effect
of dispersion technique/mixing procedure on the hydration in cement paste mixes with

nanoparticle fillers was also studied.
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3.2  Experimental Procedure

3.2.1 Materials

Commercially available TiO, and limestone powders, of different particle sizes and
surface areas, were utilized for this research. Ordinary ASTM C 150 Type | portland
cement (Lafarge) with median particle size of 10.08 um used had a potential Bogue
composition of 51.30% Cs3S, 19.73% C,S, 8.01% C3A and 9.41% C4AF and 0.40%
NayOeq. Table 3.1 summarizes the properties of the different fillers that were added to the
cement and shows that the titania powders’ surface areas are greater and the particle size

smaller than the limestone powders.

Table 3.1. Properties of TiO, (T) and limestone (L) powders added to cement

Crystal | Agglomerate | Surface | Purity
Size (nm) | Size (um) Area (%)
(m’/g)

L1 - 20 0.24 95
L2 - 3 0.5 95
L3 - 0.7 12 98
T1 20-30 15 45-55 >97
T2 15-25 1.2 75-95 >95
T3 21 0.58 50+15 99.5

Effect of inclusion of various percentages of TiO, and limestone on the hydration of
ordinary portland cement at a constant water-to-solids (solids = cement + filler) ratio of
0.50 by mass was examined. The different TiO, and limestone powders were added to
cement at 5, 10 and 15% percentage replacement rates by mass. In some of the high

dosage TiO, mixes the workability of the cement-filler paste was reduced, but not to the
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extent that chemical admixtures were required. Superplasticizers or other chemical
admixtures were not added in any of the mixes because researchers have noticed that the
hydration reaction is affected by the presence of these additives [9].

The mixing procedure according to ASTM C 305 [129] was followed, with the
following modification to mixing for the cement-filler mixes. In the cement mixes with
fillers, the filler was initially added to the entire quantity of the water and mixed for 60
seconds. This was followed by addition of cement and mixing according to the ASTM

standard.

3.2.2 Test Methodology

3.2.2.1  Setting Time

Vicat needle tests were used to measure setting time according to ASTM C 191
Method A [130]. Based on consistency test for plain cement paste sample, the w/s was
maintained constant at 0.35 in all the samples. Since a constant w/s was used a direct
comparison is possible between samples with different fillers and replacement rates with
TiO,. The penetration depth was measured every 15 minutes to measure initial and final

set until time of final set.

3.2.2.2  Flow Characteristics

The flow characteristics of cement with TiO; and limestone fillers could have
implications for the workability of construction materials made with these fillers. The
flow of cement paste sample with these fillers was studied using a modified version of

the ASTM C 1437 mortar flow test [131]. Test samples were prepared without the filler
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as well as with 5% of TiO, and limestone filler. A constant w/s of 0.35 was maintained
for all the samples to understand on the effect of these fillers on the change in flow

characteristics.

3.2.2.3 Isothermal Calorimetry

Isothermal calorimetry was conducted, according to ASTM C 1679 [132], to
study the early hydration behavior in terms of the rate of heat release as well as the total
heat released. The rate of heat release and total heat released were measured using an
isothermal calorimeter (TAM AIR, TA instruments) according to ASTM C 1702 [133], at
25 °C, with a precision of £20W and accuracy greater than 95%. To prepare the
samples, all materials and mixing equipment were equilibrated at 23+2 °C for 24h before
the testing. The w/s (w/cm) was maintained constant at 0.50 in all the samples. Less than
10g of samples were put in plastic ampoules and placed into the calorimeter within 5
minutes after mixing with cement. The calorimetry data from the initial 15 minutes after
mixing were excluded to allow the sample to equilibrate within the instrument.

Measurements were made at least up to 80 hours from the start of mixing.

3.2.2.4  Chemical Shrinkage

Chemical shrinkage is the total change in volume of the reactants, typically a
decrease in volume that occurs during cement hydration. Research has shown that the
chemical shrinkage is proportional to the degree of hydration. Chemical shrinkage tests
were conducted according to ASTM C 1608-07 Procedure A [134]. For all the mixes, the

w/s was maintained constant at 0.50. Around 10g of the cement paste samples were put in
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glass vials and the rest of the vial was filled with pure distilled water. The vials were then
closed and mounted with a graduated capillary tube. The experimental setup was then
placed in an environmental chamber where the temperature was maintained at 23 °C.
Measurement of the volume change was conducted every 30 minutes in the first 24 hours,
and then every 2 hours up to at least 50 hours after mixing of cement with water. The
volume change measurements were obtained using a digital camera set on a time lapse
photography mode and the images were analyzed at the end of the test. The use of an
environmental chamber as well as time lapse photography allowed maintaining a constant
temperature environment in the chamber. At least triplicate samples were used for every

mix and the results were averaged for the samples.

3.2.2.5 Autogenous Shrinkage

Autogenous shrinkage is the self-created bulk strain during hydration of a sealed
cement paste or mortar sample starting from the time of final set (measured earlier in a
previous section). Autogenous shrinkage tests were conducted at w/s = 0.35 according to
ASTM C 1698-09 [135], where the cement paste was sealed inside a corrugated plastic
mold that offers low resistance to length change and thus allows measurement of length
during hydration reaction. The sealed molds are stored in a constant temperature
environment of 23 °C and length measurements are taken using a dilatometer after final
set of the mix. Measurement of the length change was conducted every 30 minutes in the
first 6 hours after mixing of cement with water, and then every 2 hours up to at least 12
hours and subsequently every day. At least triplicate samples were used for every mix

and the results were averaged for the samples.
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3.2.2.6  Microscopy

A LEO 1530 FE SEM was used for microscopic analysis of the hydrated cement
paste samples. The samples used for microscopy were chipped off and were imaged after

drying in an oven at 35°C for 3 days. Samples were sputter coated with gold if necessary.

3.2.2.7 Activation Energy of Cement-Nanoparticle Mixes

The procedure used for isothermal calorimetry was followed for the obtaining the
data for calculating the activation energy of cementitious mixtures with nanoparticle
additives. But in addition to isothermal calorimetry tests at 25°C, the tests were repeated
for each of the mixes, at five different temperatures (15, 25, 35, 45 and 55°C) and the
collected data used to calculate the activation energy using the two methods described
below. Two different techniques were used to calculate the apparent activation energy: 1)
a linear method which calculates the rate of reaction based on the linear slope of the heat

evolution data and 2) a modified ASTM C1074 procedure that uses calorimetry data.

Linear Method for Calculating Activation Energy

The linear method of calculating the reaction rate and the activation energy of
cementitious mixtures is a simple technique based on the calculation of activation energy
from the slope of the heat release curve of cement. This method approximates the
reaction rate to be the linear slope of the acceleratory region of the cumulative heat

release curve of cement mixtures. The procedure for calculating the rate of reaction has
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been previously described by other researchers [66, 79], but the main steps are listed
below.

1. Obtain the rate of heat release data for each cement mixture from the isothermal
calorimeter and calculate the cumulative heat release per gram of cement of these
mixtures (Figure 3.12).

2. Calculate the reaction rate (k) as the linear slope of the cumulative heat release
curve in the region of maximum slope. The region used to calculate the linear
slope would typically include the peak of the hydration curve (which is clearly
visible in the rate of heat release curve). Note that the rate of reaction is obtained
from the cumulative heat release data and not from the rate of heat release data.
Repeat process to obtain the reaction rate (k) at different temperatures for each
mix (Figure 3.12).

3. Plot natural logarithm of reaction rate (k) for each mix versus inverse of
temperature (in Kelvin) and obtain the slope of the graph (Figure 3.13).

4. According to Equation 2.2, multiply the negative of the slope of the graph of In(k)
vs. 1/T with universal gas constant R (8.314 J/mol/K) to obtain the activation

energy for each mix.

The linear method is the simplest technique for calculation of activation energy but
has some drawbacks. Activation energy is highly dependent on the degree of hydration
and researchers have suggested using data up to a degree of hydration of 0.5 for E,
calculations. In the linear method only the data in a narrow time region is utilized, which

typically includes the acceleratory region as well as the peak hydration rate region. The
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start of the acceleratory region can also not be easily discernible, especially for the lower
temperature calorimetry experiments. Moreover, the determination of linear section of the
heat evolution curve can be subjective due to possible multiple peaks due to C3S and C;A
hydration. Even though these are some drawbacks of the linear technique, the first order
differential calculation of reaction rate and hence activation energy obtained using this
methods can be used as a simplified initial approximation of activation energy and a

comparison for other techniques [66].

Modified ASTM C1074 Method for Calculating Activation Energy

The ASTM C1074 uses a strength data and equivalent time concept to calculate
the activation energy of cement mixes. Researchers have demonstrated that instead of
using equivalent time in the Arrhenius equation (Equation 2.2), the hydration time
parameter (t) obtained from the three parameter model fit of the hydration data [64] can
be used. Here, the activation energy (E,) of cement mixes using T was determined using

the following equation.

B In[rref j

E, = e J.R (3.1)
1 1J
Tref Tc

where trer and Tier are the hydration time parameter and concrete temperature (in K) at the
reference temperature, 1. and T, are the hydration time parameter and concrete

temperature at different temperatures at which isothermal calorimetry was conducted and
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R is the universal gas constant (8.314 J/mol/K). For the calculations in this research 25

°C was considered as the reference temperature.

The modified ASTM C1074 method calculates the activation energy of cement

mixtures using the model fit parameters from the three parameter model of the degree of

hydration data (Equation 2.5). The procedure for calculating the activation energy of a

cement mix using the modified ASTM C1074 and the three parameter model is listed

below and the models and equations used were discussed in a previous section.

1.

4.

Obtain the rate of heat release data for each cement mixture from the isothermal
calorimeter and calculate the cumulative heat release per gram of cement for these
mixtures.

Calculate using Equation 2.3 and 2.4, the variation (with time) of degree of
hydration by dividing the cumulative heat released with the total heat of hydration
of the cement mix (Figure 3.14).

Model the degree of hydration using the three parameter model given in Equation
2.5. Use a least square fit of the exponential function to solve for values of ay, T
and B. Obtain oy, T and B values for the cement mix at each temperature tested.
Calculate average value of a, and B for the mix using the values at different
temperatures. Using these average values of o, and B3, recalculate the values of T at
each temperature.

Using Equation 3.1, plot natural logarithm of hydration time parameter (t) versus

inverse of temperature (in Kelvin) and obtain the slope of the graph (Figure 3.15).
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5. According to Equation 3.1, multiply the negative of the slope of the graph of In(t)
vs. 1/T with universal gas constant R (8.314 J/mol/K) to obtain the activation

energy for each mix.

3.2.2.8 Powers’ Model for Cement Hydration

The modified Powers’ equation [47, 136] was used to model variation of chemical
shrinkage with respect to degree of hydration (o) during cement hydration according to

equations:

Chemical shrinkage: Ves =0.20(1—p) a (1 — VE) (3.2)

where p = (w/c)/(w/c + pw/pc) is the initial volume fraction of water in the mixture, w/c is
the effective water-to-cements ratio, py, and p. refer to the densities of water and cement
and VE is the volume fraction of filler in the blended paste before hydration (0=0). The
variation of chemical shrinkage with respect to degree of hydration was modeled and
compared with experimental chemical shrinkage to ascertain the validity of the Power’s

model for cement hydration in the presence of nano and microsized inert fillers.
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3.3 Results and Discussion
3.3.1 Setting Time

The setting time results for portland cement and mixes with cement replaced with
5% TiO; and limestone powder are given in Figure 3.1. These results can be used for a
comparative analysis between the ordinary portland cement mix and the mixes with
fillers. The initial setting time for the portland cement mix was 165 minutes whereas the
final setting time was 305 minutes.

The initial and final setting time of the coarsest limestone used in the research
(L1) exhibited a similar initial and final setting time compared to the portland cement
mix. Other finer limestone powders tested resulted in a decrease in the setting time of the
cementitious mix. As the particle size of the inert filler decreased (surface area increased)
it was observed that the initial and final setting time decreased, with the finest particle
reducing the setting time to the lowest measured value. The greatest decrease in initial
and final setting time was observed for the T3-5% mix which had an initial and final
setting time of 104 and 164 minutes respectively. Thus, the final setting time for the T3-
5% mix was observed to be reduced by 141 minutes, a reduction of 46%, which could
have significant implications for construction industry by decreasing the turnover time
for concrete elements. These results show that fine inert particles increase the rate of

cement hydration, possibly due to heterogeneous nucleation effect.
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Figure 3.1. Setting time results for cement mixes with 5% replacement of TiO, and
limestone filler
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Figure 3.2. Flow characteristics results for cement mixes with 5% replacement of TiO,
and limestone filler
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3.3.2 Flow Characteristics

The flow characteristics results for portland cement and mixes with cement
replaced with 5% TiO; and limestone powder are given in Figure 3.2. Mixes with L1 and
L2 (coarser fillers in this research) had flow values similar to the control mix. But other
finer particles (L3, T1, T2 and T3) decreased the flow values compared to the portland
cement mix, with finer TiO, particles decreasing the flow values greatest. T3 at 5%
decreased the flow values to 62% compared to the value of 111% of the portland cement
mix. Thus, the use of nano fillers results in a decrease of the flow of cementitious

mixtures which could reduce the workability.

3.3.3 Isothermal Calorimetry

3.3.3.1 Calorimetry Studies of TiO,—Cement Mixes

Figure 3.3 shows the variation of the rate of hydration of ordinary portland
cement (OPC) and TiO,—blended cements at 5and 10% replacement levels. For the
control mix, after the initial region of high heat release (heat of dissolution) and dormant
stage, the zone of accelerated reaction can be observed from ~1 to ~8 hours of age. The
main peak of the hydration reaction corresponding to C3S hydration was observed at 7.5
hours after mixing and is followed by the secondary peak of the C3A hydration at 8.5

hours, which in these tests exhibited the highest rate of heat evolution.
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Figure 3.3. Heat of hydration of cement mixes with different types of TiO, (T1, T2 and
T3) at 5 and 10% replacement rates

When compared to the heat evolution curve for the control mix, it can be
observed from Figure 3.3 that as the dosage of TiO, is increased, the peak of the
hydration curve also increased. This is clearly demonstrated by the increase in peak of
C3S as well as that of C3A. Since the peak for C3A is evident for all the mixes,
comparison between the various mixes can be conducted using the C3A peak values. For
example, the C3A hydration peak increased by 21.9% and 35.8% for the T2 mixes with
5% and 10% respectively. A similar trend was observed for the other TiO,-cement mixes
with the maximum increase in the peak hydration rate observed in T3 where 5 and 10%
replacement of TiO, resulted in an increase of 63.3% and 113.7% of the C3A peak. Thus
the heat evolution by the cement paste mix increases with an increase in the dosage of
TiO, particles and particularly in the case of T3 at 10% replacement rate, the peak rate of

heat evolution was more than double that of the control mix.
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Figure 3.3 also shows with TiO; fillers resulted in an acceleration of the hydration
reaction in all the TiO,-cement paste mixes. The dormant stage of the reaction was
shortened in all the mixes and the slope of the hydration curve was also steeper in the
TiO,-cement mixes compared to the control mix. The time at which the peaks (both C3S
and C3A peak) of the hydration curve were observed decreased with the replacement with
TiO,. For example it was observed that 10% of T1, T2 and T3 accelerated the hydration
reaction by ~80, ~180 and ~280 minutes (by comparing the time at which the C3;A peak
was observed). These results suggest that replacement of cement with TiO, nanoparticles
results in an increased rate of reaction of cement mainly due to heterogeneous nucleation
and the effect of dilution was negligible. The results from the current research support the
conclusions that were obtained by Lee and Kurtis [63] who also observed that the
hydration of C3S was accelerated by the inclusion of TiO, nanoparticles due to
heterogeneous nucleation effects. The results from isothermal calorimetry in their
research were supported by hydration modeling according to the boundary nucleation and
growth model for cement hydration. Thus it can be concluded that the increase in
hydration in the presence of fine fillers is due, at least in part, to heterogeneous
nucleation which increases the rate cement hydration by boundary nucleation and growth

around the fine filler particles.
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Figure 3.4. Cumulative heat of hydration of cement mixes with different types of TiO;

(T1, T2 and T3) at 5 and 10% replacement rates

The effect of the fineness of the inert additives on cement hydration is also

evident from Figure 3.3. By comparing T1 and T2, which were produced using similar

processes by a single manufacturer, it was observed that the TiO, with higher surface

area (T2) accelerated and increased the rate of hydration more than the TiO, with lower

surface area (T1). Thus the rate of cement hydration in the presence of TiO, depends on

the surface area of the particles that are added to the cement, with higher surface area

(smaller particle size) particles accelerating the reaction more than particles with lower

surface area (larger particle size). This supports the conclusion that heterogeneous

nucleation effect, which is dependent on the particle surface area, is the dominant effect

compared to dilution, in the case of replacement of cement with TiO, nanoparticles to

cement.
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Figure 3.4 shows the total energy released during the hydration of the control as well
as various TiO,-cement mixes. It can be observed that the total energy evolved was
higher for all the TiO,-cement mixes compared to the control mix. As observed in the
heat of hydration curves, higher percentage replacement with TiO; resulted in an
increased total energy release compared to the control mix. If the total energy released at
48 hours of hydration is compared, 5% and 10% T1 resulted in 7.4% and 12.0% increase
in the total energy. The respective increases in energy for T2 was 13.8% and 19.3%
whereas the highest increase in the hydration energy were for T3, where a 21.5% and
29.2% increase in the total energy evolved was observed. When comparing the effect of
surface area of TiO, and comparing TiO, that were produced by the same manufacturer,
it can be seen that a higher surface area of TiO; (T2) resulted in a higher total energy
release compared to the lower surface area TiO, (T1). Thus the total energy release curve
also proves that the higher replacement with TiO, and TiO, with a higher surface area
results in higher energy release by the TiO,-cement mixes. It should be noted that the
total energy released by the mixes eventually will be the same as the cement slowly
completes complete hydration. But in the initial stages of the reaction, within the first few
days, the inclusion of TiO, particles accelerates the energy release and the hydration

reaction of cement.

3.3.3.2 Calorimetry Studies of Limestone-Cement Mixes

Figure 3.5 shows the variation of the rate of hydration of ordinary portland cement
and limestone—blended cements at 5, 10and 15% replacement levels. Similar to the mixes

with TiO; filler, it was observed that L2 decreased the duration of the dormant stage of
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the reaction, accelerated the rate of hydration and also result in an increased peak release
of heat. But when compared to the mixes with TiO, filler, the cement paste mixes with
limestone L2 filler increased these quantities only marginally. The peak rate of hydration
was increased by merely 0.6% and 5.0% for the mixes with 10% and 15% replacement,
whereas the mix with 5% replacement showed a 4.1% decrease in peak hydration rate.
When the time at which the peaks of the hydration curves are compared, it was observed
that hydration was accelerated for all the mixes with L2. Five, 10 and 15% of L2 resulted
in an acceleration of the reaction by ~15, ~40 and ~70 minutes when the C3A peaks are
compared with the control mix.

On the other hand all the mixes with L1 (the coarsest of the particles tested)
resulted in a decrease in the peak hydration rate as well as a deceleration of the hydration
reaction. 5, 10 and 15% replacement by L1 decreased the peak hydration rate by 7.6%,
7.7% and 7.5%. These values suggest that the replacement with L1 resulted in a decrease
in the hydration rate due to dilution effect and heterogeneous nucleation was not effective
due to the relatively larger particle size of the limestone used. The replacement with L1
also resulted in a marginal deceleration of the reaction by 21, 13 and 8 minutes, when the
peaks of C3A hydration were compared. Thus the results from the two limestone powders
that were tested suggest that if the size of the particle additives is larger (or surface area is
smaller) than a particular limit, heterogeneous nucleation will occur and the only effect

will be a marginal decrease in reaction rate due to dilution effects.
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Figure 3.6 shows the total energy released during the hydration of the control and
the limestone-cement mixes. The total energy evolved was higher than or at least equal to
the control mix for the mixes made with L2. For example, limestone-cement paste mixes
of L2 15% replacement resulted in a 10.6% increase in the total energy released at 48
hours of hydration when compared to the control mix. On the other hand all the mixes
with L1 showed a marginally lower total energy released throughout the test duration, as

can be observed in Figure 3.6.

3.34 Hydration of Cementitious Mixtures at Different Temperatures

Figure 3.7 shows the variation of the rate of hydration and cumulative heat of
hydration of ordinary portland cement at different temperatures. It can be observed from
Figure 3.7a that as the temperature increases, the peak value of the reaction rate
increases. This is expected since a higher temperature increases the rate of cement
hydration [137]. The increase in temperature also results in an acceleration of cement
hydration, which is evident from the decrease in time required to reach the peak of
hydration. For comparison the peaks of the hydration curve at 55°C, 45°C and 35°C were
observed approximately at 130, 175 and 265 minutes respectively after mixing. The
peaks of hydration are clearly discernable in the higher temperature mixes, whereas in the
25°C and 15°C mixes the peaks are not sharp and it is difficult, for example, to discern
between peaks associated with C3S and C3A reaction. Some researchers, see for example
[71], have used the time to reach peak hydration rate as a measure of the hydration and
have applied the Arrhenius equation (Equation 2.2) to calculate activation energy. But as

observed in this research, the peaks were not clearly discernable at lower temperatures
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and hence calculation of activation energy based on the time to reach the peak

temperature release [71] might not be a feasible approach for all cases.
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Figure 3.7. (a) Rate of hydration and (b) cumulative heat of hydration of ordinary
portland cement at different temperatures (15, 25, 35, 45 and 55°C)

Figure 3.7b shows that the cumulative heat evolved at a particular time by the

cement mix increases with an increase in temperature. Based on the increasing slope of

the cumulative heat curve in the accelerating region of the hydration curve, it can be

concluded that the rate of heat evolution (and hence the rate of cement hydration)

increases with increasing temperature.

3.3.5

Chemical Shrinkage

Chemical shrinkage is the reduction in volume of hydrating cement-based materials

due to the difference in absolute volume between the reactants and products. Figure 3.8

shows the chemical shrinkage results for the different mixes with TiO, and limestone

powder fillers. It can also be observed that the chemical shrinkage curves are similar to
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the cumulative heat evolution curves that were obtained from the calorimetry tests, as
expected. Similar to the cumulative heat curves an initial slow rate of reaction is observed
initially, followed by an accelerated reaction up to approximately 24 hours from the time
of mixing. The increased duration of shrinkage is followed by a zone of stabilization

where the shrinkage rate reduces considerably.
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Figure 3.8. Chemical shrinkage observed in samples with different percentages of TiO,
and limestone powders: a — T1 mixes, b — T2 mixes, ¢ — T3 mixes, d — L1 and L2 mixes

From Figure 3.8 it can clearly be seen that T1, T2, T3 and L2 increased the chemical
shrinkage observed in the cement paste compared the control OPC mix. Among the TiO,
powders tested, the least percentage increase in chemical shrinkage was observed in T1,

followed by T2 and T3. For example the increase in chemical shrinkage for the TiO,-

66



cement mixes with 10% replacement with TiO, of T1, T2 and T3 were 8.13%, 17.58%
and 15.69% respectively at 48 hours of hydration.

The limestone-cement mix with limestone L2 also resulted in an increase in the
chemical shrinkage as the particle size of the limestone was around 3pum. On the other
hand the cement paste mix with replacement of cement with limestone L1 showed a
decrease in the chemical shrinkage results, as can be observed in Figure 3.8(d). L1 was
the coarsest of the fillers that were used in the current tests and thus it can be concluded
that coarser fillers result in a reduced chemical shrinkage of cement paste mixes. As the
particle size of the filler increases, as observed from the isothermal calorimetry results the
cumulative heat of hydration decreases and hence the total degree of hydration decreases.
Thus due to dilution effect the inclusion of coarse inert fillers result in decreased

chemical shrinkage in filler-cement mixes.
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Figure 3.9. Difference in chemical shrinkage observed between samples with different
percentages of TiO; and limestone powders and the control mix
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In all the TiO, mixes, the difference between the control mix and the mixes with
TiO,, fillers increased considerably in the first 12 to 24 hours. After the first 24 hours, the
curves of the OPC and the TiO, mixes were almost parallel to each other with a
difference between increase chemical shrinkage being negligible. Figure 3.9 shows the
difference of the chemical shrinkage observed between mixes with additives and the
control mix. The difference between TiO,-mixes and control mix increased considerably
in the first 12 hours, decreased from this peak until ~24 hours and then remained almost
steady after that with only a marginal increase in the chemical shrinkage difference. Thus
it can be concluded that the effect of the TiO, powders on chemical shrinkage is
predominantly during the first 24 hours of the hydration reaction. On the other hand, in
the mixes with limestone powder fillers, the difference between the OPC mix and the
limestone mixes increased continuously with time and even after 24 hours the difference
between the limestone-cement paste mix and the control mix continued to increase, as
can be clearly seen in Figure 3.8(d) and Figure 3.9. For mixes with TiO; filler, high
chemical shrinkage was observed in the initial stages (first 12 hours) of hydration
reaction but at this stage the cement paste mix is still plastic and gaining strength.

For the limestone-cement mixes it can be observed that chemical shrinkage when
compared to the control mix increases even after 24 hours. This increase in chemical
shrinkage should be considered while designing mixes with finer limestone filler to
reduce the likelihood of cracking. For example, Bentz et al., [86] showed that the coarsest
limestone (with median particle size of 100 um) used in their research did not result in
cracking of the mortar specimens when tested according to the ASTM C 1581 [138]

standard test for cracking of mortar specimens but all the other limestone-cement (with
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median limestone particle size of 3-17 pm) mixes cracked. Thus higher shrinkage is
induced by the use of fine fillers and result in cracking of cementitious materials during

the hydration process, but further research has to be conducted on this topic.

3.3.6 Autogenous Shrinkage

Autogenous shrinkage is defined as the volume change in cement-based materials
occurring without moisture transfer to the surrounding environment. Figure 3.10 shows
the autogenous shrinkage results for the different mixes with TiO; and limestone powder
fillers. Similar to cumulative heat curves an initial slow rate of reaction is observed
initially, followed by an accelerated reaction up to approximately 24 hours from the time
of mixing. The increased duration of shrinkage is followed by a zone of stabilization
where the shrinkage rate reduces considerably. In the ordinary portland cement mix and
L1-cement mix, expansion was observed during initial stages of hydration. This behavior
has been observed by other researchers and is due to bleed water reabsorption possible in
cementitious mixtures with wi/c greater than 0.30 [139]. In the filler-cement mixes with
fine fillers (particle size <3um), the higher filler surface area could have caused
adsorption of water on the filler surfaces, and hence reduced free water available for

bleeding.
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Figure 3.10. Autogenous shrinkage results for cement mixes with 5% replacement of
TiO, and limestone filler

From Figure 3.10 it can clearly be seen that T1, T2, T3 and L2 increased the
autogenous shrinkage compared the control mix. Among the TiO, powders tested, the
least percentage increase in autogenous shrinkage was observed in T1, followed by T2
and T3 which is the decreasing order of filler particle sizes. For example the increase in
autogenous shrinkage for the TiO,-cement mixes with 5% replacement with TiO; of T1,
T2 and T3 were 200%, 400% and 550% respectively at 24 hours of hydration. It should
be noted that the cement paste mix exhibited a minor expansion during the autogenous
shrinkage tests, which could be due to bleeding in the cement paste mix.

The limestone-cement mix with limestone L1 resulted in an autogenous shrinkage
behavior similar to the control cement paste mix till 24 hours of hydration. After 24 hours

the L1 mix had a marginally lower shrinkage compared to cement paste mix. The
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decrease in autogenous shrinkage in the coarsest limestone L1 is similar to the chemical
shrinkage results. L2 and L3 limestone filler cement mixes exhibited an increase in the
autogenous shrinkage compared to control cement paste mix. But with increasing time, it
was observed that the difference between autogenous shrinkage of control mix and these
limestone-cement mixes decreased.

The increase in autogenous shrinkage observed in the fine inert filler-mixes, the
decrease in shrinkage in L1 mix and the marginal difference between control mix and L2
and L3 mix could be due to variation of interparticle spacing (pore size) which affects

capillary stress, according to Kelvin/Laplace-Gibbs equation:

Ocap = 2;//r (3.3)

where ocqp = capillary stress, y = surface tension of the pore water, and r = pore size
radius, where the radius for the smallest water-filled pore is generally used. That is, if
interparticle spacing (pore size) increases, the capillary stresses decreases and hence the
shrinkage decreases, which is possibly occurring in the case of L1. In the case of fine
inert fillers (T1, T2 and T3) the interparticle spacing (pore size) could be decreasing

which increases the capillary stresses and hence increase the autogenous shrinkage.

3.3.7 Microscopy

The size of the TiO; particles was in the nanometer scale and once mixed,
differentiating the TiO, particles from the rest of the cement mix was difficult in the
backscattered mode since the atomic weight of calcium and titanium are similar (40.078

g/mol and 47.867 g/mol respectively). Hence when imaging samples the TiO; filler, the
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areas around agglomerates of TiO, was imaged for easy characterization of cement paste
in different regions. The agglomerates of TiO, were easily distinguishable in the TiO,-

cement paste mix due to the differences in the morphology of the paste and TiO,.
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Figure 3.11. Scanning Electron Microscopy image of interface between TiO, and cement

paste

Figure 3.11 shows that the cement paste in the region immediately adjacent to the
TiO, particles is dense and the morphology is significantly different from the cement
paste away from the TiO, agglomerate. The cement paste microstructure away from the
TiO, particles was found to be less dense and more porous. This suggests that hydrated
cement paste immediately adjacent TiO, particles could have a higher density and higher
strength compared to the rest of the cement paste microstructure. It should also be noted
that if the particles of TiO, was well dispersed in the cement matrix rather than being
agglomerated, the cement paste that formed could have a higher density and strength
compared to the cement mix without any such fillers. Further investigation is necessary to

understand the effect of TiO, on the microstructure of cement paste.
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3.3.8 Activation Energy Using Single Linear Approximation Method

The apparent activation energy of cementitious materials represents the
temperature sensitivity of the chemical reactions during hydration. A higher activation
energy for chemical reactions will result in a greater variation of reaction rate with
temperature change and hence a “higher sensitivity to temperature”. Such understanding
is important for appreciating the influence of field temperatures on hydration rates and
thus development of microstructure, time to set, and rate of strength development, among
other features.

As described previously, in this approach, the reaction rate (k) for each mix at
different tempeartures was calculated using the maximum slope of the cumulative heat of
hydration curve obtained at varying temperatures during isothermal calorimetry testing.
For comparison of trends between mixes, the data and calculation procedure are
explained for two mixes: ordinary portland cement mix and 5% T3 mix. The same
procedure was followed for all the mixes, and activation energy for each are listed in
Table 3.3.

Figure 3.12a and 3.12b shows the cumulative heat release of ordinary portland
cement and 5% T3 mixes at various temperatures (15, 25, 35, 45 and 55 °C). As observed
earlier, the slope of the cumulative heat release graph increases with temperature for both
the cement paste mixes. If corresponding mixes of ordinary portland cement and 5% T3
mix are compared (for example the data at 15°C), it can be observed that the slope of the
5% T3 mix is greater than the ordinary portland cement paste mix. This clearly shows
that the accelerated hydration occurs in the nanoparticle-cement mixes, as was observed

earlier in the rate of hydration and cumulative heat of hydration graphs (Figure 3.3 and
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3.4). The reaction rates (k) of each mix at different temperatures were calculated as the
linear slope of the cumulative heat release curve in the region of maximum slope. The
regions used for calculating the linear slope are marked in bold on the cumulative heat of
hydration graphs. In general a minimum R?value of 0.99 was ensured while calculating

the slope in the region of maximum slope in the cumulative heat release graph.
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Figure 3.12. Cumulative heat released by (a) ordinary portland cement and (b) 5% T3
cement paste mix at different temperatures showing the linear regions used for
calculating reaction rate

Table 3.2 lists the values of the reaction rates (k) of ordinary portland cement and

5% T3 cement mixes. From the data, it is evident that at each temperature the reaction
rate of the T3 mix was greater than that of the ordinary portland cement mix. Similarly
increased rates of reaction was observed in all the cement-filler mixes in this reseach
when compared to the ordinary portland cement mix. The increase in reaction rate is
attributed to increased hydration due to heterogeneous nucleation on the surface of fine
fillers, which is similar to earlier observations by the current authors [53]. But it should
be specifically noted that even though the rate of reaction at each temperature is higher

for the 5% T3 mix, the activation energy does not necessarily have to be greater for the
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5% T3 mix. The activation energy depends on the rate of change of reaction rate (k) at

different temperatures and not the individual reaction rate at each temperture.

Table 3.2. Reaction rate of ordinary portland cement and 5% T3 mix using single linear
approximation method

Temperature (°C) 15 25 35 45 55
Reaction rate OPC 2.65 4.83 8.36 13.34 | 20.12
(JI/kgls) 5% T3 3.91 6.79 12.49 | 20.57 | 32.70

The variation of natural logarithm (In(k)) versus the inverse of absolute

temperature (1/T) for the two mixes are given in Figure 3.13a and 3.13Db respectively.

According to Arrhenius equation (Equation 2.2), the slope of the graphs of In(k) versus

1/T were multiplied with negative of universal gas constant to obtain the activation

energy. The calculation was repeated to obtain the apparent activation energy for each of

the mixes for which isothermal calorimetry tests were conducted.
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Figure 3.13. Variation of natural logarithm of reaction rate (In(k)) with inverse of
temperature (1/T) for (a) ordinary portland cement and (b) 5% T3 cement paste mix
obtained using single linear approximation method
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Table 3.3 lists the activation energies calculated using the linear method for all the
mixes. Compared to the portland cement, all the cement-filler mixes exhibited a higher
activation energy. The activation energy for the 10% mix for each filler was greater than
the activation energy for the 5% mixes of the same filler. That is, increasing the dosage of
filler resulted in an increase of the activation energy of the cement-filler mixture. Thus, it
can be concluded that the inclusion of very fine but inert fillers can increase the

activation energy of cementitious mixtures.

Table 3.3. Activation energy calculated according to linear approximation method
OPC |5%L3|10%L3 | 5%T1 | 10%T1 5% T2 | 10% T2 | 5% T3

39.93 | 40.23 | 40.85 39.96 40.45 40.43 41.15 42.10

3.3.9 Activation Energy Using Modified ASTM C1074 Method

The modified ASTM model calculates the activation energy of cement mixes
using the parameters obtained from the three parameter model for cement hydration data.
The degree of hydration was obtained from the calorimetry data for each mix, using
Equation 2.3 and 2.4. The degree of hydration was modeled according to the three
parameter model given in Equation 2.5 to obtain the parameters oy, T and B. The
hydration time parameter (1) at different temperatures for a mix was used to calculate the
activation energy using Equation 3.1. For comparison of trends between different mixes,
the data and calculation procedure are explained for two mixes: ordinary portland cement
mix and 5% T3 mix. Similar procedure was followed for all the mixes and activation

energy for all the mixes tested are listed in Table 3.4.
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Figure 3.14. Degree of hydration of (a) ordinary portland cement and (b) 5% T3 cement
paste mix obtained from isothermal calorimetry data at 15, 25, 35, 45 and 55 °C
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Figure 3.14a and 3.14b shows the degree of hydration obtained at various
temperatures for ordinary portland cement and 5% T3 mix respectively. The degree of
hydration data is similar to the cumulative heat release curve shown in Figure 3.4. In each
graph it can be observed that the degree of hydration at any time increases with an
increase in temperature. This shows that cementitious mixes hydrate faster with an
increase in temperature.

If the data at the same temperature are compared for the two mixes, it can be
observed that 5% T3 attains a greater degree of hydration at any time when compared to
the ordinary portland cement mix. For example, the degree of hydration at 50 hours for
the 15°C experiments were 0.48 and 0.57 for the ordinary portland cement and 5% T3
mixes respectively. Alternatively, the time required to attain a certain degree of hydration
is lower for the 5% T3 mix. For example, comparing the 15°C data, 5% T3 attains a
degree of hydration of 0.50 at 30.45 hours compared to ordinary portland cement mix,
which attains a=0.50 at 56.10 hours. Similar higher degree of hydration was observed for

all the nanoparticle-cement mixes when compared to the ordinary portland cement mix.
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The degree of hydration data was modeled according to the three parameter model
given in Equation 2.5 to obtain the parameters oy, T and 3 using a least square fit of the
exponential function. The values of oy, T and § obtained for all the mixes are listed in
Table 3.4. Comparing the value of ay, it can be observed that the inclusion of
nanoparticles results in an increase in the value of o, demonstrating that the maximum
degree of hydration is higher for the nanoparticle-cement mixes. The increase in a, and
hence the maximum degree of hydration is greatest for the most dispersed nanoparticle
(T3) and o, increases with increasing dosage of the nanoparticle. It was also observed
that B decreases due to the inclusion of nanoparticles. Thus nanoparticles result in higher
degree of hydration during initial stages of the reaction due to heterogeneous nucleation.

For each of the mixes, it can be observed that an increase in the temperature
resulted in a decrease in 1. Thus the increase in temperature accelerated the reaction as
well as decreased the time at which the peak rate of hydration occurs. This was earlier
observed in the rate of hydration graph, cumulative heat of hydration data as well as the
degree of hydration data. When different cementitious mixes at the same temperature are
compared it can be observed that the inclusion of nanoparticles resulted in a decrease in T,
reiterating the observation from previous data that nanoparticles accelerated hydration of
cement. From Table 3.4 it can also be observed that higher the dosage of nanoparticles
the lower is the value of 7, showing a greater acceleration of hydration with higher
dosage of nanoparticle. The greatest decrease in value of T was observed in the 5% T3
mix, which was the smallest nanoparticle tested in this research. Thus by comparing the

values of ay, T and f it can be concluded that nanoparticles results in acceleration of
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hydration, greater initial degree of hydration and possibly greater final degree of

hydration due to heterogeneous nucleation.
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Figure 3.15. Variation of natural logarithm of hydration time parameter (In(t)) with
inverse of temperature (1/T) for (a) ordinary portland cement and (b) 5% T3 cement paste
mix obtained using modified ASTM C1074 method

Figure 3.15 shows the variation of the natural logarithm of the hydration time
parameter (In(t)) versus inverse of absolute temperature (1/T) for ordinary portland
cement and 5% T3 mix, according to Equation 3.1. The apparent activation energy was
calculated by multiplying the negative of the slope of plot of In(t) versus 1/T with the
universal gas constant. The activation energy for ordinary portland cement and 5% T3
mix was calculated to be 36.31 kJ/mol and 39.52 kJ/mol respectively. The activation
energy was calculated similarly for all the mixes and is listed in Table 3.4. Thus it was
observed that the inclusion of nanoparticles resulted in an increase of the activation
energy of the cementitious mix. This was the same trend that was observed when

activation energy was calculated according to the linear slope method.
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Table 3.4. Activation energy (Ea) and parameters of three parameter model (o, T and )
cement mixes calculated according to modified ASTM C1074 method

Mixture T (*C) o, B T(h) R* Es (kI1/mal)
15 14,60 0.9946
25 3.31 0.993
Cement 385 0.80 1.30 5,19 0.998 36.31
45 3.33 0.999
ES 2,30 0,995
15 12,56 0.993
25 7.45 0,997
5% L3 35 0.64 1.19 4,35 1.999 36.82
45 2.84 0.993
5L 1.96 0.993
15 11.89 0.997
25 7.08 0,997
10% L3 35 0.68 1.10 4,03 1.999 37.97
45 2,57 0.993
5L 1.77 0.999
15 14,02 0.993
25 83.13 0.993
L T1 35 0.65 1.16 4,85 0.998 36.82
45 3,28 0.993
5L 2.12 0.993
15 13.87 0.993
25 0.83 0,991
10% T1 35 0.70 1.05 5.0z 0.998 37.05
45 3.18 0.997
5L 2.11 0.993
15 13.E5Z2 0.993
25 7T 0.993
% T2 35 071 1.02 4,35 0,992 37.58
45 2,94 0.997
5L 2.02 0.993
15 11.70 0.995
25 7.24 0.993
10% T2 35 0.70 0.9y 4,20 0.994 328,79
45 2,50 0.993
=) 1.69 0.999
15 9.51 0,997
25 .4l 1.999
5% T3 35 0.68 0.97 3.27 0.993 39.52
45 1.99 0.997
ES 1.29 0.993

The classical definition of activation energy could result in a notion that since
reaction rate at all temperatures are lowered the activation energy of hydration should
also be lower when nanoparticles are added to cement. But activation energy is calculated
based on the relative change of the reaction rate at different temperatures and not on the
absolute reaction rate at any temperature. Thus, the authors would like to reiterate that the

acceleration (or deceleration) of cement hydration reaction at a temperature does not
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imply that the activation energy would be lowered (or increased). For example,
researchers have earlier observed a decrease in the apparent activation energy of cement
hydration when retarding admixtures were used in cement [77]. In the current research it
was observed that the inclusion of nanoparticles increased the cement hydration rate as
well as increased the apparent activation energy of cement mixes.

The activation energy calculated for cementitious materials is a representation of
“apparent” activation energy of the combined hydration reaction that includes reaction of
several minerals, producing several products based on a reaction mechanism that changes
with time. Thus, apparent activation energy for cement should not be treated as potential
energy to be overcome for a reaction to proceed as defined in the classsical definition of
the Arrhenius theory. Apparent activation energy should instead be considered as a
measure of the temperature sensitivity of the hydration reaction and as a tool to
understand and compare the temperature sensitivity of different cementitious mixtures. In
the current research it was observed that the inclusion of nanoparticles of various sizes
resulted in an increase in the activation energy of the cement mixes. The increase in
activation energy with nanoparticle additives thus demonstrates an increased sensitivity
to tempearture.

Portland cement reacts with water as a combination of surface controlled
(homogeneous nucleation) reaction and diffusion controlled reaction. The presence of
nanoparticles in cement results in increased cement hydration due to heterogeneous
nucleation, an additonal reaction mechanism [53, 140]. The hydration reactions is less
dependant on diffusion controlled process in the presence of nanoparticles. Aqueous

diffusional-controlled processes have activation energies less than 20 kJ/mol, while
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processes controlled by rates of chemical reaction tend to have significantly higher
activation energies [71]. Previous research has shown that higher apparent activation
energies are observed during hydration that is less dependent on diffusion (in the
presence of slag) [79]. Thus the combination of reactions due of heterogenous nucleation,
homogeneous nucleation and diffusion controlled reaction could result in an apparent

activation energy which is greater than ordinary portland cement mix.
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Figure 3.16. Comparison of activation energy of nanoparticle-cement mixtures calculated
using linear method and modified ASTM C1074 method
The values of apparent activation energy calculated using the linear slope method
was greater than the values calculated using modified ASTM C1074 method. But of
greater significance is the for comparison of the relative trends between the different
mixes when compared to ordinary portland cement. Figure 3.16 shows the comparison of

the activation energy obtained using linear method and modified ASTM C1074 method.
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It can be observed in Figure 3.16 that the trend followed by activation energy calculated
using both the methods is similar with good correlation between the R? values (0.936).
Thus for cementitious mixtures containing nano and other fine fillers, both linear as well
as modified ASTM C1074 method can be used to calculate the apparent activation energy
values, especially when used as a tool to compare between different combination of
materials.

These results show that the temperature sensitivity of cement hydration reactions
increase due to the inclusion of these nanoparticles. Hence reaction of cement with water
is accelerated much greater in nanoparticle-cement mixes compared to ordinary portland
cement mixes, when exposed to similar changes in temperature. A higher ambient
temperature could result in much faster setting and strength gain in nanoparticle-concrete
mixes and hence a faster turnover time. But, the negative impacts of increased thermal
stresses should also be considered due to increased temperature sensitivity and higher

temperatures.

3.3.10 Powers’ Model for Cement Hydration

The Powers’ model was utilized to model variation of chemical shrinkage with
respect to degree of hydration according to Equation 3.1. Filler-cement mixes at 0%, 5%,
10% and 15% of cement replacement with filler was modeled and compared with

experimentally chemical shrinkage results.
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Figure 3.17. Variation of chemical shrinkage of TiO,-cement mixes with degree of
hydration according to Powers’ model

0.08 /
0.07

L1, L2 - 10%
N\

0.06

0.05

0.04

L1,L2-15%

Chem. Shrinkage - model {vol. frac)

0.03
002 —OPC -=-L1-5%
=-=-11-10% ==-11-15%
0.01 L2-5% —L2-10%
0 | | —12 _.15% |
0 0.2 04 0.6 0.8 1
Degree of hydration

Figure 3.18. Variation of chemical shrinkage of limestone-cement mixes with degree of
hydration according to Powers’ model

Figure 3.17 and Figure 3.18 shows the variation of chemical shrinkage of filler-

cement mixtures with TiO, and limestone respectively, according to the Powers’ model.
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Table 3.5 lists the modeled chemical shrinkage values of the TiO, and limestone filler
cement mixes at complete hydration (o=1). It can be observed from Figures 3.17 and
3.18 and Table 3.5 that the replacement of cement with filler decreased the chemical
shrinkage of the filler-cement mixture. The decrease in chemical shrinkage is
proportional to the degree of hydration as well as the dosage of filler, as would be
expected.

Table 3.5. Chemical shrinkage of cement mixes at 100% hydration obtained using
Powers’ model and experimental data (extrapolated)

, Experimental data
Powers' model
(extrapolated)
OPC 0.078 0.066
5% 0.074 0.067
L1 10% 0.070 0.063
15% 0.067 0.060
5% 0.074 0.076
L2 10% 0.070 0.074
15% 0.067 0.073
5% 0.071 0.063
T1
10% 0.065 0.064
5% 0.071 0.066
T2
10% 0.065 0.064
5% 0.071 0.597
T3
10% 0.065 0.602

Figure 3.17 and the data in Table 3.5 (Powers’ model) for the TiO,—cement
mixtures demonstrate that the chemical shrinkage of filler-cement mixtures depends only

on the dosage of the filler and not on the type (i.e., size) of TiO, used. Similar behavior
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was observed in the limestone-cement mixes. It is clear, based upon the model
parameters, that Powers’ equation only considers the dosage and the density of the filler
and does not consider effect of particle size of filler on hydration reaction.

To examine the goodness of fit as hydration proceeds, Figure 3.19 shows the
variation of the experimental chemical shrinkage with degree of hydration for the TiO,-
cement mixes. During initial stages of hydration (a<0.3) there is a greater difference
between the experimental chemical shrinkage of the TiO,-cement mix, and with
increasing degree of hydration the difference between chemical shrinkage decreases.
Thus, at initial stages of hydration (0<0.3), a higher chemical shrinkage is observed in the
ordinary portland cement mix compared to the TiO,-cement mixtures, an opposite trend

as observed in the Powers’ model calculations.
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Figure 3.19. Variation of chemical shrinkage of TiO,-cement mixes with degree of
hydration using experimental data
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Figure 3.19 also shows that the type of TiO, affects the chemical shrinkage; T3
resulted in greatest difference compared to the plain cement mix. The difference of
experimental chemical shrinkage from the modeled chemical shrinkage (Figure 3.17)
could be due to heterogeneous nucleation effect in the presence of fine inert fillers. The
Powers’ model [47] considers only dilution effect of fillers and does not consider
heterogeneous nucleation effect. Thus the increased rate of hydration in the presence of
fine inert fillers and hence the variation in chemical shrinkage could not be modeled

according to the Powers’ model.
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Figure 3.20. Variation of chemical shrinkage of limestone-cement mixes with degree of
hydration using experimental data
Figure 3.20 shows the variation of experimental chemical shrinkage for the
limestone-cement mixes. The chemical shrinkage values of L1-cement mix during initial
stages of hydration were similar to plain cement. With increasing degree of hydration the

L1-cement mixes exhibited a decreasing chemical shrinkage compared to plain cement
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mix. Thus, the trend of experimental chemical shrinkage of limestone L1 compared to
plain cement paste is similar to that observed in the Powers’ model chemical shrinkage
(Figure 3.18). These results show that Powers’ model can be used to predict the trend of
chemical shrinkage of filler-cement mixtures when coarse fillers (>3um particle size) are
used, or, that is, when dilution effect is dominant.

Figure 3.20 also shows that the experimental chemical shrinkage of L2-cement
mix was greater than the plain cement mix, at later stages of hydration. Although this
graph is similar to the variation of chemical shrinkage with time (Figure 3.8d), the trend
is not similar to the Powers’ model chemical shrinkage since the Powers’ model
predicted a lower chemical shrinkage in filler-cement mixes when compared to plain
cement mix. The effect of finer limestone fillers and model parameters thus needs further
research, since the possible formation of hemi- or mono-carboaluminate phases in the
presence of limestone could be resulting in additional reaction products not considered in
the model and affecting chemicals shrinkage results [54].

The comparison of Powers’ model with experimental chemical shrinkage results
shows that the Powers’ model can be used to predict trends of filler-cement mixes when
coarse fillers are used and when dilution effect is dominant. The results from this
research show that Powers’ model is not applicable to filler-cement mixtures where the
filler modifies the cement hydration reaction due to heterogeneous nucleation.
Comparing the data in Table 3.5, it can be observed that the experimental and Powers’
model values of chemical shrinkage do not match, even if the standard deviation of the
experimental results is considered, A trend is not evident between different filler-cement

mixes or different dosages of the same filler. Thus, further research is required to predict
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chemical shrinkage using Powers’ model for filler-cement mixtures, and in particular to

consider variations in cementitious mixture composition which may affect model

accuracy, and also to modify Powers’ model to include the effect of heterogeneous

nucleation on cement hydration and chemical shrinkage.

3.4  Summary

The effect of nano and micro fillers of TiO, and limestone on the early age properties

of cementitious materials was examined in this chapter. The conclusions for this part of

the research are summarized below.

High surface area inert particles (<3um) can be used to accelerate and increase
rate of cement hydration due to dominant heterogeneous nucleation effect. Larger
inert particles (>3pm) can be used to maintain the rate of cement hydration due to
dominant dilution effect.

Chemical and autogenous shrinkage increases due to the addition of high surface
area inert particles, but coarser inert fillers decreases shrinkage due to dilution
effect.

Apparent activation energy and hence temperature sensitivity of cementitious
mixes increases due to the addition of nanoparticles. Activation energy increases
with dosage, dispersion and surface area of nanoparticles.

Powers’ model can be used to model trends of filler-cement mixes when coarse
inert fillers are used. But the Powers’ model has to be modified to predict
chemical shrinkage values and trends and the updated model should also consider

modification of cement hydration in the presence of finer inert fillers
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(heterogeneous nucleation effect) and the formation of additional products,
including those not present in traditional portland cement binders but potentially

formed in limestone-cement mixtures.

The results from the investigation of the early age properties of cementitious materials
with nano and microparticles of TiO, and limestone demonstrate that inert fillers can be
used to tailor early age properties. The effect of filler on early age properties (hydration
rate, shrinkage and temperature sensitivity) depends on the particle size and dosage of
filler and was not significantly affected by the type of inert filler used. Thus any inert
filler could potentially cause similar effects on early age hydration. Hence, after selecting
the particle size of the filler for modification of early age properties, any filler type could
be selected based on expected impact on cost, modification of late age properties, novel
properties (e.g. photocatalysis) and environmental impact due to the inclusion of the filler

in cementitious materials.
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CHAPTER 4

LONG TERM PROPERTIES OF CEMENTITIOUS MATERIALS

WITH NANO AND MICROPARTICLE ADDITIVES

4.1 Introduction

Long-term properties of cementitious systems can be affected by addition of nano
and microparticles to cement because of their potential to modify porosity, pore size
distributions and permeability [9]. The long-term performance, especially strength and
durability of cementitious materials could also impact sustainability of construction
materials [85]. Thus, due to the increasing application of TiO; and limestone modified
cementitious systems and their potential for environmental benefit, it is crucial that the
long term performance of this emerging class of materials be examined more
comprehensively.

In the previous chapter as well as in recent research (including that by the current
author), TiO, nanoparticles and sub-micron sized limestone have been shown to
accelerate cement hydration by providing additional surfaces causing heterogeneous
nucleation of hydration products [53, 63, 140, 141]. Since cement hydration has a strong
influence on the pore structure, the presence of fine fillers, which nucleates the growth of
hydration product, could modify the pore structure and hence affect porosity and
permeability.

In this chapter, the effects of the addition of several commercially available TiO,
nanoparticles and limestone microparticles on the long term properties of cementitious

materials are examined. In the long term tests, analysis of compressive strength
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development, permeability, surface resistivity, and pore size distribution were conducted,
all at varying percentages replacement of cement with TiO, and limestone. The overall
aim of this section of the research was to better understand the influence of the TiO; and
limestone fillers in the nano and microparticle size range on long term cementitious
materials properties and to further tailor cementitious materials to possibly achieve

desired long term properties.

4.2  Experimental Procedure
4.2.1 Materials

Commercially available TiO, and limestone powders, of different particle sizes and
surface areas, were utilized for this research. Ordinary ASTM C 150 Type | portland
cement (Lafarge) with median particle size of 10.08 um was used and had a potential
Bogue composition of 51.30% CsS, 19.73% C,S, 8.01% C3A and 9.41% C,AF and
0.40% NayOqq. Table 3.1 lists the properties of the different fillers that were added to the
cement and shows that the titanium dioxide powders’ surface areas are greater and the
particle size smaller than the limestone powders.

The effect of replacement of cement with TiO, and limestone at 5% and 10% on the
hydration of ordinary portland cement at a constant water-to-solids ratio of 0.50 by mass
was examined. Superplasticizers or other chemical admixtures were not added in any of
the mixes because researchers have noticed that hydration reaction is affected by the

presence of these additives [9].
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Cement paste samples were used for the specific surface area analysis and strength
tests and concrete samples were used for the chloride permeability and surface resistivity
tests. The mixing procedure for cement pastes was conducted according to ASTM C 305
[129] and for concrete according to ASTM C 192 [142], with the following modification
to mixing for the cement-filler mixes. In the cement mixes with fillers, the filler was
initially added to the entire quantity of the water and mixed for 60 seconds using a
handheld mixer at medium speed. This was followed by addition of cement and other
materials (if any) and mixing according to the ASTM standard. The concrete mix design
that was used for the rapid chloride permeability test and surface resistivity tests is listed
in the Table 4.1.

Table 4.1 Concrete mix design used for chloride permeability and surface resistivity tests
(for 1 cu. yd. concrete)

0% filler mix | 5% filler mix
(Ibs) (Ibs)
Water 315 315
Cement 630 598.5
Coarse Aggregate 1746 1746
Fine Aggregate 1277 1277
Filler 0 31.5

4.2.2 Test Methodology

4.2.2.1 Strength Test
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Compressive strength tests of cement pastes at different replacement rates of TiO,
and limestone was determined using %2 (2.54cm) cement paste cubes. Samples were
prepared according to ASTM C305 [143], cast in plastic cube molds and were vibrated in
the molds for better compaction. The samples were demolded after 24 hours of curing at
100% RH, and stored in limewater at room temperature (23+2°C) until the compression
testing. To ensure similar condition among all the samples at the time of the testing, the
samples were maintained to be wet until just prior to testing. Samples were tested at 1, 3,
7, 14 and 28 days of age.

Tests were performed on samples of w/s=0.50 and at TiO, and limestone
replacement rates of 10% dosage rates. A loading frame (Instron Satec Materials Testing
Machine) with a capacity of 100kN (22kips) was used in a load controlled test. A loading
rate of 500 Ibs/min (226 kg/min) was used for the compressive strength tests. At least

twelve samples were tested per sample type and age and results were averaged.

4.2.2.2 Pore Size Distribution

Nitrogen adsorption and desorption technique for porosity measurements was
conducted using a Micromeretics ASAP® 2020 accelerated surface area and porosity
analyzer. The relative pressure range used for the adsorption and desorption was from
0.002 - 0.995. Surface area was calculated using the BET [144] analysis method, over a
relative pressure range of 0.05 — 0.30 on the adsorption isotherm. Total pore volume
available to nitrogen (in the size range 3 — 40 nm pore radius), average pore width are
pore size distribution were calculated using the Barrett, Joyner, Hallenda (BJH) [145]

method using the data from the desorption isotherm.
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Although researchers have noted that surface area measurements vary with
technique, adsorbate and sample preparation [146], the use of nitrogen adsorption-
desorption technique and comparison of results using BET surface area and pore size
analysis using BJH desorption is regularly used for comparing among companion cement
samples [147]. The variations due to sample preparation were minimized in this research
by preparing samples using the same methodology. The samples used in this research
were prepared similarly by curing at 100% relative humidity. Samples at 1, 3 and 28 days
of curing and were freeze dried and stored under sealed conditions until further testing.
The results from the 28-day cured samples could be used to compare long-term surface

area and pore structure of the ordinary portland cement and filler-cement mixtures.

4.2.2.3 Rapid Chloride Permeability Test

The rapid chloride permeability test (RCPT) can be used to determine the relative
permeability of concrete samples. The test is conducted according to ASTM C1202
[148], where the coulomb value of the total charge that passes through concrete is used as
a measure of concrete permeability. The charge passed depends on the pore structure as
well as the pore solution chemistry in concrete [149]. The charge passed correlates to the
resistance of the concrete specimen to chloride ion penetration, an indirect indication of
the permeability of concrete [150-152]. Research has shown that the charge passed in
RCPT in a plain cement concrete was well correlated with the chloride penetration data
obtained from a 90-day ponding test [153]. But researchers also note that the values may
be inaccurate if the concrete is atypical — concrete with SCMs or chemical admixtures.

Researchers have also raised concern about the ability of RCPT to determine the chloride
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permeability of concrete mixtures containing mineral admixtures including silica fume,
slag and fly ash [153], since the test measures the movement of all ions present and not
just chloride ions. The movement of ions, especially in high permeability concrete can
increase the temperature, which in turn can increase the charge passed [149].

In the current research, concrete cylindrical (4°x8”) samples were prepared at
w/s=0.50 and stored in saturated lime water for 28 or 56 days before testing. The samples
were then cut to 2” slices using a water cooled diamond saw to obtain 2 cut faces on each
side. The cut samples were placed in a desiccation chamber and a vacuum less than 1mm
Hg was applied for 3 hours using an electric pump. De-aerated water was introduced into
the chamber while maintaining vacuum till all the samples were submerged and the pump
was allowed to run for 1 hour. After the 4-hour desiccation and introduction of water, the
vacuum was removed and the samples were allowed to return to atmospheric pressure
and left submerged for 18 hours.

The fully saturated specimen was then subjected to a 60 V DC voltage for 6
hours, with one face exposed to a 3% sodium chloride (NaCl) solution and the other face
exposed to a 0.3M sodium hydroxide (NaOH) solution. The RCP test procedure

according to ASTM C 1202 was followed for the test [151].

4.2.2.4 Surface Resistivity Test

The surface resistivity test is a relatively new test which is being accepted and
implemented in concrete research [152] and a provisional AASHTO test was also
released recently (AASHTO TP 95). The surface resistivity test overcomes some of the

inherent shortcoming of the RCP test (mentioned earlier), and the specimen conditioning
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to be is less time and labor intensive. For concrete testing using surface resistivity, the
Wenner array is used which utilizes four equally spaced surface contacts. A small
alternating current is passed through the sample between the two outer contract points,
and the potential difference between the two inner contact points is measured using a
voltmeter. The resistance (R) is measured by dividing the voltage (V) by the current (1).
The resistivity of the concrete sample can be obtained by multiplying the resistance with
a cell conversion factor, called the cell constant [154]. In the current research, a 4-point
Wenner probe (Proceq Resipod) with 1.5 probe spacing was used, and the reading of the
resistivity value was directly displayed on the instrument.

Unlike the RCP test, the surface resistivity testing does not damage the sample
and the same sample can be reused for testing at different ages. Hence, the surface
resistivity testing was conducted every 2-3 days during the first 14 days of age and at
least once every 7 days until 56 days of age. The samples were taken out of the curing
tank and surface resistivity measurements were conducted under surface wet conditions
after wiping off any excess surface water. The measurements were averaged using eight
readings taken at 0°, 90°, 180° and 270° and repeated again at 0°, 90°, 180° and 270°

along the circumference of the cylinder.

4.3 Results and Discussion

4.3.1 Strength Development

Compressive strength of cement and cement-filler paste samples containing 0%
and 10% TiO, and limestone was measured at 1, 3, 7, 14 and 28 days of age at water-to-

97



solids ratio of 0.50. Figure 4.1 shows the strength development trend for ordinary
portland cement and filler-cement mixes, depicted using average strength of at least 12
samples. By comparing average strength results, it was observed that during initial stages
of hydration (1 day), T1, T3 and L3 had strength greater than or comparable to the
ordinary portland cement mix, whereas at later ages (14 and 28 days), the strength of all
the filler-cement mixes were lower than the ordinary portland cement mix. But, as
observed by the error bars in Figure 4.1, the variation of strength data (standard
deviation) associated with each data point was high. The smaller size of the test sample
used as well as possible effect of imperfections could have increased the variation in

strength data observed in Figure 4.1.

8000

7000

[9)]
o
o
o

5000

4000

3000

2000

Compressive Strength (psi)

1000 o-L1 -2 -o-13

0 5 10 15 20 25 30
Time (days)

Figure 4.1. Strength test results for TiO, and limestone modified cements at 10%
replacement rates and at a w/s=0.50
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To better compare among the strength test data with high variability (standard
deviation), a single factor analysis of variance (ANOVA) test was conducted using a 5%
confidence interval. The strength of each individual filler-cement mix was compared with
the plain cement mix and the results of the ANOVA test are given in Table 4.2. The
results show that at 1 day, the strength of T1 and L3 filler-cement mixes can be
considered the same as the strength of the plain cement paste mix. T3 (the smallest
particle-sized filler tested) had a higher strength compared to plain cement paste, whereas
L1 and L2 (the coarser limestone fillers) had lower strength compared to plain cement.
The 28-day ANOVA results show that most of the filler-cement mixes (except for L2)
had a strength value that was different from the ordinary portland cement mix. The lower
average strength of all the filler-cement mixes, as shown in Figure 4.1, along with the
ANOVA results demonstrates that the addition of fillers decreases the 28 day (long term)

strength of filler-cement mixes.

Table 4.2. Results from analysis of variance (ANOVA) of strength data

OPC-T1 | OPC-T3 | OPC-L1 | OPC-L2 | OPC-L3

1 day 0.24 0.004 0.0006 0.0009 0.18
P-value

28 day 0.018 0.037 0.026 0.12 0.0004

Figure 4.1 shows that during the initial stages of hydration (1 day), T1, T3 and L3
cement-filler mixes had strength higher or comparable to the ordinary portland cement
paste mix. The mix which showed greater initial strength than plain cement paste at both
1 and 3 day tests was the T3-cement mix. In the previous chapter on early age properties

it was observed that the effect of heterogeneous nucleation was dominant during early
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hydration, especially in the first 24 hours of hydration. It was also observed that T3 was
the TiO, which increased the degree of hydration (total heat released) by the greatest
amount in the isothermal calorimetry tests. Thus the higher strength of the TiO,-cement
mix in the 1 and 3 day tests was because of the higher degree of hydration caused by
heterogeneous nucleation effect.

The strength of the filler-cement mixes was lower compared to the ordinary
portland cement mix at later stages of testing (14 and 28 days). Comparing the 28 day
average strength values, it was observed that the strength of the filler-cement mixes
ranged from 73% to 92% of the ordinary portland cement mix. The lower strength of the
filler-cement mixes could be due to the lower cement content in those mixes since 10%
of the cement was replaced with fillers by maintaining a constant w/s. Thus with
increasing cement hydration due to a diffusion controlled process [74, 155], the plain
cement mix could have a higher content of hydrated cement compared to the filler-
cement mixes. Hence at later ages, as more cement undergoes hydration, the total cement
content and dilution effect could be the dominant factor which affects properties of
cementitious systems. The lower strength of filler-cement mixtures could also be due to
shrinkage which was observed to increase, especially with nanoparticle fillers. Shrinkage
and shrinkage cracking could also result in a decrease of the strength of cementitious
mixtures.

The compressive strength results obtained in this research is similar to that
obtained by other researchers who studied the effect of replacement of cement with
fillers. Some researchers observed that the replacement of cement with limestone resulted

in marginal decrease of 28 day strengths at replacement rate of 15% [20] or even at 5%
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replacement rate [156]. But other researchers have observed a marginal increase in 28
day strength for limestone cements with 5% limestone [157]. The increase in
compressive strength observed in portland limestone cements is due to the additional
grinding of limestone cement (during grinding of clinker) that results in finer cement
grains and hence faster and higher degree of hydration and higher compressive strength.
In the current research, blended cement was used where the limestone was added to water
before mixing of cement with water and hence inter-grinding or reduction of cement
fineness was not achieved. Further research is required to compare and understand the
relative effects of blended limestone cement compared to inter-ground limestone

cements.

4.3.2 Pore Size Distribution

Nitrogen adsorption and desorption technique for porosity measurements was
conducted on cement paste sample at 1 and 28 days of age and the surface area was
calculated using the BET analysis method and the pore volume and pore width was
calculated using the BJH method using the data from the desorption isotherm.

Table 4.3. Results from specific surface area nitrogen adsorption-desorption experiments
(28 day results)

OPC T1-5% T2 -5% T3-5% L3-5%
BET surface area (m°/g) 18.45 22.00 24.35 24.48 23.55
BIH desorption pore 0.081 0.097 | 0105 | 0099 | 0.096
volume (cm?/g)
BIH desorption average ) oo | 1596 | 1541 | 1084 | 11.53
pore width (nm)
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Table 4.3 lists the results from the nitrogen adsorption-desorption tests conducted
after 28 days of curing filler-cement paste samples at 100% relative humidity. The BET
surface area, BJH desorption pore volume and BJH desorption average pore width are
listed for the ordinary portland cement paste and the lab-blended cement pastes with TiO,
particles (T1, T2 and T3) and limestone particle L3.

Compared to the ordinary portland cement paste mix, all the other mixes
considered exhibited a higher surface area and pore volume. This could indicate the
addition of the fine fillers encourages the formation of a higher surface area C-S-H.
Similar increase in surface area was observed by Juenger and Jennings [147] when a
chemical accelerator (calcium chloride) was added to cement paste. The larger surface
area of the inert filler could also be contributing to an increase in the surface area of the
filler-cement paste mix. The surface area results from 1 day and 28 can be compared to
further distinguish between the effect of the filler surface area and additional surface area
due to hydration product formed in the presence of fine fillers.

Figure 4.2 shows the relative surface area of the filler-cement mixes (at 1 and 28
days) normalized with respect to the surface area of the plain cement mix at that age.
Comparing Figure 4.2a and 4.2b, it can be observed that the 28 day relative surface area
for each filler-cement mix is greater than the 1 day relative surface area. This increase in
relative surface area demonstrates that the higher surface area of filler-cement samples at
later ages (28 days results) is not only because of the presence of fine fillers, but also
because of increased cement hydration due to the presence of the fine filler. Thus the
increase in surface area of the filler-cement mixes at 28 days shows that the fine fillers

encourage the formation of hydration product.
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The higher surface area observed in the filler-cement mixes in Figure 4.2b could
also be due to the possible differences in the morphology of hydration product formed in
the presence of fine inert fillers. Thomas et. al. [158] observed that C-S-H formed at
higher temperatures had a different atomic packing density and porosity compared to
samples cured at lower temperature. Heterogeneous nucleation in the presence of fine
inert fillers could be compared to high temperature curing of cement, where both
nucleation and higher temperature results in accelerated hydration of cement mixtures.
Thus, the acceleration of cement hydration in the presence of fine inert filler could result
in microstructural changes and the formation of a hydration product with a different

morphology with greater surface area compared to plain cement mixes.
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Figure 4.2. Relative specific surface areas of cement paste samples with 0%, 5% and 10%
replacement of TiO, and limestone filler at (a) 1 day and (b) 28 days of hydration.
(Notice that the y-axis scale on both the graphs is maintained equal for easy comparison.
The line connecting data points are drawn as guides to the eye)
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Results from Table 4.3 also shows that the presence of fine fillers increase the
pore volume of cementitious materials. This should be examined more critically [159], as

larger capillary pores (>50nm) can increase permeability and compromise durability [9].
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It should be considered, for example, if the increase in effective water/cement ratio (since
water to solids ratio was kept constant in the mixes) could contribute to an increased pore
volume. But if the results of the pore width are examined in Table 4.3, it can be observed
that the average pore diameter of the filler-cement mixes is lower than the plain cement
mix. Thus, even though there is an increase in the pore volume in the filler-cement mixes,
there is a decrease in the average pore width. This shows that a greater number of smaller
pores are being formed in the microstructure and thus pore refinement is possibly
occurring in the filler-cement mixes.

Figure 4.3 shows the relative pore diameter of filler-cement samples at 1 and 28
days with respect to the plain cement paste sample at the same age. If the results from 1
day and 28 day are analyzed, it can be observed that the pore diameter of the T3 sample
is the lowest compared to all other samples. It was observed earlier that T3 causes
greatest increase in hydration (Chapter 3 and [53]) among all the fillers tested in this
research. In the 28 day results the decrease in pore diameter was also greater for higher
percentage addition of fillers as well, indicating that greater dosage of fine inert filler
results in greater reduction of average pore diameter. Thus, the higher degree of
hydration, with formation of hydration products (e.g. C-S-H) with an intrinsic finer
microstructure, could be resulting in the reduction of pore diameter of cementitious
mixtures.

Figure 4.3b shows that all filler-cement mixes had a pore diameter lower than the
plain cement paste. It was earlier observed in Figure 4.3b that the surface area increases
with addition of fillers. These two results combined demonstrate that the pore spaces are

being filled with cement hydration product (e.g., C-S-H) resulting in an increase in the
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surface area and a decrease in average pore width which results in pore refinement. The
pore size refinement shows that in the fine filler-cement mixes, lesser number of large
capillary pores (>50nm) are possibly formed and greater number of smaller pores
(<50nm) are formed. Researchers have earlier shown that the number of capillary pores
larger than 50nm inversely affects permeability [89]. Thus, the lesser number of pores of
size greater than 50nm possibly being formed in the filler-cement mixes could result in

improved permeability properties.
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Figure 4.3. BJH desorption average pore diameter of cement paste samples with 0%, 5%
and 10% replacement of TiO, and limestone filler at (a) 1 day and (b) 28 days of
hydration (The line connecting data points are drawn as guides to the eye)

4.3.3 Rapid Chloride Permeability Test

The rapid chloride permeability test (RCPT) can be used to determine the relative
permeability of concrete samples. The test was conducted according to ASTM C1202
[148], where the charge that passes through concrete measures the chloride ion
permeability and the result is used as an indirect measure of concrete permeability.

Table 4.4 lists the results from the rapid chloride permeability test. All concrete

mixes resulted in RCP test values greater than 4000C at 56 days indicating that the
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chloride ion permeability for these mixes was high [148]. The high chloride ion
permeability could be due to the higher water content (w/s = 0.50) in these mixes. But the
results can be used for comparison between the filler-cement mixes with respect to the
plain cement concrete mix. The results show that compared to the ordinary portland
cement concrete mix, all the filler-cement mixes (except for L3 at 56 days) had a
marginally higher amount of charge that passed through the concrete sample. This result
shows that concrete mixtures made with limestone and titanium dioxide could have a
marginally higher permeability. The concrete mixture with 5% replacement of cement
with limestone L3 had RCPT results very similar to the ordinary portland cement mix.
The 28 and 56 day results were within 2% of the result for ordinary portland cement. This
shows that the use of fine limestone (with particle size 0.7um) does not affect the RCPT
result and possibly the permeability of concrete mixtures.

Table 4.4. Rapid chloride permeability test results for TiO, and limestone concrete mixes
at 0% and 5% replacement rate

28day (€) | GeE 6 | 55999 (0) | oy resalts (@
OPC 5408 5408 5318 5318
L1 5765 5490
L2 5968 5747 5743 5487
L3 5507 5228
T1 5511 5821
T2 5963 5791 6049 5984
T3 5898 6082

There was no obvious trend for the RCP test result with respect to the particle size
of the fillers that were used in this research. Thus the average of the limestone-cement

mixtures and TiO,-cement mixtures was compared with the ordinary portland cement
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mix to broadly understand the effect of the type (chemistry) of these fillers on concrete
permeability. The calculation of average RCPT results for all TiO,-cement mixes and
limestone-cement mixes was also justified because at later ages dilution effect would be
dominant. The average 28 and 56 day RCPT results for the TiO,-cement concrete mixes
were greater than the ordinary portland cement mix by 6.2% and 12.5% respectively.
Thus the replacement of cement with 5% TiO; increased the chloride ion penetration by a
greater degree compared to the limestone-cement mixtures. The increase in RCPT result
could be because of the effective increase in the w/c since in this research the w/s was
maintained constant at 0.50. The increase in RCP result shows that the permeability of
concrete mixtures with TiO, additives could be higher than ordinary portland cement
mixes and warrants further investigation.

The average 28 and 56 day results of the limestone-cement mixture were only
marginally higher (6.2% and 3.1% respectively) compared to the ordinary portland
cement mix. Thus it can be concluded that the replacement of cement with 5% limestone
does not change the permeability of concrete mixtures significantly, a result similar to
that obtained by previous researchers [49]. In the current research, the limestone particles
were added to cement immediately before mixing with water. But inter-grinding of
limestone with cement, as usually conducted in the industry for producing portland-
limestone cement (PLC), could result in an increase in cement fineness. In such inter-
ground limestone-cement mixtures, the permeability of PLC concrete could be similar to
ordinary portland cement because of possible higher degree of hydration due to the

smaller cement particle size.
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434 Surface Resistivity Test

The surface resistivity of filler-cement concrete samples prepared at 0% and 5%
replacement of cement with filler and at w/s=0.50 was examined using a 4-point Wenner

probe with 1.5 probe spacing.

12

—a-0PC —o-L3-5% L2-5% L1-5%

Surface Resistivity (kOhm-cm)

—4—T3-5% =4~ T2-5% —+—T1-5%

0 7 14 21 28 35 42 49 56
Age (Days)

Figure 4.4. Surface resistivity of concrete samples with 0 and 5% titanium dioxide and
limestone fillers

Figure 4.4 shows the results of the surface resistivity tests till 56 days of age,
conducted on concrete samples stored in a saturated lime water bath at 23+2°C . It can
clearly be observed from Figure 4.4 that the ordinary portland cement sample had a
higher surface resistivity value than all the filler-cement concrete samples. This result
shows that the concrete sample would have greater potential resistance to chloride and

other deleterious ion ingress and lower permeability compared to filler-cement mixtures.
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Similar to the RCPT results, the L3 limestone-cement concrete mix modified the
resistivity value marginally compared to all other fillers used in this research. The 28 and
56 day surface resistivity measurement for the L3 mix was marginally lower than the
control concrete mix by 4.5% and 7.1% respectively. This shows that the use of fine
limestone (with particle size 0.7um) does not change the resistivity of concrete
significantly, even though there is a dilution of the cement content by 5% (or an effective
increase in the w/c in the filler-cement concrete).

The surface resistivity results for L1 and L2 was similar, but both were lower than
the control mix by approximately 10-14% at 28 and 56 days of testing. Thus the use of
coarser limestone particles (of sizes 3um and 20um in this research) resulted in a
decrease of the resistivity below the 5% dilution effect. Replacement of cement with TiO,
decreased the resistivity measurement significantly (for example 5% T2-cement mix
reduced the resistivity by 20.2% at 56 days). The drastic reduction of resistivity or
increase in conductivity in the TiO,-cement mixtures could be due to the semiconductor
nature of TiO,. This warrants further investigation with different types of semiconductors
and conductors to understand the impact of these materials on the surface resistivity test.
Further tests would also help ascertain whether the surface resistivity test can be used as a
technique to measure permeability of concrete samples with conductors and

semiconductors additives.
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4.4 Summary

The effect of nano and micro fillers of TiO; and limestone on the long term

properties of cementitious materials was examined in this chapter. The conclusions for

this section of the research are summarized below.

Initial strength of filler-cement mixtures was greater than ordinary portland
cement mix due to increased degree of hydration because of heterogeneous
nucleation effect. When cement was replaced with fillers, dilution effect was
dominant at later ages, and the strength of the ordinary portland cement mix was
greater than the filler-cement mixtures.

Surface area and pore size distribution analysis conducted on cement mixtures
with nano-TiO, and fine limestone (L3) demonstrates that total surface area and
pore volume increases when compared to ordinary portland cement mix. Pore size
refinement was also evident by the decrease in the average pore width of the
filler-cement mixtures tested. Pore size refinement shows a possible reduction in
larger porosity (>50nm) as well as disconnected porosity, which can result in
decreased permeability of filler-cement mixes.

The use of fine limestone (0.7um in this research) did not significantly affect the
RCP and surface resistivity of concrete. Thus the permeability of concrete made
with limestone could be comparable to ordinary portland cement mixture. The use
of TiO, increased the RCPT result and reduced the surface resistivity. Thus
concrete made with TiO, could have higher chloride ion permeability compared

to ordinary portland cement mixes.
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The results from investigation of the long-term properties of cementitious
mixtures with nano and microparticles of TiO, and limestone demonstrate that fine fillers
can modify the cementitious materials properties by refining pores within the
microstructure. The use of fine limestone fillers results in pore refinement as well as
concrete permeability comparable to control mixtures. Thus fine limestone can be used as
a filler in cementitious mixtures to obtain long term properties comparable to plain
cement mixtures, but also effectively reduce cement clinker usage thereby contributing to

sustainability.
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CHAPTER 5

PHOTOCATALYTIC PROPERTIES

5.1 Introduction

Anatase phase of TiO; is photocatalytic and can be used for removal of organic
and inorganic pollutants, photo-degradation of pathogenic organisms [94] and self-
cleaning and anti-fogging applications [34]. The photoreactivity of TiO, is due to the
formation of highly oxidizing electron pair holes and hydroxyl radicals which are
indiscriminate oxidizing agents [96], with only fluorine exceeding the oxidizing potential
of this radical. Research has demonstrated that ultraviolet (UV) illuminated TiO,can be
used for degradation of nitrogen oxides [160], volatile organic compounds (VOC’s) [96]
and sulfur oxides in the air [18].

Atmospheric nitrogen oxides or “NOx” (NO and NO) are predominantly
responsible for production of ozone in the troposphere and urban smog by reaction with
hydrocarbons which are environmental irritants to humans [18, 100]. Moreover, NOx,
together with SO, and SOs3, produce acid rain, which can be harmful for vegetation (e.g.,
forests, crops) as well as aquatic life [97] and the built environment [98, 99]. Thus,
decreases in NOyx concentration has been a major focus area for environmental regulatory
agencies across the world. In a recent proposal United States Environmental Protection
Agency (US EPA) increased the standards for air quality and proposed a new one-hour
NO; standard at a level of 100 parts per billion (ppb) [161]. Similar air quality standards
directives have been proposed in other parts of the world including Japan and Europe

[162, 163]. The US EPA also proposes setting up new air monitoring systems in urban
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areas near major roads where maximum concentrations are expected. Due to these
potential new standards, new technologies will be required for the reduction of NOx in
the atmosphere, especially in urban environments.

There is much interest surrounding the introduction of photocatalytic properties to
cement-based materials or other construction materials to address increasing standards on
NOx levels in the air. The inclusion of TiO; to construction materials could thus be used
as a method to decrease pollutant NOx gases. The photocatalytic oxidation of NOx in a

steady state by TiO, can be represented by [101]:

NO + ¢OH <—>HNO2 +oOH <« NO2 + HZO (5.1)
NO, ++OH PELLAN HNO, (5.2)

For cement or concrete, photocatalytic particles can be intermixed in the bulk
material as additive [109] or used in surface coating [164]. Some research has shown
effectiveness of such materials to address NOx levels, especially if the materials are used
on or near major roads and in urban areas [39, 95], while other studies have demonstrated
that all TiO, surfaces might not be effective in photocatalysis in field applications [31,
165]. Variability in lab and field studies on the capabilities of photocatalytic materials
suggest a need for review of test methods related to this growing class of cement-based
materials.

The surface and near-surface structure and properties of cement-based materials
can vary widely with mix proportions, age, finishing operations and curing techniques

used during construction, as well as changes during service. Since photocatalysis is
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predominantly a surface reaction which occurs in the presence of near-UV and UV
radiation [18], the surface properties of the material are expected to affect the test results.
In addition, changes in surface and near-surface properties due to hydration or
environmental interactions have been shown to measurably affect the rate and efficiency
of the photocatalytic reaction on cement-based materials [30, 31, 102].Thus, the surface
properties of the material being tested should be considered when characterizing the
photocatalytic properties of cement-based or other construction materials, so that
comparisons can be conducted between inter-laboratory tests and to ensure
reproducibility between different tests.

For example, as discussed in greater detail in a subsequent section, the existing
standard test methods [103-105] have to be modified for assessment of photocatalytic
efficiency in cementitious materials to consider the distributed pore structure and varying
surface characteristics which could affect the photocatalytic properties, as well as
intrinsic adsorption of NOx [166]. Since the cost of TiO, is much higher than ordinary
portland cement, construction materials typically have low concentrations of TiO, which
could result in a lower photocatalytic efficiency compared to ceramics or coatings.
Hence, any proposed procedures for testing these should also allow for discrimination
among materials with relatively low photocatalyst addition rates. Specifically, it is
proposed that lower gas concentrations, slower flow rates, longer residence times, and
longer test durations are needed to produce data with the fidelity necessary to better
discern among myriad potential variations in cementitious materials.

Thus, due to this need for an appropriate standard procedure for characterizing the

photocatalytic efficiency of cementitious materials used for reducing NOx, the main
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objective of this section of the research is to propose and evaluate a test method that can

be used by researchers as well as field engineers for testing and quantifying

photocatalytic activity of cement-based materials. Stemming from this, a new

photocatalytic efficiency factor is defined which could be used to characterize and

quantify the photocatalytic activity of any photoactive surface. As demonstration, the

proposed experimental procedure was used to evaluate various commercially available

TiO, powders incorporated at different replacement rates in cement paste and the

photocatalytic efficiency for these mixtures was measured and compared.

Table 5.1. Comparison of testing, sample and analysis parameters of various tests for

testing NOx conversion performance of photocatalytic materials

ISO JIS R UNI 11247 | Proposed test
22197-1 1701-1
Test gas NO NO NO and NO, NO
Test gas
concentration | 1000ppb 1000ppb 4100ppb NO + 500ppb
50ppb NO,
(ppb)
Testing Gas flow rate 3 3 3 1
parameters SI!/ m'g) _
est duration
(hour) 5 5 1 5
UV light
intensity 10 10 20 10
(W/m?)
Sample area 49.25 49.25 65 Variable
(cm°)
Sample .
Surface Grinding and
preparation - - - polishing
nads Qads NOX PEF OI’ PEFRN
Analysis parameters (equation (equation reduction (equation 5.4,
5.3) 5.3) percentage 5.5)
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As discussed earlier, several organizations describe standard test procedures for
examination of the air purification capabilities of fine ceramics and other inorganic
materials [103-105]. These test methods have begun to be used for the examination of
cement-based materials, as well. Table 5.1 lists key features of the existing tests for
photocatalytic NOx conversion as well as the proposed procedure. The rationale and
details of the proposed variations in test parameters for assessment of photocatalytic

cement-based materials are given in the subsequent sections of this chapter.

5.2  Methodology

The test method that is proposed here is applicable for testing the photocatalytic
properties of any cement-based materials which could be in the form of a mixture of a
photocatalytic material (for example TiO,) and cement or a photocatalytic material
applied as a top coat to cement-based construction materials. The test method and PEF
are demonstrated by comparing performance of cement-based materials containing
varying types and amounts of commercially available photocatalytic TiO; particles and

also by comparison with a photocatalytic ceramic tile.

5.2.1 Materials

Cement paste samples were prepared using a commercially available Type |
cement (Lafarge in Atlanta, Georgia, USA) with a Bogue potential composition of
51.30% CsS, 19.73% C,S, 8.01% C3A and 9.41% C,AF and 0.40% NayOgq and
commercially available photocatalytic TiO, powders. Properties of the photocatalytic

Ti0, examined are shown in Table 5.2. The anatase form of TiO, generally demonstrates
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a greater potential for photocatalytic activity compared to rutile [92], but there are a few
studies which report that a mixture of anatase (70-75%) and rutile (30-25%) is more
active than pure anatase [167]. TiO, was used in the cement paste mixes as obtained from
the manufacturers. Deionized water was used for preparing all the paste samples and no

other admixtures were used in the mixes.

Table 5.2. Properties of TiO, added to cement, as provided by manufacturers

Crystal Agglomerate Surface Purity
Manufacturer ] ) 5 Structure
Size (nm) Size (um) | Area (m/g) | (%)

T1 Cristal 20-30 1.5 45-55 >97 100% Anatase
T2 Cristal 15-25 1.2 75-95 >05 100% Anatase

] 80% Anatase
T3 Evonik 21 0.58 50+15 99.5 )

20% Rutile
T4 Tayca 30 1.5 52 95-99 100% Anatase
T5 Cristal 67-75 1-2 8-12 >99 100% Anatase
5.2.2 Specimen Preparation

Samples with TiO, were prepared at a water-to-solids ratio of 0.50. TiO, was used
at 5, 10 or 15% of the mass of cement to the mixes for testing photocatalytic activity.
Each TiO, powder was initially dispersed in deionized water and mixed thoroughly for
one minute using a handheld mixer. No special technique or chemicals were used for
dispersing the TiO, particles to replicate conditions as close as possible to field
application. Cement was then added and mixing continued for another 3 minutes.

The pastes were cast in molds to form 5mm thick samples with 50mm x 100mm
dimensions and were initially cured at 100% relative humidity at 23+2°C. After 2 days of

curing the samples were demolded and immersed in a saturated calcium hydroxide
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solution 23£2°C and cured until reaching 14 days of age. In addition to the samples that
were prepared using the procedure given above, a set of commercially available TiO,
coated ceramic samples (denoted “TC”) was also tested for comparison.

It should be noted that other convenient dimensions could be used for the
samples, but the thickness should be maintained as 5mm to avoid photocatalytic reaction
occurring on the sides of the sample during NOx tests. If samples of other area
dimensions are used, the photocatalytic activity should be normalized per unit exposed
area. The area of the sample is considered in a photocatalytic efficiency factor, which is
defined later in the chapter.

Sample surface characteristics are very important for the surface-initiated
photocatalytic reaction. For example, as the surface roughness (roughness number)
increases, more effective surface area would be exposed to the gases and UV light. Thus
it is paramount to maintain a constant roughness of surfaces in the test samples between
various mixes. Hence after 14 days of curing, one flat surface of the samples was
polished to obtain uniform surface roughness between different samples and mixes. This
procedure also has the effect of minimizing any variations in finishing operations. Once
removed from the curing solution the samples were immediately ground/polished using
grinding papers #400, #600 and #1000 and finally using a suspension of a grit size
5um.The polished samples were cleaned with deionized water to remove any residual
material from the polishing step and then dried in an oven at 40°C for 2 days, until the
mass change was less than 0.5%. This was done to minimize variation in moisture
content among the samples. The dry samples were stored under sealed conditions, to

avoid carbonation, and away from any light source until further testing.
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5.2.3 NOx Exposure Chamber

The test setup including the reaction flow cell and chemiluminescent NOx
analyzer for studying the photocatalytic activity and measuring the photocatalytic

efficiency of cement-based materials is shown in Figure 5.1.

UV light source
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G1 —zero air source, G2 — NO source, FC — digital
mass-flow controllers, H — humidifying and mixing
chamber

Figure 5.1. Experimental setup for testing photocatalytic activity of cement

A flow cell was specially designed and built for the NOyx exposure tests. The flow
cell was designed as a 100cm long, 8cm wide and 5¢cm high chamber and the top surface
was made with UV transparent poly-methyl methacrylate (PMMA) plate. The samples
were placed inside the exposure chamber such that there was a gap of 5mm between the
top surface of the samples and the bottom surface of the PMMA plate. The gas was

allowed to pass only through this 5mm gap to ensure interaction between the gas and the
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sample. The ends of the flow cell were sealed to ensure that there is no gas loss due to
leakages. The absence of leaks was ensured by connecting digital flow meters at the
entrance and exit of the flow cell before the experiments. The various components of the
test setup were connected using 6.35 mm (%4””) PTFE tubing and corresponding fittings
(UltraTorr). Two 1219 mm (48 in.) 40-W UV fluorescent lamps (GE) with peak emission
at 368nm were used to produce the UV light. The power of the UV light inside the flow
cell at the plane of the samples was maintained at 10W m, as measured using a digital

UV meter (UVX Radiometer, UVP) attached with a 365nm sensor.

5.2.4 Concentration and Flow Rate of NOx

NO gas was used as the pollutant gas for tests conducted as a part of this research.
It should be noted that either NO or NO, gas can be used for the same test parameters in
these tests [166]. A similar test procedure could be used for testing the photocatalytic
activity of other pollutant gases such as VOCs. But the test parameters such as gas
concentration and flow rate would have to be changed and optimized based on expected
air pollution concentrations and expected outdoor residence time respectively.

The value of 1000ppb NOx concentration suggested in the 1ISO 22197-1 standard
could be too high for realistic assessments of field performance of cement-based
materials. First, the current annual average NO; level according to US EPA is only 53ppb
and NOx concentrations, particularly near urban roadways, can have values in hundreds
of ppb’s depending on atmospheric conditions [161]. Also, when considering cement-
based materials specifically, the photocatalyst dosage rate is in this class of materials is,

due to economy and constraints on plastic behavior, typically smaller than used in
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ceramics and coatings on impervious materials. Further, even when twice the
recommended value of sample surface area was used, it was found that 1000ppb gas
concentration was not necessary for assessing cement-based materials nor discriminating
among different material compositions. Also, for improving the precision of
measurements made by the NOx analyzer, the gas concentration range to be measured by
the analyzer should be maintained at a minimum value.

On the other hand, the input gas concentration should not be too low since if all
the NOx is absorbed by a certain material, then differentiation of such a material surface
and other surfaces with greater or lesser photocatalytic efficiency would not be possible.
For optimizing input gas concentrations, test samples were cast and tested at 15% cement
replacement by mass with various photocatalytic TiO, particles. Based upon these tests,
the optimum input gas concentration was found to be 500 ppb.

A flow rate of 1 I/min for the gas mixture was selected for the tests to decrease the
velocity of the gases passing over the samples and thus to increase the residence time
(240 sec in these tests) of the gas in the exposure chamber. The higher flow rate that is
specified in the ISO standard results in a lower residence time of the gas over the samples
and greater percentage of the gas not interacting with the samples and merely flowing in
the region above the interaction volume of the samples. The decreased flow rate allows
sufficient time for interaction and reaction of gases on the TiO,-cement surface.

For the experiments conducted in this research, NO gas at 100ppm (balance
Nitrogen) concentration was mixed with ultrapure zero air at a ratio of 1:200 to obtain the
desired concentration of 500ppb directly upstream of the samples. The gas flows were

regulated using digital mass flow controllers (Tylan). The resultant mixture of NO and
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zero air was passed through a humidifying chamber containing deionized water, which
increased the relative humidity of the gas mixture. The relative humidity of the gas was
maintained at 50% and was regularly checked using a digital humidity meter. The gas
entering the flow cell first passed through a flow straightener which ensured a laminar
flow over the samples. Following ISO 22197-1-2007, the gap between the samples and
the bottom surface of the PMMA plate was maintained at 5mm using a height adjusting
plate facilitate contact with the samples.

For each set of experiments, the samples were placed in the flow cell and the gas
was allowed to stabilize for at least 30 minutes before the samples were exposed to UV
light. The UV light was turned on at least 30 minutes before exposure of samples to UV
light, to allow enough time for the lamp to warm up. During this time period the samples
and exposure chamber were not exposed to the UV light. The photocatalytic activity of
the cement samples was studied by measuring the variation of NO, NO, and NOx
concentrations over a period of 5 hours when the samples were exposed to UV light,
similar to the 1SO and JIS standard. The duration of the test was extended beyond the 1-
hour duration specified in the UNI tests because, as reported in the Results section, the
NOx gases could take longer than one hour to stabilize after the test is started.

The concentration of NO, NO, and NOx gas were measured at the outlet of the
flow cell using a chemiluminescent NO/NO,/NOx analyzer (Teledyne Instruments), with
an accuracy of 5ppb. At the end of 5 hours the UV light was turned off, and the

concentration of gases was allowed to return back to initial levels.

122



5.2.5 Characterization of Photocatalytic Efficiency

During the photocatalytic reaction of NO at the surface of samples, NO; gas can
be produced as a by-product as shown in Equation 5.1. Since the total decrease of NO
and NO; due to photocatalysis on the sample surface is of interest, the variation of the
NOx, rather than the variation of NO, was analyzed in determining the photocatalytic
activity of TiO,-cement samples.

Various experimentally measured or derived parameters can be used to
characterize the activity of photocatalytic materials. For example, the initial decrease in
the concentration of NOx or the maximum difference between inlet and outlet
concentration can be used as a measure of photocatalytic activity. While these values a
measure of NOx binding at particular instants during the test, each measure does not
represent the overall behavior of the photocatalytic surface over the entire test duration.

The 1ISO 22197-1-2007 and JIS R 1701-1 standards describes a measure of the
total amount of NOx adsorbed by the test piece, 77545 and Qags respectively in pmol, for

characterizing photocatalytic materials by [103, 104]:

Nads = Qads = (f /22-4)‘{3([NOX ]in _[NOX ]out )dt} (5.3)

where f = air-flow rate converted to that at the standard state (0 °C,101,3 kPa, and dry
gas basis) (I/min), [NOy]in = supply volume concentration of NOx before UV light is
turned on (ul/1 or ppm), [NOy]out = Outlet concentration of NOx after UV light is turned
on (ul/l or ppm) where the integration is conducted over time period 0 to T, expressed in

minutes. The term that is integrated denotes the total NOx gas that is absorbed (in ppm)
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during the entire duration of the test. The factor 22.4 is used to convert from volume units
to molar units, using the ideal gas law which states that one mole of an ideal gas at
standard temperature and pressure occupies 22.4 liters.

However, the approach in equation 5.3 for representing the photocatalytic
effectiveness of surfaces fails to take into consideration the decrease in concentration of
NOx will be directly related to the exposed area of the test material. The presumption
with each of the three standard tests is that the sample surfaces are flat and impervious,
which may be reasonable for fired ceramics, but not necessarily for cement-based
materials. In addition, for cement-based materials, the photocatalytic efficiency has also
been shown also to decrease with extended exposure to pollutant gases and with
increasing age and even carbonation of cement surface [109], among other potential
factors considered previously in this chapter. For cement-based materials, the method of
curing and age at testing should be specified and treatment of the sample surfaces should
be prescribed; here it is proposed that samples be cured in a saturated calcium hydroxide
solution for 14 days and ground/polished using grinding papers #400, #600 and #1000
followed by polishing using an abrasive of grit size Sum.

Thus, to incorporate the exposure area of the samples when characterizing
photocatalytic surfaces and to include a normalizing factor for time of irradiation, a new
photocatalytic efficiency parameter is proposed which facilitates comparison among

various types of photocatalytic surfaces.
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f T
F= 22.4-A-T{({([NOX Iin —[NOy ]Out)dt} (5.4)

where PEF = Photocatalytic Efficiency Factor in units of moles.time™.area™, [NOyJave =
instantaneous concentration of the gas above the samples which could be considered as
the average of the input and output gas concentration at any particular time during the
test, A = sample surface area (m?) and the other variables are the same as defined for
equation 5.3. By normalizing the efficiency factor per unit area of the exposed
photocatalytically active surface, researchers can use (if required) samples of different
dimensions and/or different number of samples but still compare the results across tests
that used different area of exposure. The input concentration at which the test is
conducted should also be specified in the results, as the decrease in the pollutant level
does not vary directly with increasing input gas concentration, as will be shown in the

Results section.

For samples which are not plane or smooth, the roughness of the surface can also
be incorporated into the equation. Because as the roughness increases, surface reactions
would be expected to increase since more area is exposed to the NOx and UV light. The

roughness of a surface can be quantified as a roughness number (RN) defined by:

RN = =%
A o (55)

where A; = area of a triangulated surface and Ay = nominal area of the surface under

consideration.
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The roughness number of a surface can be determined through quantitative
imaging of the surface, such as through confocal microscopy [168]. The effect of the
surface roughness on photocatalytic activity can be considered by measuring the RN
value for the surface being analyzed and incorporating the value into the calculations of
photocatalytic activity. If a direct correlation between the surface area of the sample and
the photocatalytic activity is assumed, the equation for PEF can be normalized by RN to

consider difference in roughness between surfaces:

PEF —f'RN{Tj([NO ]in =[NOy ] )dt} (5.6)
RN _22.4-A-T 0 X 1in X lout .

Further research is required to accurately obtain the relationship between the
roughness properties and photocatalytic surface reactivity. In the current research, the
roughness number was not considered because similar surface roughness was achieved
for all the samples by sample surface polishing that was performed before the NOx

exposure tests, as previously described.

53 Results and Discussion

The proposed method was examined, both as a proof-of-concept by comparing
among behavior of various sample compositions but also to validate the exposure

conditions selected. A summary of the test conditions is provided in Table 5.1.
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5.3.1 Photocatalytic Activity of TiO,-Cement Paste Samples

Figure 5.2 shows the NO, NO, and total NOx concentrations measured using the
chemiluminescent analyzer when the control cement paste samples without any TiO, was
tested using the proposed procedure; this was done to verify the air tightness of the
chamber and the nonreactivity of the materials composing the chamber and samples. It
can be observed that there was no meaningful change in the concentration of NO and
NOx nor was there any increase in the NO, when the ordinary (i.e. non-photocatalytic)
samples are exposed to UV light, as expected. Minor fluctuations observed in the
concentrations can be attributed to variations in the pressure and temperature due to the
building ventilation system and because of the use of a mass flow controller to regulate
concentration of gases. The mass flow controller assumes an ideal pressure and
temperature and since there could be variations in these in the testing environment, the
concentrations of the gases were observed to fluctuate marginally. This result
demonstrates that neither the neat cement paste samples nor the reaction cell walls or
PTFE tubes act as photocatalytic material during these tests. Thus any photocatalytic
activity that is measured in other TiO,-cement paste samples would solely be a result of

the photocatalytic activity of the TiO, added to cement.

127



500

450

B
o
o

(9]
(5]
o

[
o
(=]

]
[5)]
o

]
(=]
o

=y
[43]
o

Gas concentration (ppb)

-
o
o

50 NO:

0:00 1:00 2:00 3:00 4:00 5:00 8:00
Time (hours)

Figure 5.2. Variation of NO, NOx and NO, gas during the test for photocatalytic
properties of control cement samples

As further proof-of-concept, testing was performed on a variety of TiO,-
containing samples using the same chamber and exposures. As an example of these
results, Figure 5.3a and 5.3b shows a typical pattern of variation of NO, NO, and NOx .
gas for cement-TiO, (T1) cement samples at 5% replacement rates and TiO, coated
commercial ceramic tile, respectively. Note that when the UV light is turned on, as
shown in Figure 5.3, photocatalysis is expected to initiate. For these tests the pollutant
gas used was NO and hence the initial concentration of NO, can be observed to
negligible. (The tests could also be conducted with NO, gas as the pollutant gas, which is
not described in the ISO standard test but has been examined by this group and presented
elsewhere [166, 169].) For the 5% T1 sample, during the first 30 minutes of the test when

the samples were not exposed to UV light, the gas concentrations remained constant at a
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value of ~450ppb for NO and NOx and ~Oppb for NO,. As soon as the samples were
exposed to UV light, the concentration of the NO and NOx gas decreased to ~380ppb and
~395ppb and NO; increased to ~15ppb, which corresponds to a 12.2% decrease in NOx
concentration. The NO; concentration increases because of the conversion of NO to NO,
because of the photocatalytic reaction (see Equation 5.1). Comparing Figures 5.2 and 5.3,
it can be concluded that the addition of TiO, to cement imparts photocatalytic properties
to cement-based materials, as has been well-demonstrated in the literature [31, 34].

The change in concentration of the gases for the other sample compositions tested
followed similar trends, and for this reason are not presented here but can be found in
[170]. In general, the extent of decrease in NO and NOx and increase in NO,
concentration varying with dosage and type of TiO, used. That is, greater decreases were
observed with greater TiO, addition rates and with more dispersible TiO, particles, as

previously reported [31, 166].
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Figure 5.3. Variation of NO, NOx and NO, gas during the test for photocatalytic
properties of a)TiO,- cement samples (5% T1 type TiO,) and b) TiO, coated commercial
ceramic tile (TC)

From Figure 5.3a it can also be observed that during the 5 hours of UV exposure
the concentration of NO and NOx decreased continuously, which suggests ongoing
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oxidization of the gas via surface photocatalysis. The final concentration of the gases at 5
hours of exposure was ~305ppb, ~340ppb and ~35ppb for NO, NOx and NO,
respectively, which corresponds to a 24.4% decrease in the NOx concentration.
Moreover, there is a gradual increase in the NOx conversion in the case of 5% T1 sample.
The percentage (or absolute) reduction of the NOx concentration at the end of the 5 hour
testing period approximately doubled compared to the decrease in concentration at
beginning of the test. And, the absolute reduction in NOx concentration, when compared
to the initial concentration was 70ppb at 1 hour compared to 106ppb at 5 hours. From
Figure 5.3b it can be observed that there is a gradual decrease in NOx conversion for the
TiO,-coated ceramic tile. The absolute reduction in NOx concentration, when compared
to the initial concentration was 70ppb at 1 hour compared to 34ppb at 5 hours. Thus it can
be observed that it takes more than 1 hour for the NOx conversion to stabilize, based on
the tile used. Thus, it appears the 5 hour test duration is more appropriate for testing
photocatalytic samples compared to the 1 hour test duration as specified by the UNI test
[105].

The continuous decrease of the NOx and NO gas concentration in the case of 5%
T1 sample during the five hour test (Figure 5.3a) demonstrates that the surface has not yet
saturated with the reaction products and that removal of gases by photocatalytic activity
may continue in the presence of UV light. With continued exposure, the rate of the
photocatalysis could decrease, and saturation would eventually occur. In that case, the
photocatalytic activity of samples can be regenerated by simple washing with water in the

laboratory and by any form of precipitation in field applications [18, 95].
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Thus, descriptive parameters of photoactivity should consider time of exposure.
Hence, a parameter which is normalized with the total testing duration should be used to
compare among various photocatalytic materials. This further justifies the use of the
Photocatalytic Efficiency Factor (PEF) which normalizes the photocatalytic activity of

the TiO,-cement surface with respect to the test duration.

5.3.2 Effect of Variation of Input Gas Concentration on Photocatalytic
Activity

To better understand the influence of input gas concentration, the photocatalytic
activity of various cement samples were tested at input test gas concentrations of 100,
200, 500, 1000 and 1400ppb while keeping all the other test parameters the same, as
stated earlier. The variation of the decrease in concentration of gas with change in input
gas concentration for T1 added to cement at 15% replacement rate is shown in Figure 5.4.
Figure 5.4 shows that as the input gas concentration is increased, the NOx binding
capability also increases. This behavior is expected since at a higher input gas
concentration, more pollutant gas interacts with the TiO, surface, resulting in increased
photocatalytic NOx binding, particularly for relatively short exposure durations. The
increase in NOx binding will continue until a saturation limit is reached [18].

But, it can be seen that there is not a linear relationship between the various input
concentrations and the change in concentration of pollutant gas. With increasing input
gas concentration, the NOx binding capability (conversion efficiency) was observed to
decrease, as demonstrated by the decrease in slope of the graphs in Figure 5.4. Thus,

whenever the photocatalytic activity of a material is specified the input gas concentration
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should also be specified, since the relative decrease in pollutant gas concentration

depends on input gas concentration.
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Figure 5.4. Variation of change in concentration with input gas concentration for T1 at
15% replacement rate
In the proposed test method, an input gas concentration of 500ppb was selected,

based upon behavior observed in Figure 5.4 and also due to other experimental
constraints. For example, at higher input gas concentrations, the accuracy of the
measurements is decreased due to limitations on the resolution of the chemiluminescent
NOx analyzer used as the detection equipment. Also, at higher gas concentrations, as
noted previously, the relationship defined in Figure 5.4 becomes non-linear even for

relatively highly photocatalytic cement-based materials, suggesting saturation. It is
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validating that the recently proposed UNI method also uses a similar input gas

concentration of 550ppb, lower than the 1000ppb in the ISO and JIS methods.

5.3.3 Photocatalytic Efficiency Factor (PEF) for TiO,-Cement Mixes

Figure 5.5 shows the variation of the NOx concentration of samples made T1 used
at 5, 10 and 15% replacement rates by mass of cement. It can be seen that as the dosage
of TiO; is increased in the samples, the photocatalytic conversion of NOy increases, with

the 15% mix showing the greatest decrease in the NOx concentration, as expected.
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Figure 5.5. Variation of NOyx during the test for photocatalytic properties of TiO2-
cement samples with 5, 10 and 15% dosage rates of T1

To demonstrate how the proposed test and PEF can be used to compare among

photocatalytic materials, the PEF values for these materials were calculated and are
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shown in Figure 5.6. The PEF values obtained for these three mixes were 18.96, 40.35
and 51.55 pmol-hr™* m™ respectively. Thus, it can be concluded that the photocatalytic
activity of the TiO,-cement paste mixes increases with increases dosages of TiO, powder
addition, within the range of dosages examined. It also appears that there are

“diminishing returns” when the photocatalyst dosage is increased beyond 10% by mass of

cement.
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Figure 5.6. PEF for cement-TiO, samples made with 5, 10 and 15% percentage
replacement by T1
To further demonstrate how PEF can be used to compare among different
materials, Figure 5.7 shows the variation of PEF for the various commercially available
TiO, particles with cement paste at 5% by mass TiO, as well as TiO, coated commercial

ceramic tiles (TC). The photocatalytic activity and, hence, the PEF for the control mix is
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almost negligible, as expected. That a non-zero value was measured for the control mix
could be an artifact of the minor fluctuations in the NOyx concentration observed during
the test, NOx binding to the hydrated cement or flow into the pore structure of the
sample. Compared to the control sample the PEF of the TiO,-cement mixtures were
significantly higher. A wide range of photocatalytic activity was observed for the
different TiO, samples tested, with PEF values ranging from 8.404 umol'hr'l' m™ for T4
to 21.747 umol-hr’** m™ for T3. Thus T3 - a mixture of 80% anatase and 20% rutile TiO,
- was observed to be the most photocatalytically active among all the different TiO,
samples that were tested. Similar observations were made by other researchers studying
the photocatalytic activity of various commercially available TiO, powders [171]. The
photocatalytic activity for the TiO, coated ceramic tile, as measured using PEF, was 7.88
pmol-hrt m?,

No direct correlation is evident in these data between the mean particle or crystal
size or surface area (obtained from the manufacturer) of the TiO, used in the mixes and
the photocatalytic efficiency of the TiO,-cement samples tested in the research. Though
T2 had the highest surface area as a powder (75-95 m?/g) it was observed that the PEF for
the cement mix made with T2 was lower than the PEF for various other mixes. T5 had
the lowest surface area as a powder but the PEF for T5 was much higher than several
other mixes. Another interesting observation is that the surface areas of T1, T3 and T4
were similar but photocatalytic efficiency obtained for cement mixes produced with T4
had the lowest PEF among all the TiO,-cement mixes and T1 and T3 were on the other
end of the spectrum with highest PEF values. This could be because of dispersibility of

the TiO, in the cement mix as TiO, agglomerates were observed in some of the mixes in
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the current research. Further research is required to study the effect of dispersion of TiO,
and also the effect of TiO, particle size on the photocatalytic efficiency of TiO,-cement

mixes.
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54 Conclusions

The applicability of current standard tests for photocatalytic activity of ceramics
was examined for the assessment of cement-based materials and was found to have
shortcomings in terms of not considering the composition of photocatalytic cementitious
materials, their anticipated rate and variation in photocatalytic behavior, nor the surface

characteristics of the material. Modifications for sample preparation techniques, test
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parameters (i.e., input gas concentration, test duration, flow rate) and normalized
measurement variables were suggested to make such tests appropriate for cement-based
materials. The proposed changes are tabulated and the rationale for selection of testing
parameters, based upon experimental evaluation is provided. A new photocatalytic
efficiency factor (PEF), which addresses potential variations in test sample surface area
and roughness and variations in test duration, was defined which could be used to obtain
the photocatalytic activity of any cement-based material surface or construction material.

The addition of TiO, to cement introduced photocatalytic properties to the cement
surface as observed in the experiments conducted in this research. The photocatalytic
efficiency was found to be proportional to the addition rate of TiO; to the cement, with
higher dosages decreasing the concentration of NOx gases at a higher rate and hence
increasing the photocatalytic efficiency. The PEF values for cement paste samples made
with 5, 10 and 15% replacement of cement with T1 was calculated to be 18.96, 40.35 and
51.55 pmolhr'! m™ respectively when the input test gas concentration was 500ppb. The
input gas concentration and the change in gas concentration due to photocatalytic reaction
were observed to be non-linear and thus it is proposed that the input gas concentration
should be specified in any test which reports the photocatalytic activity of a material.

The photocatalytic activity of five different commercially available TiO, mixed
with cement at 5% replacement rate was compared using the proposed photocatalytic
efficiency parameter (PEF). The PEF values of the different TiO, that were tested ranged
from 8.40 pmol-hr™ m™ for T4 to 21.75 umol-hr** m™ for T3 when tested at 500ppb
input gas concentration. T3 was observed to be the most photocatalytically active among

all the commercially available TiO, samples that were tested in this research.
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The PEF parameter defined can be used for comparisons of different mixes and
between inter-laboratory specimens, even when cement paste or mortar samples of
different surface areas or roughness are used. This developed procedure and test
parameters could also be used to test photocatalytic activity of TiO,-cement mixes or
other construction materials in the presence of other pollutants such as toluene,

acetaldehyde and chloramines, with minor modifications of the test parameters.
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CHAPTER 6
SUSTAINABILITY OF CEMENT MIXTURES WITH TITANIUM

DIOXIDE AND LIMESTONE PARTICLE ADDITIVES

6.1 Introduction

The construction industry, like other science and engineering fields, is examining
developments in nanotechnology to identify potential applications. In particular, the use
of nanoparticles in construction materials is of increasing interest. The use of
nanoparticles can not only modify properties of cement-based materials by potentially
enhancing strength [172-174] and durability [175, 176] but also by introducing new
functionality, including photocatalytic (self-cleaning, pollution reduction and anti-
microbial ability) [109], anti-fogging [34] and self-sensing capabilities [177].

While the use of nanoparticles could increase in the construction industry [12],
such materials, especially when engineered and manufactured, can be energy-intensive to
produce and thus direct economic costs and environmental impacts could be high [125].
With an increasing emphasis on sustainable development in many sectors including the
construction industry [115], it is important to understand the costs and benefits associated
with the use of nanomaterials when compared to relatively less energy-intensive
microparticles. However, while the potential improvements in performance and
functionality of nanoparticle modified cementitious composites have been increasingly
examined, relatively little effort has been put toward understanding the potential

implications of these technologies on sustainability.
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Particles considered in this research include fillers which are largely non-reactive
in the presence of portland cement (TiO, and limestone powder); as a result, the effect of
particle size and dosage of the filler can be isolated. TiO, production is a highly energy
intensive process in both the sulfate process and chloride process of extraction [18].
Limestone production, contrarily, is a relatively less energy intensive process, even when
compared to cement clinker production [49]. The effect of these two fillers of such varied
energy intensity of production on the sustainability of cementitious mixtures needs
further analysis. Moreover recent research studies have shown that nanoparticles could be
released into the environment during the life cycle of a structure and could results in
adverse biological and toxicological effects [125, 178, 179]. The life cycle costs due to
unforeseen environmental and human health impacts of nanomaterials have not yet been
fully quantified [178] and hence are not included in this research.

An analyses of the potential environmental impact of cementitious materials with
TiO, and limestone replacement is conducted through a life cycle analysis (LCA) [115].
Although the NOx binding ability of photocatalytic TiO, is a potential environmental
benefit [95], a comprehensive investigation that includes all factors including total
embodied energy, emissions including CO, and NOx among other factors associated with
the production of both of these particles, is required to evaluate the impact (especially on

the environment) of their usage.
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6.2  Methodology Used in Life Cycle Analysis

6.2.1 Scope and Functional Unit of LCA

LCA is a technique that incorporates environmental impact and considers all
energy and emissions of the various stages of a product or process from raw material
production stage through end of life disposal or recycling (cradle-to-grave approach)
[121]. In the current research, SimaPro LCA analysis software was used along with
BEES (developed by NIST) [123, 180] and Ecolndicator 99(E) for impact assessment,
with a primary goal of providing data for comparing the relative impacts of TiO, and
limestone particle additions. It should be noted that processing techniques and hence
environmental impacts of materials vary with each individual product and manufacturer.
But LCA analysis is typically conducted utilizing databases compiled with data from
several material manufacturers. Thus LCA analysis can provides an overall impact,
especially suitable for a comparison — rather than an absolute measure - of the
environmental impact of different classes of materials.

In the current research, a process-based LCA was conducted, where all the inputs
and outputs including materials and disposals are analyzed by using a process flow
analysis. The other alternative, which uses economic input-output (EIO) data, is an EIO-
LCA. The EIO-LCA uses national averages of industry data [115] and hence is not
applicable for LCA of specific products as required in this research. Thus the process-
based LCA was conducted in this research using SimaPro LCA software.

A functional unit of 1000kg of the cementitious mixture was used for all of the
analysis. A generalized processing of TiO, and limestone based on data obtained from the

respective manufacturers were considered for the material manufacturing in this research.
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Ti0, manufactured using the sulfate process, milled loose limestone, ordinary portland

cement and tap water were the other inputs for the LCA analysis. The mixes with a w/s

of 0.50 and addition rate of 5% of TiO, and limestone were considered for the LCA

analysis and compared with the ordinary portland cement paste.

Table 6.1. Environmental impact factors considered in the BEES model

Environmental Impact Factor

Reference substance/unit

Acidification

Hydrogen ion

Criteria air pollutants

Disability-adjusted life year (DALY

Ecotoxicity

2,4-dichlorophenoxy-acetic acid

Eutrophication

Nitrogen

Fossil fuel depletion

Joules surplus

Global warming

Carbon dioxide

Habitat alteration

Threatened & Endangered (T&E) species count

Human health (cancer) Benzene

Human health (noncancer) Toluene
Indoor air quality Total Volatile Organic Compound (TVOC)

Ozone depletion CFC-11

Smog

Nitrogen Oxide

Water intake

Liters water
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Table 6.2. Environmental impact factors considered in the Ecolndicator 99(E) model

Environmental Impact Factor Reference substance/unit
Carcinogens Disability-adjusted life year (DALY
Respiratory organics DALY
Respiratory inorganics DALY
Climate change DALY
Radiation DALY
Ozone layer DALY
et
Acidification/ Eutrophication PDF*m?yr
Land use PDF*m?yr
Minerals MJ surplus
Fossil fuels MJ surplus

6.2.2 Stages of Life Cycle Analysis

Mix design data for the different materials were input into the SimaPro LCA
software, which conducted the life cycle impact analysis that includes classification,
characterization, normalization and weighting steps. The analysis conducted in this
research considered only the materials production, including raw material acquisition and
processing of the components used in the cementitious mixes and was thus a “cradle-to-
gate” approach. The LCA considers the energy and emissions due to the manufacturing
and production of cement, titanium dioxide, water, limestone. The LCA does not consider
the energy and emissions due to production of the equipment used for the production of
fuels, cement, TiO, or limestone. The toxicological impact on nanoparticles is a research
area under investigation [124], and hence was not included in this research, but could be

included when the data are available. The performance of the cementitious mixture
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during use in a structure (including durability, strength and thermal properties) was not
considered in the LCA analysis. The system boundary for the LCA analysis was fixed at
second order, which includes the material and energy flows including operations for all
the products.

The Life Cycle Inventory (LCI) analysis accounts for all individual materiall,
energy and emissions inventory and flows to and from the product under consideration.
The inventory data and environmental impact due to the various materials in this research
were obtained by utilizing databases embedded in LCA software suite used in this
research, SimaPro. In the classification step of LCA, BEES and Ecolndicator 99(E)
assessment methods categorized the impact of the materials into the categories given in

the tables below (Table 6.1 and Table 6.2).

The cumulative impact of all the inventory items on each impact category was
calculated based on the potential effect (damage) of each inventory item on that impact
category. For example, the global warming potential of all the components would
generate a single index in grams of carbon dioxide produced per functional unit of a

product. The global warming index is calculated based on the following equation:

Global warming potential = X(m; - P;) (6.1)

where m; = mass of harmful emissions i produced per functional unit and P; = conversion
factor from one gram of harmful emission i to its equivalent of carbon dioxide. Thus each
emission is converted to the common unit according to the P; conversion factor. The

conversion factors for each functional unit are provided by the BEES or Ecolndicator
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99(E) model based on research conducted by the U.S. EPA and PRé Consultants. A
similar approach is used for each environmental impact category listed in Table 6.1 and
6.2 for the two impact assessment methods utilized.

In the last stage of the LCA (interpretation stage), each of the impact factor results
could be normalized based on set of weights to achieve a single impact score that can be
used to compare the alternative products or processes under consideration [121, 123]. At
this stage of the LCA, key areas could be identified for potential change of the energy
and emissions to reduce effect on the environment.

Also, further investigation was performed to account for the NOx binding
capability of TiO,-cement, which could offset a part of the environmental impact of the
production of the TiO, nanoparticles. The time required to offset the initial NOx

emissions from material was also estimated.

6.3  Life Cycle Analysis Results

The four stages of LCA are (a) define scope and boundary, (b) life cycle
inventory analysis, (c) life cycle impact assessment, and (d) interpretation. The scope and
boundary of the LCA was defined in the previous section of this chapter. The life cycle
inventory analysis accounts for all the individual material, energy and emissions
inventory, and flows to and from the product under consideration. The impact assessment
was conducted using SimaPro software based on the scope and boundary of the products

under comparison.
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6.3.1 Life Cycle Inventory Analysis Results

The extensive inventory results for the individual products under consideration
(ordinary cement paste, 5% TiO,-cement paste, 5% limestone-cement paste) are given in
Appendix A. The results include all the material, energy and emissions due to all the

components that are used in the cement paste mix and the filler-cement mixes.

6.3.2 Life Cycle Impact Assessment Results

The results from the third stage of the LCA, impact assessment, are given in
Tables 6.3 and Table 6.4 when using the BEES and Ecolndicator impact assessment
methods respectively. In all the impact categories it was observed that the TiO,-cement
mix had a higher environmental impact compared to the plain cement mix. For example,
the fossil fuel usage by TiO,-cement mix was 571.76 MJ surplus compared to 294.15 MJ
surplus for the plain cement paste, which is a 94.38% higher value. Thus the total
environmental impacts due to the usage of TiO,-cement mix are expected to be higher.
On the other hand, the environmental “costs” due to the usage of limestone-cement mix
was lower than the plain cement mix. The fossil fuel usage by limestone-cement mix was
280.14, which is a 4.73% decrease compared to the plain cement mix. Thus the use of
limestone in cementitious materials decreases the environmental impacts and thus

improves sustainability.
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Table 6.3. Life cycle impact assessment results based on BEES impact assessment

LS-cement TiO,-cement Plain cement

Impact category Unit paste paste paste
Global warming gCO,eq 9.43E+05 1.19E+06 9.92E+05
Acidification H* moles eq 1.49E+05 2.73E+05 1.57E+05
HH cancer g CsHs €q 7.67E+02 1.14E+03 8.06E+02
HH noncancer gC/Hseq 1.47E+06 2.28E+06 1.53E+06
HH criteria air pollutants | microDALY's 2.38E+01 8.73E+01 2.45E+01
Eutrophication gNeq 1.93E+02 3.04E+02 2.03E+02
Ecotoxicity g2,4-Deq 4.00E+03 6.00E+03 4.21E+03
Smog g NOx eq 2.51E+03 3.43E+03 2.64E+03
Natural resource

depletion MJ surplus 1.89E+02 7.30E+02 1.98E+02
Indoor air quality kg TVOC eq 0.00E+00 0.00E+00 0.00E+00
Habitat alteration T&E count 3.80E-14 1.62E-11 4.43E-15
Water intake liters 4.70E+05 8.00E+05 4.49E+05
Ozone depletion g CFC-11¢eq 7.05E-02 7.58E-02 7.41E-02

Table 6.4. Life cycle impact assessment results based on Ecolndicator impact assessment

LS-cement TiO,-cement | Plain cement
Impact category Unit paste paste paste
Carcinogens DALY 3.39E-05 4.69E-05 3.56E-05
Respiratory organics DALY 2.91E-07 4.44E-07 3.06E-07
Respiratory inorganics DALY 2.62E-04 6.15E-04 2.74E-04
Climate change DALY 1.98E-04 2.50E-04 2.08E-04
Radiation DALY 1.91E-06 2.58E-06 2.00E-06
Ozone layer DALY 9.90E-08 1.26E-07 1.04E-07
Ecotoxicity PDF*m?yr 3.94 7.46 4.13
Acidification/
Eutrophication PDF*myr 12.72 19.40 13.36
Land use PDF*myr 4.20 6.10 441
Minerals MJ surplus 0.74 8.29 0.75
Fossil fuels MJ surplus 280.14 571.76 294.15
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Figure 6.1. LCA results showing (a) utilized resources (energy) and (b) contribution to
smog (due to NOyx emissions) (c) greenhouse gas emissions (d) single point score, by
ordinary portland cement paste and cement-filler mixes with 5% addition of filler

Figure 6.1 shows some of the salient results from the LCA impact assessment for
ordinary portland cement and cement containing 5% TiO; or 5% limestone filler. The
total utilized resources and smog creation due to the use of 1000kg (functional unit) of
ordinary portland cement paste and cement-filler mixes with 5% addition of limestone
and titanium dioxide is shown in Figure 6.1a and 6.1b respectively. Figure 6.1c and 6.1d
shows the results of the greenhouse gas emissions and single point score for the ordinary
portland cement and the TiO, and limestone filler. This analysis considers only the

materials production, including raw material acquisition and processing of the
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components used in the cementitious mixes. It is clearly evident that limestone-cement
mixes have a lower environmental impact compared to plain cement paste mix, whereas
Ti0O,-cement mixes have considerably higher environmental impacts (“costs”). The
source of the greater environmental impact by the TiO,-cement mix is because of the
significantly higher energy and emissions “costs” of TiO, manufacturing process
compared to cement production [119, 124].

By comparing the environmental “costs” of the ordinary portland cement mix and
limestone-cement mixture, it can be observed that the addition of 5% limestone results in
almost a 5% decrease in the various impact categories, as might be expected. This
suggests that compared to ordinary portland cement, the energy and emissions of
limestone powder is negligible. This can partly be explained due to the fact that limestone
is used as a raw material in cement production and most of the energy and emissions
from the cement production is due to the clinkering and grinding processes [119]. Hence,
the replacement of cement with a lower embodied energy filler, such as limestone
powder, is one pathway to enhance sustainability of the construction industry, as has been

recognized in the industry [49, 86].

6.3.3 Life Cycle Analysis — Interpretation — Results

The results from the final step of the LCA, interpretation, are given in Table 6.5.
The results show that the TiO,-cement paste had a single point score that was 82.6%
greater than the plain cement paste mix. The results also show the high impact due to the
respiratory organics and respiratory inorganics released into the atmosphere as emissions,

as well as the high impact due to fossil fuel consumption. The scores for the TiO,-cement
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paste was almost double compared to the plain cement paste, in all three of the impact
categories which had the highest impact on the single point score. If reducing the fossil
fuel dependency and total environmental impact of the product under consideration are of
concern, reducing the amount of material required of these inputs or reducing the fossil
fuels required to produce the material through innovation are pathways of reducing fossil

fuel contribution to environmental impact.

Table 6.5. Single point score considering the Ecolndicator 99(E) impact assessment

categories
Impact category Unit | LS-cement | TiO2-cement | Plain cement
Total Pt 21.10 40.47 22.14
Carcinogens Pt 0.66 0.91 0.69
Respiratory organics Pt 0.01 0.01 0.01
Respiratory inorganics Pt 5.09 11.94 5.32
Climate change Pt 3.84 4.86 4.04
Radiation Pt 0.04 0.05 0.04
Ozone layer Pt 0.00 0.00 0.00
Ecotoxicity Pt 0.38 0.73 0.40
Acidification/ Eutrophication | Pt 1.24 1.89 1.30
Land use Pt 0.41 0.59 0.43
Minerals Pt 0.03 0.28 0.03
Fossil fuels Pt 941 19.21 9.88

The single point score of the limestone cement paste is shown to be lower than the
plain cement paste mix and is lower than the plain cement mix for all the impact
assessment categories considered in the Ecolndicator 99(E) method. The value of single
point score for the limestone-cement mix was 4.7% lower than the plain-cement mix,

demonstrating that the limestone fillers have a much lower embodied energy compared to
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the portland cement. Thus the use of lower embodied energy materials in cementitious

mixtures is a pathway for improving sustainability in the construction industry.

6.4  Pathways for Use of Nano and Micro Particles - Do We Need Nano Particles?

The potential benefits associated with nanoparticle addition should not be set
aside completely based upon LCA [181]; here, some pathways for sustainable
nanoparticle utilization are proposed. First, for example, fine particles which are naturally
occurring or are by-products of industrial or commercial processes potentially would
have significantly lower environmental cost than manufactured nanoparticles and should
be examined for applications in cement and concrete. The advantage of using such nano,
or even fine microparticle fillers, would be that the environmental impacts as well as
economic costs would be extremely low, when compared to processed and manufactured
nanoparticles. Thus, toward attaining sustainability by reducing environmental “costs”,
the utilization of naturally-occurring or by-product nano and finer microparticles should
be the subject of further examination. Further extensive research is needed to optimize
the potential benefits for the construction industry from using natural nanoparticles in

cementitious materials.
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Figure 6.2. (2) Rate of heat release and (b) total heat release by 5, 10 and 15% mixture of
diatomaceous earth and cement.

One such naturally-occurring, nanostructured material, and one which may
become a widely available is a bio-energy by-product [182, 183] — diatomaceous earth
(DE), the silicon-rich remains of certain forms of algae. To examine whether DE could be
used effectively in cements in a manner similar to the other particles assessed here,
preliminary isothermal calorimetry experiments were conducted (Figure 6.2) to
understand the effect of this filler on early age properties. Commercially available flux-
calcined diatomaceous earth (CAS# 68855-54-9) with an average particle size of 3um
was used for these tests. From Figure 6.2 it can be observed that the replacement of
cement with 10 and 15% of diatomaceous earth only subtly increased the rate of cement
hydration and accelerated the reaction marginally compared to the ordinary portland
cement paste. While these results are not satisfactory for acceleration of early age
hydration, other naturally occurring fine fillers, for example a finer diatomaceous earth,
should be examined. Such particles, when identified, could increase the rate of cement

hydration possibly even similar to the extent observed with the TiO, particles used in this
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research. As demonstrated below, cement-savings could be the net result of the
acceleratory effects observed with nano and fine microparticle addition.

The LCA results of the TiO, blended cements shows that the environmental costs
due to TiO, addition is significantly higher than ordinary cement paste. But interestingly,
the results from calorimetry (Figure 3.3 and 3.4) show that 5% addition of TiO; filler to
cement increases the cumulative heat evolved in significant excess of this addition rate -
by 21% at 48 hours of hydration. Similar acceleratory effects have been measured during
cement replacement with titania nanoparticles [53]. Since the increase in total energy
evolved can directly be related to degree of hydration, these results suggest that
nanoparticles could effectively replace a higher percentage of cement than that tested in
this research, while achieving a similar degree of hydration as that of ordinary portland
cement paste. The use of supplementary cementitious materials (SCM’s) along with
nanoparticles could also result in higher degrees of hydration, especially at later ages of
hydration.

Combining this concept with the notion that inert filler materials can be selected
such that the life cycle cost of the filler is negligible compared to the cement or TiO;
suggests that identification of an “optimum” inert filler material, from both particle size
and embodied energy perspectives, should be the subject of further investigation. If such
a filler were added to TiO,-blended cements to reach similar degrees of hydration as
ordinary portland cement at 48 hours, the maximum replacement rate is calculated to be
approximately 17%. For such a mix, the total environmental impact could be much lower

compared to the TiO,-cement mix.

153



Now, if the capability of TiO; to bind pollutant gases (e.g. NOx, SOx and VOC’s)
IS considered, a part of the impacts — (e.g. the NOx emissions) - can be offset with time.
Further analysis was performed based on the conditions in Atlanta, USA to calculate the
time required to offset the NOx from TiO, production. Atlanta, USA with an average
sunshine per day of 7.25 hours was selected because of the location where this research
was conducted as well as its relevance to urban environmental conditions. The annual
NO, concentration in Atlanta was reported 17.0 ppb in 2004 [184]. When 5% of TiO;
was used as an additive to cement by mass and 5mm thick surface layer is used, 2.12
years (776 days) are required to offset the initial NOx emissions by the TiO,-cement
mixture. If the surface is frequently washed, as with rainfall or dew, as expected during
the life of TiO,-cement surfaces, the photocatalytic activity could be renewed and hence
these surfaces could perform well throughout the life of the structure.

The results from the analytical calculations for the TiO,-modified cement shows
that pollutant gas (NOx) concentration is reduced, urban air quality improved and smog
creation reduced, if TiO,-containing cementitious materials are used in these localities.
Thus in the long term, TiO, modified cement could be beneficial to decrease the initial
higher environmental impact because of production “costs”. Further research and
development of TiO, with enhanced efficiency for pollutant gas binding (e.g. by doping
TiO, with transition metal ions [18, 185] ) is required. Lower energy use for production
of photocatalytic TiO, [186] could also make these nanoparticles more favorable from an
environmental impact perspective. The use/production of nanoparticles with a lower
embodied energy and emissions could result in increased nanoparticle usage in the

construction industry even when considering life-cycle costs. Thus the introduction and
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optimization of additional functionalities such as photocatalytic properties (binding
pollutant gases, antimicrobial effect, self-sensing capability) and development of lower-
embodied energy nanoparticles could enhance sustainability and result in a sustainable
construction product.

The results from the LCA and photocatalytic properties analysis demonstrate that
there are various pathways for enhancing sustainability in construction materials. The use
of natural or by-product nanoparticles or a filler with lower embodied energy and lower
emissions (such as limestone) is one such potential pathway to attain greater
sustainability. The use of microparticles (with size near 1um) can impart similar
properties as that of non-dispersed nanoparticles and cause significant increase in the rate
and degree of hydration, especially in the first day of cement hydration. Thus, the use of
highly dispersed nanoparticles might not be required for significant increase in the rate
and degree of hydration as shown by the use of the submicron sized limestone powder
(L3) in this research. The introduction of additional functionalities to cementitious
materials, which decreases the environmental impact of construction materials, is another
pathway to increase sustainability. The introduction of TiO, powder with photocatalytic
properties such as pollutant gas binding, anti-microbial properties and self-cleaning
capability has the potential to thus improve the sustainability of construction materials.
Potential improvement of photocatalytic efficiency and development of lower-energy
production processes through ongoing research will also significantly enhance the

environmental sustainability index of TiO,-cement composites [187].
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6.5  Economic Cost Analysis

Since photocatalytic TiO; is a technology that is being introduced as a technique
for achieving sustainability, the economic impact of this material should also be
considered. In the construction industry, decisions about materials selected for use are
often based on cost. Thus an analysis of the cost of such technology if used in concrete
was conducted. The average price of ultrafine and nanoparticles of TiO; is $15/kg [123].
If a 5Smm thick layer of TiO; is used on the surface (as a thin cladding element, coating or
whitetopping) for photocatalytic application, the structure incurs an additional cost of
$3.11/m? of surface mix. The increase in cost of concrete with a TiO, surface can also be
calculated. If concrete cost is estimated to be $250/m? (according to current truckload
costs) and concrete is placed with a thickness of 10”(254mm), the additional cost due to
the use of a TiO, surface would be $4.68/m* of concrete placed. This additional
construction cost could be reduced if more TiO; is used by the construction industry and
also with better efficiency in production techniques for TiO, which would reduce

manufacturing cost.

6.6  Summary of Life Cycle Analysis

The effect of TiO, and limestone fillers on the sustainability of cementitious
mixtures was examined in this chapter using a life cycle analysis methodology. The
conclusions for this part of the research are summarized below.

¢ Inclusion of TiO, fillers in cement increased the environmental impact of the

cementitious mixtures significantly when compared to plain cement mixtures. The
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high environmental impact of the TiO,-cement mixture is due to the higher energy
and emissions of TiO, manufacturing process compared to cement clinker
production.

o Limestone filler decreased the environmental impact of the limestone-cement
mixtures compared to plain cement mix. The use of natural or by-product
nanoparticles or a filler with lower embodied energy and lower emissions (such as
limestone) is one potential pathway to attain greater sustainability for
cementitious mixtures.

e The introduction of nanosized TiO, powder with photocatalytic properties such as
pollutant gas binding, anti-microbial properties and self-cleaning capability has
the potential to improve the sustainability of cement-based construction materials.
Thus, the introduction of additional functionalities to cementitious materials is

another pathway to increase sustainability in the construction industry.

Based on the results from the life cycle analysis of cementitious mixtures with TiO,
and limestone fillers, the environmental impact of cementitious materials is reduced by
replacing cement with fillers which have lower environmental “costs” of production as
well as fillers which can positively impact the environment during the life of the
structure. Natural submicron or nanosized particles with lower environmental impact
could be used as an alternative to manufactured nanoparticles for tailoring properties and
reducing environmental impact of cementitious materials. However, before extensive use

of nanoparticles in the construction industry, further research is needed to understand the

157



biological and toxicological impacts on the environment due to natural and manufactured

nanoparticles.
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CHAPTER 7

CONCLUSIONS AND FUTURE RESEARCH

7.1 Conclusions

The main objective of this research was to understand the effect of addition of
commercially available micro and nanoparticles of TiO, and limestone on the properties
of cementitious materials. Based on the literature review in Chapter 2, the effects of these
inert fillers on early age, long term and photocatalytic properties and life cycle costs were

investigated. The following sections present the key conclusions of this research.

7.1.1 Early Age Hydration Studies

Due to an increasing interest in the use of TiO; and limestone fillers in cementitious
mixtures, the effect of these materials of varying particle sizes (up to maximum 20um
particle size) and dosages (up to 15%) on the early age properties of cementitious
mixtures was studied, and the following were concluded:

e Replacement of cement with finer inert particles (particle size < 3um) modifies
cement hydration by a dominant heterogeneous nucleation effect. Heterogeneous
nucleation effect accelerates hydration reaction, increases the rate of hydration,
decreases setting time, but also decreases flow characteristics (workability) and
increases chemical and autogenous shrinkage.

e Larger inert fillers (particle size >3 um) can maintain the rate of cement hydration
due to a dominant dilution effect. Large inert particles decrease chemical

shrinkage of cementitious mixtures. Setting time and flow characteristics of
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7.1.2

cementitious mixtures are not significantly modified due to the replacement of
cement with coarse inert fillers.

Apparent activation energy and temperature sensitivity of cementitious mixtures
increases due to the addition of fine inert particles. The activation energy
increases with increasing dosage, dispersion and surface area of the nanoparticles
used.

For the compositions examined here, Powers’ model can be used to model
hydration of filler-cement mixes when coarse inert fillers are used. Powers” model
has to be modified to predict chemical shrinkage values and trends in the presence
of fine fillers, by incorporating changes to cement hydration due to heterogeneous
nucleation effect. Powers’ model also has to be modified to consider additional
reaction products potentially formed in limestone-cement mixtures, which

modifies cement hydration.

Long Term Properties

The long term properties (28- and 56-day strength, permeability and pore

structure) of filler-cement mixes with nano and microparticle fillers were investigated,

and the following were concluded:

Strength of ordinary portland cement mix is greater than filler-cement mixes at
later ages due to a dominant dilution effect. But initial strength, particularly at
ages up to 3 days, can be increased by using fine inert particles due to increased

degree of hydration by heterogeneous nucleation effect.
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7.1.3

Total surface area and pore volume increases and pore size decreases by the
addition of fine inert fillers. A pore size refinement is thus possible due to the
replacement of cement with fine inert fillers.

Fine limestone (with particle size 0.7um) does not affect the chloride permeability
and surface resistivity of cementitious mixtures. Thus permeability comparable to
ordinary portland cement can achieved by using fine limestone fillers. TiO,
increased the RCPT result and reduced the surface resistivity, indicating that
TiO,-cement mixtures can result in higher permeability when the mineral is used

as a partial replacement for cement.

Photocatalytic Properties of TiO,-Cement

The photocatalytic properties of TiO,-cement mixtures were studied and the

applicability of current standard test methods for NOx conversion by cement-based

materials was investigated, and the following were concluded:

Due to a lack of an appropriate procedure for characterizing photocatalytic
efficiency of cementitious mixtures for reducing NOy, a new standardized
procedure and NOy conversion efficiency factor is proposed. Modifications for
sample preparation techniques and test parameters (i.e., input gas concentration,
test duration, flow rate) are suggested to make NOyx conversion tests appropriate
for cement-based materials.

A new photocatalytic efficiency factor (PEF), which considers potential variations
in test sample surface area, sample surface roughness and variations in test

duration, was defined. The PEF metric can be used to characterize the
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7.1.4

photocatalytic activity of any cement-based material or other construction
material.

The inclusion of TiO, to cementitious mixtures introduced photocatalytic
properties to construction materials. Photocatalytic NOx conversion efficiency
increased with increasing dosage of TiO,.

The photocatalytic efficiency of various commercially available TiO, mixed with
cement was compared using the proposed photocatalytic efficiency factor (PEF).
The PEF values of various TiO; tested ranged from 8.40 pmol-hr™ m™ for T4 to

21.75 umol'hr™- m™ for T3 when tested at 500ppb input gas concentration.

Sustainability of cementitious mixtures with TiO, and limestone

The effect of TiO, and limestone fillers on the sustainability and life cycle costs

of cementitious mixtures were examined. The major conclusions based on the life cycle

analysis of filler-cement mixtures are summarized below:

Inclusion of TiO, fillers increases the environmental impact of the cementitious
mixtures significantly when compared to plain cement. The high environmental
impact of the TiO,-cement mixture is due to the higher energy and emissions of
TiO, manufacturing process compared to cement clinker production.

Limestone filler decreases the environmental impact of cementitious mixtures
compared to plain cement mix. The use of natural or by-product fillers or fillers
with lower embodied energy and emissions is a potential pathway to improve

sustainability for cementitious mixtures.
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e The introduction of TiO, filler with photocatalytic properties (binding pollutant
gases, anti-microbial properties and self-cleaning capability) improves
sustainability on one metric by offsetting initial emissions of construction

materials.

7.2 Recommendations
7.2.1 Early Age Properties

Based on the results from the present study, particle size and dosage of inert
fillers can be selected to obtain desired early age properties. For applications where an
increased rate of reaction and/or apparent activation energy is required, fine inert fillers
(particle size < 3um) are recommended. In applications where shrinkage is of concern, a
coarser microparticle ((particle size > 3um)) is recommended as the filler. Due to the
increased apparent activation energy observed in the presence of nanoparticles, it is
recommended that fine inert particles be used to obtain a faster setting and strength gain
for cementitious mixtures produced at higher ambient temperatures.

The results from this section of the research show that the effect on early age
hydration depends on the particle size and dosage and not significantly on the type of
inert filler used. Thus, cement clinker usage by the construction industry could be
reduced by the replacement of cement with various inert fillers (including limestone and
TiO,) with simultaneous tailoring of early age properties based on dosage and particle

size of inert filler.
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7.2.2 Long Term Properties

The results from the present study demonstrate that chloride ion permeability of
filler-cement mixtures increases, except in the case of fine limestone filler, when inert
fillers are used as partial replacements for cement. The higher RCPT value shows that the
permeability could be higher and hence such concrete mixes could have durability issues.
Thus, it is recommended that for achieving desirable long term properties, supplementary
cementitious materials (SCMs) could be used along with inert fillers. The use of SCMs in
filler-cement mixes would increase the strength and decrease permeability. Further
research is required on such ternary cementitious mixtures with inert fillers and SCMs.

The lower value of resistivity observed in the TiO,-cement mixes could be
because of the semiconductor nature of TiO,. This behavior warrants further investigation
with different types of additives (e.g. chemicals, SCMSs) in concrete to understand the
impact of such materials on the surface resistivity test. Since resistivity test is a relatively
new test, further research would also help ascertain whether the surface resistivity test
can be used as an effective technique to predict and compare permeability of various

types of concrete mixtures.

7.2.3 Photocatalytic Properties

Based on the literature review as well as experiments conducted in the present
study, it was concluded that the current test methods is not be appropriate for testing
photocatalytic efficiency of cementitious materials. It is recommended that the
modifications for sample preparation techniques and test parameters (i.e., input gas

concentration, test duration, flow rate) and the proposed photocatalytic efficiency factor
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be used for all future testing and comparison of photocatalytic NOx conversion by

cement-based materials. It is also recommended that the surface conditioning techniques
suggested in the present research (Section 5.2.2) be followed for photocatalytic testing of
other pollutant gases or other photocatalytic properties (e.g. self-cleaning, anti-microbial

properties) of TiO,-cement surfaces.

7.2.4 Sustainability of TiO, and Limestone Cement Mixes

The replacement of cement with inert fillers was proposed due to the high energy
use and emissions from cement clinker production. But sustainability can be improved in
filler-cement mixes only if the life cycle cost of such mixes is equal to or lower than plain
cement mixes. Although the use of TiO; enhanced early age and photocatalytic
properties, the environmental impact of cementitious materials increased due to the
addition of TiO,. Thus it is recommended that before widespread use of any filler, a life
cycle analysis of the filler-cement composite should be conducted to characterize the
environmental impact for achieving sustainability. Based on the result from the present
study, fillers with lower embodied energy (naturally occurring fillers or fillers with low
production “costs”) or fillers which contribute to sustainability due to additional
functionalities (e.g. photocatalysis) are recommended to be used in cementitious
materials for improving sustainability. For reducing environmental impact if TiO, will
be used, it is recommended that the TiO, be utilized as surface coatings or in thin coating

materials such as “whitetopping” overlays, stuccos or plastering cements.
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7.3 Future research

The current study investigated the effect of inert nano and microparticles of TiO, and
limestone on early age, long term and photocatalytic properties and sustainability of
cementitious mixtures. However, much further research will be necessary to further
optimize the properties of cementitious mixtures for widespread application of such inert
fillers. Some key topics that require additional research are listed below:

e The current research used commercially available limestone that was blended
with portland cement during preparation of the cementitious mix. But in
commercially available portland limestone cement (PLC), limestone and cement
are inter-ground during the cement manufacturing process. Such inter-ground
PLC could have a lower cement particle size which could increase hydration rate
and modify properties compared to laboratory prepared blended limestone-
cements. A comparative analysis of early age and term properties and life-cycle
costs of blended and inter-ground limestone-cement mixtures should be
conducted.

e European standards for portland limestone cements allow up to 35% replacement
of cement with limestone [48]. Although ASTM and Canadian standards currently
approve the use of limestone only up to 15% [45, 46], there is a possibility that
higher percentages of limestone could be approved and used in future
construction. Thus the properties of cementitious materials with higher volume
replacement (>15%) of cement with limestone (and possibly other inert fillers)

needs further research.
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The results from the present research show that the use of inert fillers decreases
long term properties of cementitious mixtures. But supplementary cementitious
materials (SCMs) added to inert filler-cement mixes could enhance strength,
reduce permeability and hence improve long term properties of cementitious
materials. The inclusion of SCMs in inert filler-cement mixtures could also
modify early age properties and improve sustainability. Thus the combined use of
inert nano and microparticles and SCMs in cementitious mixtures needs further
research.

The RCPT and surface resistivity test results from this research indicate that
permeability of filler-cement mixtures could be higher than plain cement
concrete. But RCPT and surface resistivity tests are indirect tests for measuring
permeability. Thus, direct measurement of transport of water and ions through the
matrix of filler-cement mixtures could be conducted using long term tests such as
salt ponding test and bulk diffusion test. Results from these tests could be used to
further understand transport properties.

Research has shown that effectiveness of fillers increases at lower w/s, when
cement is not able to undergo complete hydration [51]. Thus, the effect of
variation of w/s (or w/c) on the properties of cementitious mixtures with TiO, and
limestone should be examined. Variation of w/s of filler-cement mixes could
affect properties including early age hydration, shrinkage, strength, resistivity and
permeability and hence warrants further research.

The photocatalytic tests in the current research were conducted in the presence of

UV light. But new TiO; based materials are being developed which are
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photocatalytic in the presence of visible light [18, 188]. These TiO,-based
materials could be used in construction materials that can be placed in the interior
of a building without the requirement for UV light. The photocatalytic activity of
cement mixtures with these new TiO, materials needs further research.
Photocatalytic tests of TiO,-cement surfaces should be conducted under field
conditions, so that this technology can be effectively utilized for decreasing
pollution, especially in urban environments. Pollution reduction, self-cleaning and
anti-microbial properties of TiO,-cement surfaces should be examined
simultaneously, to truly characterize the benefits of the use of these materials in
field applications.

Further research is needed to address the environmental impacts associated with
the manufacture of photocatalytic nanoparticles and other manufactured
nanoparticles. The life cycle impact of manufactured nanoparticles including
toxicity and environmental impact could be quantified and included in life cycle
analysis.

The possibility of release of nanoparticles into the environment from construction
materials during the life or at end-of-life-disposal needs further research. The
nanoparticles could enter the food cycle of humans and animals and can result in
accumulation of nanoparticles. The long term effect of such accumulated
nanoparticles on ecology and impact on life cycle costs needs further analysis.
Improvement of early age properties, long term properties and sustainability could
not be simultaneously achieved with the inert fillers tested. Further research is

necessary to obtain improved or satisfactory properties when addressing multiple
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properties. Future research should consider TiO,, limestone as well as other inert
fillers, including natural or by-product fillers of varying sizes to simultaneously

optimize multiple properties of cementitious materials.
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APPENDIX A

EFFECT OF PARTICLE DISPERSION ON HYDRATION

A challenge in the use of nanoparticles in the construction industry is effective
dispersion, which is required due to the tendency of nanomaterials to form agglomerates
[176]. Poor dispersion can result in the formation of defects and also decrease the
efficacy of the nanomaterial in the material matrix [189]. With an objective of obtaining
effective dispersion, different mixing procedures were examined to assess the influence
of TiO, nanoparticle dispersion on early age hydration reactions. The techniques that
were tested and compared in this study include pre-dispersion of TiO; in the mixing
water using the following techniques: use of a handheld mixer, dispersing agent
(superplasticizer) and ultrasonication. Ultrasonication of powders in water is considered
to be a good technique for dispersing agglomerates, especially for nanoparticles [179].

All cementitious mixes were prepared at w/s of 0.50, with the same TiO, (T2), at
10% TiO, but were dispersed using different methods. The dispersing agent (surfactant)
used in the current research was a polycarboxylate based superplasticizer, ADVA 140
(Grace Construction Products) and was used at an addition rate of 10 mL/1 kg of cement.
The following are the different types of dispersion techniques investigated in this study:

e D1 -TiO; dispersed in water using a handheld mixer for 1 minute before
mixing with cement

e D2 — Superplasticizer added to water and stirred. TiO, was then added to
the water-super plasticizer mixture and dispersed using a handheld mixer

for 1 minute before mixing with cement
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e D3 - Super plasticizer added to water and stirred and the TiO, was then
added to the water-super plasticizer mixture. The beaker with the solution
was then immersed in an ultrasonic bath (Branson 1510R-DTH) for 30
minutes. The ultrasonication was conducted at a frequency of 42+2.5 kHz
and at a power output of 70W. The mixture was then blended using a

handheld mixer for 1 minute before mixing with cement.
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Figure A.1. Heat of hydration curves for TiO, cement mixes when different techniques
were used for dispersing TiO, particles

Figure A.1 shows the rate of heat evolution data for the different mixes D1, D2
and D3 in which various dispersion techniques were used. The two mixes in which the
TiO, was dispersed using the superplasticizer (D2 and D3) showed a marginal retardation
of the cement hydration reaction, as observed in the accelerating region of the hydration

curve, when compared to mix D1. The hydration curve for mixing technique D3 resulted
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in a higher peak of the hydration graph compared to D1 and D2. This shows that the use
of a combination of dispersing agent, ultrasonic bath and handheld mixer used to disperse
the nanoparticles could be beneficial for dispersion. But for further clarification the

cumulative heat of hydration curves of the different mixes was compared in Figure A.2.
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Figure A.2. Cumulative heat of hydration curves for TiO, cement mixes when different
techniques were used for dispersing TiO, particles

Figure A.2 shows the cumulative heat of hydration curve for the different mixes
tested for the effect of dispersion. It was observed that during the testing period the
difference between the cumulative heats of hydration graphs was minimal for all the
mixes with TiO, addition. Thus in the current research, mixing of the nanoparticle with
water using a handheld mixer was found to be as effective as the use of dispersing agents
and ultrasonication. Since the difference between the hydration behaviors was minimal, it

is suggested that other forms of effective dispersion could be necessary to utilize the true
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nanosize of the TiO, particles when used in cementitious materials. Some previous
researchers have observed that the use of ultrasonication techniques and surfactants
increases dispersion of nanoparticles [176]. Thus, further research is required for
effective dispersion of commercially available nanoparticles, using possibly different
sonication methods (e.g. immersion type sonication, high powered sonication) as well as

other dispersing agents.
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APPENDIX B

LIFE CYCLE INVENTORY DATA

The Life cycle inventory data for ordinary portland cement mix as well as

limestone-cement and TiO,-cement mix where cement was replaced with 5% filler, as

obtained from the life cycle analysis is listed in Table B.1.

Table B.1. Life cycle inventory data for plain cement and filler-cement mix with 5% filler

Compart LS- TiD2- Plain
Mo Substance ment  [Unit cement cement cement
Aluminium, 24% in bauxite,
1 11% in crude ore, in ground Raw q 6.76E-01 8. 7V6E+M 3.41E-01
2 Anhydrite, in ground Raw pg 3.19E+00] 5.79E+02 1.58E+00
Barite, 15% in crude ore, in
3 ground Raw q 6.89E-01| 1.63E+02 2 26E-02
4 Baryte, in ground Raw q 5. 75E+01] B.75E+M 9.21E+01
5 Basalt, in ground Raw q 2 18E-02] 1.77E+MM 4 28E-03
6 Bauxite, in ground Raw q 549E+01] 549E+01 5.7T8E+01
7 Borax, in ground Raw pg 9.15E+00] 2.31E+02 1.95E+00
Cadmiurn, 0.30% in sulfide, Cd
0.18%, Pb, £n, Ag, In, in
3 ground Flaw mg J.18E-02] Z.49E+01 9.67E-03
9 Calcite, in ground Faw Ik 1.10E+02| G6.10E+01 6.66E-02
10 Carbon dioxide, in air Faw 0z 6.91E-01| 7.A53E+M 5.13E-01
Carbon, in organic matter, in
11 soil Faw mg 1.04E+00] B.29E+01 1.17E-02
Cerum, 24% in bastnasite,
12 2 4% in crude ore, in ground Faw pg X 9.62E-02
Chromium, 25.5% in chromite,
13 11.6% in crude ore, in ground  |Faw q 1.65E-01| 518E+M 2 56E-02
14 Chromium, in ground Faw q 2 33E+00| 2 33E+00{ 2 45E+00
15 Chrysotile, in ground Faw mg 8 49E-03| 3. 56E+02 3.24E-03
16 Cinnabar, in ground Raw mg 9.74E-04 3 27VE+M1 4 8TE-04
17 Clay, bentonite, in ground Raw q 295E+01] 8AAVE+DM 3.08E+01
18 Clay, unspecified, in ground Raw kg 266E+02| 27V2E+02( 2 80E+02
19 Coal, 18 MJ per kg, in ground  |Raw kg 1.48E+02] 1.48E+02 1.56E+02
Coal, brown, 8 MJ per kg, in
20 ground Raw kg 1.79E+01] 1.79E+01 1.88E+01
21 Coal, brown, in ground Raw 0z 1.69E+00] 5.01E+02 4 T73E-01
Coal, hard, unspecified, in
22 ground Raw 0z 1.76E+00] 3.97E+02 5.04E-01
23 Cobalt, in ground Raw Hg 1.40E+01] 1.01E+02 1.05E+01
24 Colemanite, in ground Raw mg 225E+00] 4 42E+02 1.91E+00
Copper, 0.99% in sulfide, Cu
0.36% and Mo 8. 2E-3% in
25 crude ore, in ground Raw g 1.48E-02 5. 35E+00 2 58E-03
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Table B.1 (Continued)

Compart LS- Tio2- Plain

Mo |Substance ment  |Unit cement cement cement
Copper, 1.18% in sulfide, Cu
0.39% and Mo 8.2E-3% in

26 |crude ore, in ground Raw q 8.22E-02] 2.84E+01 1.43E-02
Copper, 1.42% in sulfide, Cu
0.81% and Mo 8.2E-3% in

27 |erude ore, in ground Raw q 2.18E-02] 7.80E+00 J.79E-03
Copper, 2.19% in sulfide, Cu
1.83% and Mo 8.2E-3% in

28 |crude ore, in ground Raw q 1.08E-01] 3.91E+M 1.68E-02

29  |Copper, in ground Raw g 1458E+01| 1.48E+01| 1.56E+01

30 |Diatomite, in ground Raw pg 4 27E-02| 6.36E+00 1.16E-02

31 |Dolomite, in ground Raw g 3. 74E-02] B 14E+00 5. 00E-03
Energy, gross calorific value, in

32  |biomass Raw MJ 2.03E-01] 218E+M 1.65E-01
Energy, gross calorific value, in

33 |biomass, primary forest Raw kJ 7 18E-02] 4 36E+00 8.13E-04
Energy, kinetic (in wind),

34 |converted Raw W 2 69E-02| 5.86E+00 7.09E-03
Energy, potential {in
hydropower reservair),

35 |converted Raw M 8 45E+01| 1.27E+02| B844E+01

36 |Energy, solar, converted Raw kJ 8.23E-01] B.44E+IN 1.94E-01

37 |Feldspar, in ground Raw Hg 2.50E+01] 5.29E+01] 2.50E+M1
Fluorine, 4.5% in apatite, 1% in

38 |crude ore, in ground Raw mg 6.19E-01] 2.67TE+02 5.87E-02
Fluorine, 4.5% in apatite, 3% in

39 |crude ore, in ground Raw mg 2.84E-01] 1.19E+02 2 BBE-02

40 [Fluorspar, 92%, in ground Raw g 3.20E-02] B.07E+00]  4.B5E-03
Gallium, 0.014% in bauxite, in

41 |[ground Raw ng 2.36E+00] 2 40E+02 5 56E-01
Gas, mine, off-gas, process,

42 |coal mining/kg Raw g 9.06E+02| 9.06E+02| 89454E+02
Gas, mine, off-gas, process,

43  |coal mining/m3 Raw dm3 501E-01] 1.13E+02 1.48E-01
Gas, natural, 35 MJ per m3, in

44 |[ground Raw m3 5 7TE+00| 5 77E400] B.07E+00

45  |Gas, natural, in ground Raw cuyd | 3.55E-02( 9.72E+0N 6.36E-03
Gas, petroleumn, 35 MJ per m3,

46 |in ground Faw m3 1.24E+00 1.24E+00( 1.30E+00
Gold, Au 1.1E4%, Ag 4 2E-

47 |3%, in ore, in ground Raw pg 3.28E-02] 3.06E+02 1.04E-02
Gold, Au 1.3E-4%, Ag 4 BE-

48 |56%, in ore, in ground Raw pg 6.01E-02] 5 61E+02 1.90E-02
Gold, Au 1.4E-4%, in ore, in

43 |[ground Raw pg 7 20E-02) B.T72E+02) 2 28E-02
Gold, Au 2 1E-4%, Ag 2 1E-

50 [4%, in ore, in ground Raw mg 1.10E-04] 1.03E+00 3.48E-05

175




Table B.1 (Continued)

Compart LS- Tio2- Plain
Mo |Substance ment  [Unit cement cement cement
Gold, Au 4 3E-4%, in ore, in
51 ground Raw pg 2T72E-02| 2 54E+02 8.63E-03
Gold, Au 4 9E-5%, in ore, in
52  |ground Raw g 6.53E-02] 6.09E+02] 2.07E-02
Gold, Au 6.7E-4%, in ore, in
53 |ground Raw Hg 1.01E-01| 9.43E+02 3. 20E-02
Gold, Au 7.1E-4%, in ore, in
54 |ground Raw mg 1.14E-04| 1.06E+00 J3.61E-05
Gold, Au 9.7E-4%, Ag 9.TE-
4%, Zn 0.63%, Cu 0.38%, Fb
56 |0.014%, in ore, in ground Raw pg 6.83E-03] 6.37TE+01 2. 16E-03
56  |Granite, in ground Raw ng 218E+01] 2 25E+02 8.36E-02
57 |Gravel, in ground Raw kg 9 51E+400| 4 27E401| 9.96E+00
58  |Gypsum, in ground Raw mg 1.36E-01] 1.13E+D1 8.05E-03
Helium, 0.08% in natural gas,
53 lin ground Raw g 1.19E-02] 1.21E+00{ 2.80E-03
Indium, 0.005% in sulfide, In
0.003%, Pb, Zn, Ag, Cd, in
60  |ground Raw pg 6.42E-01] 4. 26E+02 1.87E-01
Iron, 46% in ore, 25% in crude
61 |ore, in ground Raw 0z 6.78E-01] 1.23E+02 1.88E-01
62  |lron, in ground Raw g 9 23E402| 923E402| 9.72E+02
Kaolinite, 24% in crude are, in
63  |ground Raw mg JA6E+01| 3 11E+02| 4 39E-01
Kieserite, 25% in crude ore, in
64  |ground Raw mg 8.87E-02] 2. 15E+00 7. 12E-03
65 |Land use [l Raw m2a 5 G9E+00| 5 69E+00] 5.99E+00
66 |Land use -, sea floor Raw maa 1.39E400( 1.39E400( 1.46E+400
67 |Land use IV Raw m2a 7. 70E-01| 7.70E-01 8.10E-01
68 [Land use IV, sea floor Raw m2a 143E-01 1.43E-01 1.51E-01
69 |Land use -V Faw m2a 5.60E-01| 5.60E-01 5.89E-01
70 |Land use IV-IV Raw cmZa |3.60E+01| 3.60E+01| 3.79E+01
Lanthanum, 7.2% in bastnasite,
71 0.72% in crude ore, in ground  |Raw pg X 2 64E-01
Lead, 5.0% in sulfide, Pb 3.0%,
72 |Zn, Ag, Cd, In, in ground Raw q 7. 35E-03] 1.39E+00 1.26E-03
73 |Lead, in ground Raw q 4 44E+00] 4 44E+00] 4.67E+00
Magnesite, 60% in crude ore, in
74 |ground Raw q 3.39E-01] 5.15E+MM 1.40E-01
75 |Magnesium, 0.13% in water Raw mg 4 97E-03] 1.49E+00 1.38E-03
Manganese, 35.7% in
sedimentary deposit. 14.2% in
76 |crude ore, in ground Raw q 1.57VE-01| 6.38E+00( 4.99E-03
77 |Manganese, in ground Raw mg 9 29E+402| 9.29E402| 09.7BE+02
78  |Marl, in ground Raw tnlg |1.08E+00| 1.08E+00| 1.13E+00
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Table B.1 (Continued)

Compart LS- Tio2- Plain

Mo |Substance ment  |Unit cement cement cement
Metamorphous rock, graphite

79  |containing, in ground Raw mg 5 27TE-01] 1.22E+02 3.87E-02
Molybdenum, 0.010% in
sulfide, Mo 8.2E-3% and Cu

80 |1.83% in crude ore, in ground  |Raw mg 2.01E+00] 7.26E+02 JA9E-M1
Maolybdenum, 0.014% in
sulfide, Mo 8.2E-3% and Cu

81 |0.81% in crude ore, in ground  |Raw mg 2.86E-01] 1.02E+02] 4.98E-02
Molybdenum, 0.022% in
sulfide, Mo 8.2E-3% and Cu

82 |0.36% in crude ore, in ground  |Raw q 5 651E-02] 2.21E+00 1.63E-03
Malybdenum, 0.025% in
sulfide, Mo 8.2E-3% and Cu

83 |0.39% in crude ore, in ground  |Raw mg 1.05E+00] 3.75E+02 1.82E-01
Molybdenum, 0.11% in sulfide,
Mo 4 1E-2% and Cu 0.36% in

84  |crude ore, in ground Raw q 1.11E-01] 4 46E+00 3.29E-03

85  |Molybdenum, in ground Raw Hg 8. 59E+00| &59E+00] 9.04E+00
Meodymium, 4% in bastnasite,

86  |0.4% in crude ore, in ground Raw pg X 5 37TE-02|x
Mickel, 1.13% in sulfide, Ni
0.76% and Cu 0.76% in crude

87 |ore, in ground Raw mg 517E-01) 5.90E+1 4.93E-02
Mickel, 1.98% in silicates,

8o 1.04% in crude ore, in ground  |Raw q 7 14E-01] 1.54E+02 7.68E-02

89  [Mickel, in ground Raw g 1.29E+00] 1.29E+00] 1.36E+00
Occupation, arable, non-

80  Jirrigated Raw cm2a | 5. 54E-01 5.31E+DN J3.13E-02

91 |Occupation, construction site |Raw cm2a | 4.92E-01 319E+02] 2.30E-01

92  |Occupation, dump site Raw maa 1.19E-03]  2.89E-01 2 56E-04
Occupation, dump site,

83  |benthos Raw cm2a | 4.83E-01] 2AVE+02] 2.04E-02

894  |Occupation, forest, intensive Raw m2a 4 14E-04| 5.58E-01 1.90E-05
Occupation, forest, intensive,

85  |normal Raw m2a 1.32E-02| 2 43E+00 9.98E-03
Occupation, forest, intensive,

896  |shor-cycle Raw cm2a | 1.80E-01 1.09E+01 2 04E-03

97  |Occupation, industrial area Raw maa 6.98E-03] 1.17E-I1 6. 49E-03
Occupation, industrial area,

895  |benthos Raw mm2a | 4 13E-01] 2 06E+02 1.99E-02
Occupation, industrial area,

89  |built up Raw m2a 227E-04] 1.41E-MM 4.99E-05
Occupation, industrial area,

100  |vegetation Raw cm2a | 9.25E-01 4.86E+02 5 19E-01
Occupation, mineral extraction

101 |site Raw m2a 5.07E-03| 1.05E-01 5 64E-04
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Table B.1 (Continued)

Compart LS- Tio2- Plain

Mo |Substance ment  |Unit cement cement cement
Occupation, permanent crop,

102 |fruit, intensive Raw cm2a | 2 62E-01[ 1.55E+01 2.89E-03
Occupation, shrub land,

103 |sclerophyllous Raw cm2a | 3.05E-01 1.81E+02] 2.07VE-1
Occupation, traffic area, rail

104 |embankment Raw cm2a | 4.00E-01| 5.59E+02 9.97E-02
Occupation, traffic area, rail

105 [network Raw cmZa | 4 43E-01] 6.18E+02 1.10E-01
Occupation, traffic area, road

106 |embankment Raw cm2a |148E+00[ 4.53E+02] 1.02E+00
Occupation, traffic area, road

107 [network Raw m2a 5 18E-04| 247E-01 1.96E-04
Occupation, urban,

108 |discontinuously built Raw mm2a | 1.46E-01[ 8.55E+00 3. 31E-03
Occupation, water bodies,

108 |arificial Raw m2a 1.02E-03[ 1.70E-01 J13E-04
Occupation, water courses,

110 |artificial Raw cm2a |4 77TE+01| 4.23E+02] 2 24E+00
Qil, crude, 42 6 MJ per kg, in

111 |ground Raw kg 1.81E401| 1.81E+01| 1.90E+01

112 |Qil, crude, in ground Raw 0z 5 64E+00] 4 11E+02 1.65E-01

113 |Olivine, in ground Raw g 2A0E+00| 2ATE+02| 1.14E+00

114 |Palladium, in ground Raw Hg 4.09E+00] 4.09E+00] 4.31E+00
Pd, Pd 2. 0E4%, Pt 4 BE4%,
Rh 2 4E-5%, Ni 3.7E-2%, Cu

115 |5.2E-2% in ore, in ground Raw pg 1.66E-01] 8.2TE+0 6.7T6E-03
Pd, Pd 7.3E-4%, Pt 2 5E-4%,
Rh 2. 0E-5%, MNi 2. 3E+0%, Cu

116 |3.2E+0% in ore, in ground Raw pg 4 00E-01] 1.99E+02 1.62E-02

117 |Peat, in ground Raw q 1.66E-03| 1.13E+00 J.09E-04
Phosphorus, 18% in apatite,

118 |12% in crude ore, in ground Raw mg J.05E+01| 5.08E+02| 295E+01
Phosphorus, 18% in apatite,

119 |4% in crude ore, in ground Raw q 248E-03] 1.07E+00 2 35E-04

120 |Platinum, in ground Raw pg 4 7TE+00| 4 77E+00| &.02E+00
Pt, Pt 2. 5E-4%, Pd 7.3E-4%,
Rh 2 0E-5%, Ni 2. 3E+0%, Cu

121 |3.2E+0% in ore, in ground Raw Hg 9.63E-03] 6.21E+00 1.62E-03
Pt, Pt 4. 8E-4%, Pd 2.0E4%,
Rh 2 4E-5%, MNi 3.7E-2%, Cu

122 |5.2E-2% in ore, in ground Raw pg J45E-02] 2.22E+M1 5 46E-03
Rh, Rh 2 0E-5%, Pt 2 5E-4%,
Pd 7.3E-4%, Ni 2. 3E+0%, Cu

123 |3.2E+0% in ore, in ground Raw ng 4 12E+00| B 77E+02| 228E-0
Rh, Rh 2 4E-5%, Pt 4 BE-4%,
Pd 2 0E-4%, Ni 3.7E-2%, Cu

124 |5.2E-2% in ore, in ground Raw pg 1.29E-02] 1.81E+00 7.15E-04
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Rhenium, in crude ore, in
125 |ground Raw pg 5.89E-03] 1.79E+00 1.74E-04
126 |Rhenium, in ground Raw pg 3.95E+00| 3.95E+00| 4 16E+00
127 |Rhodium, in ground Raw g 4 38E+00| 4 38E+00| 4.61E+00
128 |Sand, unspecified, in ground Raw y 1.94E402| 1.94E402| 204E402
129  |Shale, in ground Raw mg 9.05E-03] 1.64E+00] 4 4BE-03

Silver, 0.007% in sulfide, Ag
0.004%, Pb, Zn, Cd, In_ in
130 |ground Raw mg 9.80E-04| 6.78E+00 2.90E-04

Silver, 3.2ppm in sulfide, Ag
1.2ppm, Cu and Te, in crude

131 |ore, in ground Raw mg 702E-04) 4.83E+000 2.07E-04
Silver, Ag 2 1E-4%, Au 2 1E-

132 |4%, in ore, in ground Raw Hg 6.46E-02] 4 46E+02 1.91E-02
Silver, Ag 4.2E-3%, Au 1.1E-

133 |4%. in are, in ground Raw mg 148E-04| 1.02E+00{ 4 .36E-05
Silver, Ag 4 6E-5%, Au 1.3E-

134 4%, in ore, in ground Raw pg 1.45E-01] 9.99E+02 4 2TE-02

Silver, Ag 9.7TE-4%, Au 9.7E-
4%, Zn 0.63%, Cu 0.38%. Pb

135 |0.014%. in ore, in ground Raw pg 9.55E-02] BE59E+02]  2.82E-02

136 |Silver, in ground Raw mg 5 64E+01| 564E401] 594E+01

137 |Sodium chloride, in ground Raw 0z J.78E+00] 4.38E+02] 3.96E+00

138 |Sodium nitrate, in ground Raw ng 2.01E-01] 1.91E+02 1.02E-01
Sodium sulphate, various

139 |forms, in ground Raw q 4 62E-03] 2.07E+00 3.35E-04

140  |Stibnite, in ground Raw ng 4 A3E+00| 661E+02| 1.21E+00

141 |Sulfur, in ground Raw mg 7H0E-01) 7. 79E+ 3.65E-01
Syhite, 25 % in sylvinite, in

142  |ground Raw mg J.22E+00] 5.06E+02 5 91E-

143 |Talc, in ground Raw mg 7.75E+00) 2.58E+02] 4.50E+00

Tantalum, 81.9% in tantalite,
144 |1.6E-4% in crude ore, in ground [Raw mg 7. 35E-04) 5 35E+00 2 19E-04

Tellurium, 0.5ppm in sulfide, Te
0.2ppm, Cu and Ag. in crude

145 |ore, in ground Raw pg 1.05E-01| 7.25E+02 J.1E-02
Tin, 79% in cassiterite, 0.1% in

146 |crude ore, in ground Raw mg 1.02E+01| 2.62E+02 3.35E-02

147 |Tin, in ground Raw mg JA4E+01| 314E+01| 3 30E+01
TiO2, 54% in ilmenite, 2.6% in

148 |crude ore, in ground Raw s} 3.39E-05] 1.2TE+02 4. 81E-06
TiO2, 95% in rutile, 0.40% in

149  |ecrude ore, in ground Raw g 5 27E-02) 4.25E+N 1.79E-02

150 |Transformation, from arable Raw mm2 6.64E-01] 6.18E+01 2.22E-1
Transformation, from arable,

151 |non-rrigated Raw cme 1.02E+00( 9.79E+01 5.V9E-02
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Transformation, from arable,

1562  |non-irrigated, fallow Raw mmé 8.20E-02] 1.06E+01 4 14E-02
Transformation, from dump site,

153 |inert material landfill Raw mm2 |[1.84E+00| 3.69E+02 4 08E-01
Transfarmation, from dump site,

154  |residual material landfill Raw cm?2 6.ATE-03| 3.22E+01 1.23E-03
Transformation, from dump site,

155 |sanitary landfill Raw mm2 |3.60E+00[ 1.34E+01] 3.60E+00
Transformation, from dump site,

166  |slag compartment Raw mmé 5 70E-03] 1.23E+00 3.19E-03

167  |Transformation, from forest Faw cm?2 5 04E+00] 3 14E+02 5 9TE-02
Transformation, from forest,

158  |extensive Raw cm?2 9 45E-01| 2 38E+402 E.78E-01
Transformation, from forest,

159 |intensive, clear-cutting Raw mm2 | 6.43E-01[ 3.91E+IN 7.28E-03
Transformation, from industrial

160 |area Raw mm2 |[1.57TE+00| 4. 18E+02 3 41E-01
Transformation, from industrial

161 |area, benthos Faw mme 5.75E-04| 2 35E+00 1.41E-04
Transformation, from industrial

162 |area, built up Raw mm2 | §.84E-04[ 3.79E-1 8.38E-05
Transformation, from industrial

163 |area, vegetation Raw mm2 1.51E-03]  6.47E-01 1.43E-04
Transformation, from mineral

164  |extraction site Raw cm? JATE+00] 2 91E+0M 1.62E-01
Transformation, from pasture

165 |and meadow Faw cm?2 3.87E-01| 6.40E+01 T 74E-02
Transfarmation, from pasture

166  |and meadow, intensive Raw mmes 8.30E-02| 7.98E+00 4 T2E-03
Transformation, from sea and

167 |ocean Faw cm2 4 88E-01| 2 17E+02 2.05E-02
Transformation, from shrub

168 |land, sclerophyllous Raw cm? J46E-01] 3.83E+M1 5. 3TE-02
Transformation, from tropical

169 |rain forest Faw mme 6A3E-01] 3 91E+MM 7. 28E-03

170 |Transformation, from unknown |Raw cm?2 2.03E+00| 214E+02( 1.62E+00

171 |Transformation, to arable Raw cm?2 J.7TE-02) 4 54E+01 1.15E-02
Transformation, to arable, non-

172 |irngated Faw cm2 1.02E+00( 9.80E+01 5 T9E-02
Transformation, to arable, non-

173 |imigated, fallow Raw mmé 141E-01] 3.48E+M 8.82E-02

174 |Transformation, to dump site Raw cmé 8.22E-02] 1.49E+M 1.14E-02
Transformation, to dump site,

175 |benthos Raw cm?2 4 83E-01| 21ATE+02 2. 04E-02
Transformation, to dump site,

176 |inert material landfill Raw mm2 |[1.84E+00| 3.69E+02 4 08E-01
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Transformation, to dump site,

177 |residual material landfill Raw cm2 6.57TE-03| 3.22E+01 1.23E-03
Transformation, to dump site,

178 |sanitary landfill Raw mm2 |3.60E+00[ 1.34E+01] 3.60E+00
Transformation, to dump site,

179 |slag compartment Raw mm2 | 5. 70E-03[ 1.23E+00 J.19E-03

180 [Transformation, to forest Faw cm2 3.50E+00] 5.48E+01 1.94E-01
Transformation, to forest,

181 |intensive Raw cm? 2 TeE-02| 3.72E+01 1.27E-03
Transformation, to forest,

182 |intensive, clear-cutting Raw mme 6.43E-01] 3.91E+01 7.28E-03
Transformation, to forest,

183 |intensive, normal Raw cm?2 9.04E-01| 1.98E+02 6.70E-01
Transformation, to forest,

184  |intensive, shot-cycle Raw mm2 | 6.43E-01[ 3.91E+IN 7.28E-03
Transformation, to

185 |heterogeneous, agricultural Raw cm? 8.13E-02] 1.52E+M 2.84E-03
Transformation, to industrial

186 |area Faw cm?2 9 58E-01] 1.55E+01 9 30E-01
Transformation, to industrial

187 |area, benthos Raw mmes 5. 34E-01] 1.93E+MM 2 40E-03
Transformation, to industrial

188  |area, built up Raw cme 5.67E-02) 2.92E+1 1.34E-02
Transformation, to industrial

189 |area, vegetation Raw cm? 2.36E-02] 1.03E+M1 1.30E-02
Transformation, to mineral

190  |extraction site Faw cm?2 5 63E+00| 3. 63E+02 5 92E-01
Transfarmation, to pasture and

191 |meadow Raw mmes 9 36E-02| 351E402 2. 22E-02
Transformation, to permanent

192 |crop, fruit, intensive Raw mm2 | 3.68E-01[ 2.18E+IM 4.07E-03
Transformation, to sea and

193  |ocean Raw mme 5.75E-04| 2 35E+00 1.41E-04
Transformation, to shrub land,

194  |sclerophyllous Raw cm’ 6.10E-02] 3.61E+01 4 13E-02
Transformation, to traffic area,

195 |rail embankment Raw mmes §.32E-02| 1.30E+402 2.32E-02
Transformation, to traffic area,

196 |[rail network Faw mm2 1.02E-01) 1.43E+02 2.55E-02
Transformation, to traffic area,

197  |road embankment Raw mme 9.63E-01| 287E+02 6.67TE-01
Transformation, to traffic area,

198  |road network Faw cm?2 6.00E-02| 2 70E+01 1.61E-02

199 |Transformation, to unknown Raw mm2 |[1.85E+00| 4 40E+02 5 50E-01
Transformation, to urban,

200 |discontinuously built Raw mm2 | 2.91E-03[ 1.70E-01 6.60E-05
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Transformation, to water

201 |bodies, artificial Raw cm2 1.99E-01] 3.26E+01 1.26E-01
Transformation, to water

202 |courses, artificial Raw mm2 |5.82E+01 4.96E+02] 2 6VE+00

203 |Ulexite, in ground Raw mg 4 99E-02] 1.34E+M 1.31E-02
Uranium, 560 GJ per kg, in

204 |ground Faw g 1.22E+00 1.22E+00( 1.28E+00

205 [Uranium, in ground Raw mg 1 30E+01| 5.93E+02| 287E+00

206 [Wermiculite, in ground Raw mg 9 78E+01| 9.96E+01| 9.77E+01
Wolume occupied, final
repository for low-active

207 |radioactive waste Raw cm3 267E-02| 1.22E+00 5 92E-03
Volume occupied, final

208 [repository for radioactive waste |Raw mm3 |6.01E+00[ 3.0VE+02] 1.34E+00

209 |Volume occupied, reservoir Raw may |1.78E+00[ 2.62E+00{ 1.85E+00
Volume occupied, underground

210 |deposit Raw cm3 1.37E-02| 4 62E+00 3.87E-03
Water, cooling, unspecified

211 [natural originfm3 Raw gal* 147E+00| 6.39E+02 3.98E-01

212 |Water, lake Raw dm3 9. 03E+01] 9.22E+401] 9.03E+M

213 |Water, river Raw dm3 |2 70E+02[ 5.64E+02] 2 66E+02

214 [Water, salt, ocean Raw dm3 5 64E-01] 9.55E+01 1.22E-01

215 |Water, salt, sole Faw cu.n  |6.86E+00| 5.35E+02 1.86E-01
Water, turbine use, unspecified

216 [natural origin Raw m3 4 6TE+02| 7.88E+02| 4 45E+02
Water, unspecified natural

217 |onginikg Raw tn.lg J12E+00] 312E+00( 3 29E+00
Water, unspecified natural

218 |origin/m3 Raw cuft 4 24E-02] 1.98E+02 1.62E-02

219 |Water, well, in ground Raw dm3 |2 TME+02[ 2.80E+02] 2 03E+02

220 |Wood, dry matter Faw kg 1.11E+00[ 1.11E+00( 117E+00

221 |Wood, hard, standing Raw cm3 1 27E+01| 386E+02| 1.14E+01

222 |Wood, primary forest, standing |Raw mm3 |6.66E+00| 4 05E+02 7.54E-02

223 |Wood, soft, standing Raw cu.in 262E-01] 1.12E+02 6.21E-02
Wood, unspecified,

224 |standing/m3 Raw mm3 | 2.64E-01 4.52E+00 1.32E-01
Zinc, 3.0% in sulfide, Zn 5.3%,

225 |Ph, Ag, Cd, In, in ground Raw q 5 20E-02) 249E+ J.73E-02

226 |Zinc, in ground Raw mg 1.32E+02| 1.32E+02| 1.39E+02
Zirconium, 50% in zircon,

227 [0.39% in crude ore, in ground  |Raw mg 8.08E-04] 7.33E+00 2 54E-04

228 |1-Propanal Alr pg 1.07E-02] 1.09E+00 2.52E-03

229 |1,4-Butanedial Air Hg 2. 15E-04] 1.78E+00 6.60E-04

230 |2-Propanol Air mg 3.55E-03) 3.33E+M 1.12E-03

231 |Acenaphthene Air ng 3.73E-01] 1.00E+02 1.03E-01

232 |Acetaldehyde Air mg 2 82E+01| 1.03E+02| 2.96E+01

233 |Acetic acid Air mg 1.27TE+02| 2.03E+02| 1.33E+02
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234 |Acetone Alr mg 2 80E+01| 8. 10E+01| 2 894E+01
235 |Acetonitrile Alr pg 6.99E-01] 4.25E+01 7.92E-03
236 |Acrolein Alr pg 5 73E+00| 240E+01| 3.79E+00
237 |Acrylic acid Air Hg 9.22E-03| 8.61E+01 2 92E-03

Actinides, radioactive,
238 |unspecified Air mBg 2.56E-01] 1.22E+1 5 T2E-02

Aerosols, radioactive,
239 |unspecified Air mBg [345E+00] 2.56E+02 7.88E-01
240 |Aldehydes, unspecified Alr mg 9.82E-01] 1.74E+00 1.02E+00
241 [Aluminum Alr g 1.64E+00| 4 25E+00( 1.10E+00
242 [Americium-241 Alr mBg |9.37VE+00] 9.37E+00[ 9.86E+00
243 |Ammonia Air q 8.18E-01| 4.72E+00 5.07E-01
244 |Ammonium carbonate Air pg 2.76E-01] 2.00E+M 6.02E-02
245 |Antimony Air mg 8.96E-01] 4 20E+00 9.36E-01
246 |Antimony-124 Air pBg 1.38E+02| 1.40E+02| 1.45E+02
247 |Antimony-125 Air pBg 2 16E+01| 3. 76E+01| 1.97E+01
248 |Argon-41 Air kBqg 1.09E+00 1.23E+00[ 115E+00
249 |Arsenic Alr mg 1.95E+01| 4 52E+01| 2 05E+01
250 [Arsine Alr ng 7.36E-05] 1.00E+00
251  |Barium Air mg 1.63E401| 225E+01| 1.71E401
252 |Barium-140 Air mBq |2 21E+00] 3.25E+00{ 2 13E+00
253 |Benzal chloride Air pg X 4 90E+00
254 |Benzaldehyde Air Hg 2.32E+00| B8.72E+00| 1.30E+00
255  |Benzene Air mg 2 TAE+02| 7. 78E+02| 287E+02
256 |Benzene, ethyl- Alr mg 1.09E+02| 1.25E+02| 1.15E+02
257 |Benzene, hexachloro- Alr pg 295E-01] 3.34E+MM 1.63E-01
258 |Benzene, pentachloro- Alr pg 1.868E-01| 1.58E+00 1.97E-01
259  |Benzo(a)pyrene Air mg 1.19E-01] 1.05E+00 1.20E-01
260 |Beryllium Air 1] 1.83E402| 2 40E402| 1.93E+402
261 |Boron Air q 5.96E-01| 1.06E+00 7.32E-01
262 |Boron trifluoride Air pg X 7 A9E+00
263 |Bromine Air mg 7 2TE+01| 113E+02| 7 65E+01
264 |Butadiene Alr ng 1.72E-01| 9.87E+02 4 31E-02
265 [Butane Alr g 1.57E+00| 3.00E+00] 1.64E+00
266  |Butanol Air ng 6.66E-04| 551E+00] 2.05E-04
267 |Butene Air mg 9 08E+01| 1.06E+02| 9.53E+01
268  |Butyrolactone Air ng 6.22E-02] 5.15E+02 1.91E-02
269 |Cadmium Air mg 7 ATE+00| 1.63E401| 7.63E+00
270 |Calcium Air g 1.11E+00 1.19E+00] 1.17E+00
271 |Carbon-14 Air Bg 7.7T9E+02] 1.82E+03] 8&.00E+02
272 [Carbon dioxide Alr kg 9 16E+02| 9 16E+02| 9 64E+02
273 |Carbon dioxide, hiogenic Alr 0z 547E-01] 7.64E+M1 3.86E-01
274 |Carbon dioxide, fossil Air b 1.63E+00] 4. 94E+02 1.64E-01

Carbon dioxide, land
275 |transformation Air q 2.01E-02] 3.56E+00] 2.94E-03
276 |Carbon disulfide Air mg 4 13E+00] 6.05E+02 JA1E-N
277 |Carbon monoxide Air kg 1.12E+00 1.12E+001 1.18E+00
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278 |Carbon monoxide, biogenic Alr q 4 25E-01] 7.28E+00 3.99E-1
279 |Carbon monoxide, fossil Alr g 1.26E+00| 4 26E+02 1.88E-01
280  |Cerium-141 Air pBg 1.04E+02 356E+02| 6.12E+01
281 |Cerium-144 Air mBqg  |[9.98E+01] 9.98E+01] 1.05E+02
282 |Cesium-134 Air mBq |3.56E+02| 3.56E+02| 3.75E+02
283  |Cesium-137 Air mBqg |6.87TE+02| B.87TE+02| 7. 23E+02
284 |Chlorine Air mg 242E-01] 2.50E+02] 4.83E-02
285  |Chloroform Air g J3E+01| 118E+02| 3 45E+01
286 |Chlorosilane, trimethyl- Alr pg 1.66E-04| 1.55E+00 5. 24E-05
287 [Chromium Alr mg 1.03E+02| 285E+02| 1.08E+02
288  |Chromium-51 Alr mBg [1.77E+00] 1.79E+00( 1.86E+00
289 |Chromium VI Air mg 1.38E-02| 4 49E+00[ 2.02E-03
290  |Cobalt Air mg 8. 84E+00] 152E+01] 9.29E+00
291  |Cobalt-57 Air nBg 8. 62E+02| BGE2E+02| 9.0VE+02
282  |Cobalt-58 Air mBg  [1.43E+01] 1.43E+01] 1.50E+01
283  |Cobalt-60 Air mBg |2 A3E+01] 215E+01| 2 24E+M1
294 [Copper Alr mg g 48E+01| 1.85E+02| & 55E+01
295 |Cumene Alr mg 2 68E-02| 5.95E+00 3.89E-03
296  |Curium-242 Air nBq 4 93E+01] 4 93E+01] 519E+01
297 |Curium-244 Air nBq 4 4TE+02| 4 4TE+02| 4 71E+02
298 |Curium alpha Air mBg |148E+01[ 1.48E+01] 1.56E+01
299  |Cyanide Air mig 3.64E-01| 4.V9E+00 3.61E-01
300 |Dinitrogen monoxide Air q J.20E+00] 1.66E+01] 3.34E+00
Dioxins, measured as 2 3.7 8-
301 [tetrachlorodibenzo-p-dioxin Alr ng 1.59E+02| 212E+02| 1.67TE+02
302 [Ethane Air g 143E+00] 141E+01] 1.50E+00
303  |Ethane, 1,1-difluoro-, HFC-152a |Air Hg 3.06E-01| 3. 1M1E+01 7.19E-02
Ethane, 1,1,1-trichloro-, HCFC-
304 (140 Air ng 2 4TE+00| 1.18E+02 5.52E-01
Ethane, 1,1,1,2-4tetrafluoro-,
3056 [HFC-134a Air Hg 6.25E-01| 3 45E+01 1.89E-01
Ethane, 1,1,2-trichloro-1,2.2-
306 [trifluoro-, CFC-113 Air 1y 4. 38E-04| 4.08E+00 1.39E-04
307  [Ethane, 1,2-dichloro- Alr mg 5 40E-03] 2. 19E+00 2.25E-03
Ethane, 1.2-dichloro-1,1,2 2-
308 |tetrafluoro-, CFC-114 Air mg 1.02E401| 1.06E+01| 1.07E401
309 |Ethane, dichloro- Air mg 1.23E400( 1.23E400( 1.29E+400
310 |Ethane, hexafluoro-, HFC-116 | Air mg B.05E-01| 2.84E+00 5.29E-01
311 |Ethanol Air mg 5 R2E+01| TA4RE+01| 5 91E+01
312 [Ethene Air g 2.01E+00] 212E+00] 2 11E+00
313 [Ethene, chloro- Alr mg 2.05E-01] 1.65E+00 2 14E-1
314 [Ethene, tetrachloro- Alr ng 5 66E+00| 293E+02| 1.25E+00
315 |Ethyl acetate Air mg 1.75E-02] 1.54E+02 5 ABE-03
316 |Ethyl cellulose Air pg 3.34E-02) 3.12E+02 1.06E-02
317 |Ethylene diamine Air ng 2 96E+00] 4 57E+M 7.87E-02
318 |Ethylene oxide Air pg 3.85E-01] 2.06E+02 1.21E-01
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319 [Ethyne Alr mg 7 81E+00] 1.33E+01| 8. 19E+00
320 [Fluorine Alr mg 2A42E-02| 3.9TE+00 2 45E-03
321 [Fluosilicic acid Alr mg 9. 77E-03] 2.30E+00 6.62E-04
322  |Formaldehyde Air mg 2 31E+02| 4 52E+402| 2 38E+02
323 |Formic acid Air 1] 4 TOE+00| 4.V7VE+D2 5 95E-02
324 |Furan Air g 1.33E+00] 8.07E+01 1.60E-02
325 [Heat, waste Air MWh  [1.19E+00] 2.09E+00{ 1.25E+00
326 [Helium Air g 1.26E+00] 1.29E+00] 1.31E+00
327 [Heptane Alr mg J29E+02| 4 81E+02| 3 44E+02
328 [Hexane Air g 5.92E-01| 1.13E+00 7.23E-01
Hydrocarbons, aliphatic,
329 |alkanes, cyclic Air g 9.99E-01] 1.22E+02 3.09E-01
Hydrocarbons, aliphatic,
330 |alkanes, unspecified Air q 5.82E-01] 1.86E+00 6.08E-01
Hydrocarbons, aliphatic,
331  |alkenes, unspecified Air mg 919E+01| 919E+01| 9.67E+01
Hydrocarbons, aliphatic,
332  [unsaturated Alr mg 3.84E-01] 9.59E+M 1.04E-01
333  [Hydrocarbons, aromatic Alr mg 147E+01| 5. 28E+02] 147E+01
334 |Hydrocarbons, chlorinated Air mg 6.85E-03] 1.84E+000 217E-03
335 |Hydrogen Air q 1.56E-03| 3.9VE+00[ 44VE-04
336 |Hydrogen-3, Tritium Air kBq 7.86E+00| 1.38E401| B.19E+00
337 |Hydrogen chloride Air q 1.69E+01| 1.93E+01| 1.68E+01
338 |Hydrogen fluoride Air g 1424000 2.07E+00] 1.49E+00
339  [Hydrogen peroxide Alr pg 264E-02| 2 31E+02 7.99E-03
340  [Hydrogen sulfide Alr q 1.49E-01] 2.03E+00 1.56E-01
341 |[lodine Alr mg 3 24E+01| 538E+01| 3 41E+01
342 |lodine-129 Air Bg 2 T0E+00| 3.74E+400] 282E+00
343 [lodine-131 Air Bg 6.71E-01| 5 27E+01 4. 09E-01
344 |[lodine-133 Air mBqg [1.67TE+02| 1.69E+02| 1.75E+02
35 [lodine-135 Air mBg  |[2.49E+02| 2.52E+02| 2.62E+02
346 |lron Air mg 7. 35E+402| 3 A1E+402| 7. 73E+02
347 [lron-59 Air pBg 1.95E+01] 1.95E+01| 2.05E+01
38 |[lsocyanic acid Alr Hg 5 05E+00| 831E+02] 117E+00
3489  |[lsoprene Alr pg 6.16E-02] 3.74E+00 6.98E-04
350  [Krypton-85 Air kBq 4 G1E+04| 4 61E+04| 4 85E+04
351  |Krypton-85m Air Bg 5 96E+01| B8.12E+401| 5.98E+01
352 |Krypton-87 Air Bg 2 56E4+01| 3.39E+01| 263E+01
353 |Krypton-88 Air kBqg 218E+00] 218E+00] 2.29E+00
354 [Krypton-83 Air Bg 1.80E+01| 2.02E+01| 1.86E+01
355 [Lanthanum Alr Hg 4 65E+02| 4 65E+02| 4 89E+02
356 [Lanthanum-140 Alr mBg [1.26E+00] 1.35E+00( 1.31E+00
357 |[Lead Air mg 1.23E+02| 212E+02| 1.29E+02
358 [Lead-210 Air Bg 8.88E+00| 147E+01| 9.32E+00
359 |m-Kylene Air mg 5.64E-03] 1.34E+00 1.61E-03
360  |Magnesium Air mg 3 69E+02| 4.07E402| 3.88E+02
361 |Manganese Air mg 4 7I9E+01] 6.58E+01] 5.04E+01
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362  |Manganese-54 Air uBg 512E+02) 5.20E+02] 5.37VE+(2
363 |Mercury Air mg J21E+01| 4.82E+01| 3 38E+01
364 [Methane Alr kg 112E+00| 112E+00[ 1.18E+00
365 [Methane, biogenic Alr q 9.05E-02] 3.39E+00 8.67E-02
366 [Methane, bromo-, Halon 1001 [Air pg X 1.12E+00|x
Methane, bromochlorodifluaro-,
367 [Halon 1211 Air mi 9 98E-04| 3.79E+00] 241E-04
Methane, bromotrifluoro-, Halon
368  [1301 Air mg 7.01E+00] 7.43E+00] 7.37E+00
Methane, chlorodifluoro-, HCFC-
369 |22 Air mg 9.71E-02] 1.35E+01 9.81E-02
Methane, chlorotrifluoro-, CFC-
370 |13 Air g 5 21E+01] 521E+01] & 48E+01
371 |Methane, dichlore-, HCC-30 Air g 5 14E+01| 562E+401| 540E+01
Methane, dichlorodifluoro-, CFCA
3r2 |12 Air Hg 8.29E+01| 1.07E+02] 8.72E+01
Methane, dichlorofluero-, HCFC-
373 |21 Air mg 1.62E+01| 1.62E+01] 1.71E+01
374 [Methane, fossil Alr q 8.46E-01] 9.51E+02 1.32E-01
375  [Methane, monochloro-, R-40 Alr pg 6.57VE-02] 3.21E+00 1.48E-02
376 [Methane, tetrachloro-, CFC-10 | Air pg 2 98E+02| 548E+02| 3 13E+02
377 |Methane, tetrafluoro-, CFC-14  |Adr mg 5 A4E400| 2 30E401| 5.6BE+00
Methane, trichlorofluoro-, CFC-
3rg 11 Air Hg 3 86E+02| 3.86E+02| 4 06E+02
379 |Methane, trifluoro-, HFC-23 Air Hg 6.14E-02] 8.66E+00 5.97E-02
380 |Methanol Air mg 5 B6E+01| 9. 3E+01| 6 15E+01
381 [Methyl acrylate Alr pg 1.06E-02] 9.76E+01 3.31E-03
382 [Methyl amine Alr ng 2 24E-02| 1.86E+02 6.89E-03
383 [Methyl borate Alr pg X 3 30E+01|x
384 |Methyl ethyl ketone Air mg 1.75E-02] 1.54E+02 5 ABE-03
385 |Methyl formate Air ng 4 04E-02] 3.7IE+D2 1.28E-02
386 |Molybdenum Air mg 3.63E+00| 512E400| 3.82E+400
387  |Monoethanolamine Air mg 2.65E-03] 4.74E+00 5.76E-04
388 |Neptunium-237 Air nBg 4 90E+02| 4 90E+02| & 16E+02
389  [Mickel Air mg 2.33E+02] 3.9TE+02] 245E+02
390  [Miohium-95 Air pBqg 9.05E+01] 915E+01] 9.50E+M1
391 [Mitrate Air g 2T70E+01] 1.41E+02 1.46E-01
392 |Mitrogen Air g 1.62E400( 152E400( 1.60E+00
393 |Nitrogen oxides Air kg 1.98E400 2 71E400( 2.08E+00
NMYOC, non-methane volatile
organic compounds,
394 |unspecified origin Air g 207E+02| 3.06E+02| 2A17E+02
Moble gases, radioactive,
395 [unspecified Alr kBqg 1.860E+02| 1.02E+04| 4.03E+01
396 [Ozone Alr mg 8 653E+00| 3 71E+02| 4 51E+00
PAH, polycyclic aromatic
397  |hydrocarbons Air mg 2 76E+00| 222E+01| 2.78E+00
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398 [Paraffins Alr ng 8.86E-02] 5.31E+M 1.71E-02
399  [Particulates, < 10 um (mohile} [Air q 5 62E+00| 552E+00( 5. &1E+00

Particulates, < 10 um
400  |(stationary) Air g 2 .00E+01] 2.00E+01] 210E+01
401  |Particulates, < 2.5 um Air { 6.44E-01| 2 85E+01 2 36E-02
402  |Particulates, = 10 um Air g 6.30E+00] 5.89E+M 7. T4E-02
403 |Pariculates, = 10 um (process)|Air q 5 96E+02| 5. 9G6E+02| B 27TE+02

Particulates, = 2.5 um, and <
404 |10um Air g 2 51E+00| 3.79E+02 3.63E-02
405 |Pentane Alr y 1.95E+00| 3.09E+00[ 2.04E+00
406 |Phenol Air mg 1.37E-01| 6.73E+00 1.38E-01
407 |Phenol, pentachloro- Air 1] 1.69E400 283E+02| 4 51E-01
408 |Phosphine Air ng 7.97E-03| 7. 44E+01 2 52E-03
409  [Phosphorus Air mg 1.73E-02| 4.09E+00[ 4.78E-03
410  |Phosphorus, total Air mg 1.89E+01| 1.89E+01| 1.99E+01
411 [Platinum Alr Hg 1.81E+01| 1.82E+01| 1.91E+0"
412 |Plutonium-238 Alr pBg 1.11E+00| 1.26E+00[ 117E+00
413 [Plutonium-241 Alr mBg |8 18E+02| 8. 18E+02| &.61E+02
414 |Plutonium-alpha Air mBg |2.97VE+01| 2.57VE+01] 3 13E+DM
415  |Polonium-210 Air Bg 1.34E+01| 2 37E+01| 1.41E+01
416 |Polychlorinated biphenyls Air Hg 3.61E-01] 5.62E+01 1.32E-01
417 |Potassium Air mg 2.9ME+02| 5.62E+02| 3.05E+02
4158 |Potassium-40 Air Bg 1.67TE+00| 2 83E+00] 1.65E+00
419 [Promethium-147 Alr mBg |253E+02] 2.53E+02| 2 66E+02
420 |[Propanal Alr Hg 1.10E+00| 8.06E+00 7.02E-03
421 |Propane Alr y 1.72E+00| 6 14E+00( 1.80E+00
422  |Propene Air mg 8.85E+01| 1.36E+02| 9.26E+01
423  |Propionic acid Air mg 1.95E400( 5.07E400( 204E400
424 |Propylene oxide Air mg 1.30E-03| 1.85E+00 J.00E-04
425  |Protactinium-234 Air mBg  [3.01E+02] 4.43E+02] 3.14E+02

Radioactive species, other beta
426 |emitters Air Bg 6.85E-02| 1.02E+01 1.87E-02
427  |Radium-226 Air Bg 1.09E+01 1.69E+01] 1.14E+01
428 |Radium-223 Air Bg 7.76E-01| 1.68E+00 8.14E-01
429 |Radon-220 Air Bg 6.79E+01| 1.24E+02] 7 14E+01
430 |Radon-222 Air kBq 6.74E+04| BGE2E+04| 7.06E+04
431 [Ruthenium-103 Air pBqg 5 1TE+00| 5 39E400| 540E+400
432  |Ruthenium-106 Air Bg 2.97TE+00] 2.97E+00] 313E+00
433 [Scandium Air g 1.66E+02| 168E+02| 1.63E+02
434 [Selenium Alr mg 119E+01| 1.94E+01| 1.25E+01
435 |Silicon Air g J.51E+00] 3.66E+00] 3.69E+00
436 |Silicon tetrafluoride Alr pg 1.67E-02| 8.03E+00 1.77E-03
437 |Silver Air Hg 4.92E-02] 5.01E+00 1.16E-02
438  |Silver-110 Air pBq 5 03E+02| 5.05E+02] & 29E+02
439 |Sodium Air mg 2 35E+02| 3.04E402| 2 ATE+02
440 |Sodium chlorate Air pg 4 89E-01] 9.50E+M 7.87E-02
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441 |Sodium dichromate Alr Hg 2 60E+00| 112E+02| 1.39E+00
442  [Sodium formate Alr pg 6.69E-02] 1.31E+02 1.62E-03
443 |Sodium hydroxide Alr pg 9 34E-02] 8.63E+02 2 95E-02
444 |Strontium Air mg 1.71E401| 237TE+01| 1.80E+01
445 |Strontium-89 Air pBq 8.92E+402| 8.92E402| 9.39E+02
446 |Strontium-90 Air mBg |4.MME+02] 4 91E+02] 5 1VE+02
447 [Styrene Air Hg 1.12E+00] 2 41E+02 5.54E-01
445  |Sulfate Air g 9.64E-03| 4 59E+02 7.25E-03
449 |Sulfur dioxide Air 0z 3.98E-02| 6.52E+01 5 44E-03
450  [Sulfur hexafluoride Alr mg 4. 75E-02| 5 26E+00 1.13E-02
451 | Sulfur oxides Alr kg 1.36E+00| 1.36E+00| 1.43E+00
452 | Sulfuric acid Air Hg 2.03E-02] 1.81E+02 5.34E-03
453 [t-Butyl methyl ether Air 1] J19E+402| 4 60E402| 3.36E+02
454 |Technetium-99 Air pBqg 2 08E+01| 2.08E+01] 219E+0M
455 |Tellurium-123m Air mBg  [2.24E+400] 2.24E+00{ 2.36E+00
456  |Terpenes Air g 5.83E-01] 3.54E+MN 6.60E-03
457 |Thallium Air Hg 1ATE+02| 2 44E+02] 1.23E+02
458  [Thorium Alr Hg 2 98E+02| 3.16E+02| 3 14E+02
459  |Thorium-228 Air mBqg  |6.54E+02| 942E+02| 6.88E+02
460  |Thorium-230 Air Bg 3.32E+00| 3.86E+00] 3 48E+00
461  |Thorium-232 Air mBq |[4.16E+02| 8.33E+02| 4 37E+02
462 |Thorium-234 Air mBg |[3.01E+02] 4 43E+02] 3 14E+02
463 |Tin Air mg 3.51E-01| 4.83E+00 3.46E-01
464 |Titanium Air mg 4 52E+01| 4 89E+01| 4.75E+01
465 [Toluene Alr mg 2 67E+02| 508E+02| 2 79E+02
466 [Uranium Alr Hg 3 31E+02| 351E+02| 3 48E+02
467 |Uranium-234 Air Bg J.60E+00] 527E+00] 3.76E+00
468  |Uranium-235 Air mBg |1.75E+02[ 2.55E+02] 1.82E+02
469  |Uranium-238 Air Bqg 4 TAE+00| 7 44E400] 4 96E+00
470 |Uranium alpha Air = 1.08E401| 1.85E+01| 1.12E+01
471 |Vanadium Air mg J.68E+02) 451E+02] 3.8VE+02
472 |water Air g 9.20E-01| 483E+00] 477E-03
473 [Xenon-131m Alr Bqg 1.19E+02| 1.58E+02| 1.22E+02
474 |¥enon-133 Air kBqg 3.32E+01] 344E+01] 3.48E+M
475 [Xenon-133m Alr Bg 1.668E+01| 218E+01| 1.75E+01
476 |Xenon-135 Air kBq 5 TIE+00| 6.24E+00] & 98E+00
477 |Xenon-135m Air Bg 6. 10E+02| 910E402| B 11E+02
478  |¥enon-137 Air Bg 1.63E+01| 214E+01| 1.51E+01
479 |¥enon-138 Air Bg 1.64E+02| 216E+02| 1.65E+02
480  [Xylene Air mg 5 36E+02| 9.38E+402| 562E+02
481 |Zinc Air mg 2.32E+02] 413E+02] 2 40E+02
482 |Zinc-B5 Air mBq |2 20E+00{ 2 25E+00{ 2 31E+00
483  [Zirconium Alr pg 2 48E+01| 846TE+01| 2 55E+01
484  |Zirconium-95 Air pBqg 4 18E+01| B8.22E+01| 3.63E+MM
485 |1.4-Butanediol Water ng 8.59E-02] V. 11E+02] 2 64E-02
486  |4-Methyl-2-pentanone Water ng 570E-02) 2.91E+ J.71E-02
487 |Acenaphthene Water pg 5.82E-02] 4 41E+00 1.60E-03
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488 |Acenaphthylene Water mg 6.09E+00| 6.09E+00] 641E+00
489 |Acetaldehyde Water mg 1.15E-04| 1.02E+00 3.60E-05
490 |Acetic acid Water mg 7 14E-03] 3. 21E+00 1.26E-03
491  |Acetone Water ng 1.36E-01] B6.94E+01 8.85E-02
492  |Acidity, unspecified Water mg 1.45E-02| 1.06E+00( 2 23E-03
493  |Acids, unspecified Water mg 7. 6O9E400| 7.B9E400| B.09E400
494 |Acrylate, ion Water g 218E-02] 2.04E+02 6.3E-03

Actinides, radioactive,
495  |unspecified Water Bg J.04E-02] 1.73E+00 6.60E-03
496 |Aluminum Water g 2 38E+02| 517E+02| 251E+02
497 [Americium-241 Water Bg 1.24E+00| 1.24E+00( 1.30E+00
498 |Ammonia, as N Water g 1.37E400 1.37E400( 1.44E400
499 [Ammonium, ion Water mg 3.14E400| 8.99E402| 4.18E-01
500 |Antimony Water mg 4 68E-01] b.7IE+MM 4 62E-01
501 |Antimony-122 Water mBq [B.61E+00| 7.23E+00| G6.84E+00
502 |Antimony-124 Water Bq 8.96E-01] 1.18E+00 9. 35E-01
503 [Antimony-125 Water mBg  |616E+01| 3ATE+02] 574E+MM

AQX, Adsorbable Organic
504 [Halogen as CI Water mg 3.34E+00| 7. 74E+00[ 3.50E+00
505 |Arsenic, ion Water mg 4 T4E+02| 6.26E402| 499E+402
506 |Barite Water g 1.73E401| 3.08E401| 1.82E+401
507 |Barium Water g 2 11E+01] 2 25E401| 2 22E+M1
508  |Barium-140 Water mBgq [7.08E+00| 9.79E+00] G6.94E+00
509 |Benzene Water mg 1 20E+02| 1.90E+02| 1.25E+02
510 [Benzene, 1,2-dichloro- Water Hg 2.89E-02| 2.39E+02 8.86E-03
511 |[Benzene, chloro- Water mg 6.13E-04| 4. 894E+00 2.0ME-04
512 [Benzene, ethyl- Water mg 2 18E+01| 3.86E+01| 2 28E+01
513 |Beryllium Water mg 573E-02] B.01E+D0 5 D4E-02

BODS, Biological Oxygen
514 |Demand Water g 1.96E400| 167E402| 265E-01
515  |Boron Water g 6.89E-02] 1.02E+00 7.01E-02
516 |Bromate Water g 4 48E-05] 1.88E+00 1.71E-05
517  [Bromine Water mg 6.74E+00| B.01E+02 241E-N
516  [Butanol Water Hg 6.33E-02] 5.60E+02 1.98E-02
519 |Butene Water Hg 218E-01] 1.38E+02 1. 7T9E-01
520 |Butyl acetate Water Hg 8. 23E-02] V.28E+02] 2457E-D2
521 |Butyrolactone Water Hg 149E-04| 1.24E400( 459E-05
522 |Cadmium-109 Water pBg 3.74E401| 3.74E401| 3.94E401
523 |Cadmium, ion Water mg 1.71E+01| 2.63E+01| 1.80E+D1
524  |Calcium, ion Water g 2 10E+02| B8.65E+02| 219E+02
525 |Carbon-14 Water Bq 624E+01| 6.24E+01| BATE+D
526 |Carbonate Water mg 1.28E+00] B.52E+01 3.26E-01
527 |Carboxylic acids, unspecified  [Water g 3.95E-02] 3 1TE+00 1.08E-03
528 |Cerium-141 Water mBg [1.21E+00] 2.30E+00] 1.07E+00
529  |Cerium-144 Water By 2 82E+401] 2.82E401] 297E+M
530 |Cesium Water mg 9.14E-01] 1.61E+00 9.52E-01
531 |Cesium-134 WWater Bg 6.31E+01| B.34E+01| B.B5E+01
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532 [Cesium-136 Water pBg 7 82E+01| 2.70E+02| 457E+01
533 [Cesium-137 Water Bqg 5 85E+02| 7.BO0E+02| 613E+02
534  [Chlorate Water q 4 3TE-04] 1 43E+01 2.04E-04
535 |Chloride Water kg 1.77E400| 2 73E400( 1.84E400
Chlorinated solvents,
536  |unspecified Water mg 1.06E-01| 4.26E+00 1.08E-01
537 [Chlorine Water mg 5.01E+01| 5.55E+01] &.00E+1
538 |Chloroform Water g J 86E+02| 3.97E+02| 4.06E+02
539  [Chromium-51 Water mBg |[1.88E+02] 510E+02| 1.60E+02
540  [Chromium VI Water mg 4 10E+00| 7.84E+02] 1.41E+00
541 [Chromium, ion Water y 2 3TE+00| 238E+00| 2A40E+00
542 |Cobalt Water mg 4 T2E+02| 7.63E+02| 4.96E+02
543  |Cobalt-57 Water mBg |8.02E+00[ 141E+01] 7. 28E+00
544  |Cobalt-58 Water Bg 5 6EE+00| 7.97E+00| & 78E+00
545 [Cobalt-60 Water Bg 2.7T4E+02| 2.76E+02| 2.88E+02
COD, Chemical Oxygen
546 [Demand Water g 4 05E+00| 2 10E+02| 2 37E+00
547 [Copper, ion Water g 1.18E+00| 1.53E+00] 1.24E+00
48 [Cumene Water mg 6.43E-02] 2.15E+01 9 35E-03
549  |Curium alpha Water Bg 1.63E400 1.63E400] 1.72E+400
550 |Cyanide Water mg 8.33E+400| 6.34E401| B.AGE+00
551 |Dichromate Water g 5 76E+00| 4.03E402| 1.26E+00
DOC, Dissolved Organic
552 |Carbon Water q 6.77E-01] 7. 25E+01 1.26E-01
Ethane, 1.1,1-trichlora-, HCFC-
h53  [140 Water Hg 4 13E+00] 4 13E+00] 4.35E+00
ha4  [Ethane, 1,2-dichloro- Water pg 1.34E+00| 1.08E+02 2.86E-01
555 |Ethane, dichloro- Water g 6.31E+02| 6.31E402| B.64E+02
556 |Ethane, hexachloro- Water nig 140E401 140E401| 1.47E+01
557 |Ethanol Water mg 146E-04| 1.29E+00{ 4 .55E-05
558 |Ethene Water mg 2ATE-02] 4. 44E+00 3.82E-03
559 |Ethene, chloro- Water g 6.01E-01] 1.96E+01 5 87E-1
560 [Ethene, tetrachloro- Water Hg 1.66E+00| 1.66E+00] 1.75E+00
561 [Ethene, trichloro- Water Hg 1.05E+02| 1.05E+02] 1.11E+02
b62  [Ethyl acetate Water ng 9 70E-03] 8.79E+01 3.05E-03
563 |Ethylene diamine Water ng 7 19E+00] 1.11E+02 1.91E-01
564  |Ethylene oxide Water pg 1.35E-02| 9.67E+01 J.89E-03
565 |Fatty acids as C Water g 4 5TE+00| 4 57E+00| 4.82E+00
566  |Fluoride Water q 5.67E-01] 1.51E+ 5.93E-1
567 |Fluosilicic acid Water mg 1.76E-02] 4 13E+00 1.19E-03
568 [Formaldehyde Water mg 1.42E-02] 1.268E+00 1.14E-02
569  [Glutaraldehyde Water mg 214E+00| 3 81E+00| 2 25E+00
570 |Heat, waste Water W 2 38E+01] 1.09E+02] 248E+M
Hydrocarbons, aliphatic,
571 |alkanes, unspecified Water mg 1.19E402| 2 10E402| 1.24E402
Hydrocarbons, aliphatic,
572  |alkenes, unspecified Water mg 1.09E+01| 1.09E+01| 1.15E+01
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Hydrocarbons, aliphatic,

573  [unsaturated Water mg 1.12E-01] 8.51E+00 3.06E-03
74 [Hydrocarbons, aromatic Water mg 5 51E+02| 952E+02| 575E+02
575 |Hydrocarbons, unspecified Water mg 1.14E401| 2.83E+02] 1.11E401
576 |Hydrogen-3, Tritium Water kBq 1.86E403| 2 31E403| 1.95E403
577  |Hydrogen peroxide Water mg 265E-01] 2.21E+00]  2.64E-01
578 |Hydrogen sulfide Water mg 278E+01] 7.90E+01] 2.V8E+MM
579 |Hydroxide Water mg 977E-04| G642E+00] 285E-04
580 [Hypochlorite Water mg 1.97E+02| 2 21E+02| 2 08E+02
581 [Hypochlorous acid Water mg 1.97E+02| 1.97E+02| 2.08E+02
h82 [lodide Water mg 9 10E+01| 1.63E+02| 9458E+01
583  [lodine-129 Water Bg 1.79E+02| 1.79E+02| 1.88E+02
584  |lodine-131 Water mBg |1.22E+02[ 1.73E+02] 1.26E+02
585 |lodine-133 Water mBg |3.00E+01[ 3AVE+01] 3 13E+MM
586 |[lron Water g 9.98E+01] 9.98E+01] 1.05E+02
587 |lron-59 Water pBg 2 21E+02| 6.88E+02| 1.43E+02
588  |[lron, ion Water q 2A1E-01] 1.55E+02 1.00E-01
589 [Lanthanum-140 Water mBg [1.99E+00] 4.88E+00[ 1.55E+00
590 |[Lead Water y 1.22E+00] 1.34E+00] 1.28E+00
591 [Lead-210 Water Bg 3 58E+00| 9.05E+00] 3.75E+00
592  |Lithium, ion Water mg 1.46E-02| 7 46E+00 9.52E-03
593 |m-Kylene Water ng 4 12E-01] 210E+02] 2.68BE-01
594  |Magnesium Water q 1.91E+02| 3.02E+02| 2.01E+02
595 |Manganese Water g 4 97E+00| 5. G69E+00| 5.23E+00
596  [Manganese-54 Water Bqg 4 19E+01| 4 20E+01| 4 41E+01
597 [Mercury Water mg 1.10E-01] 3.04E+00 1.10E-01

598 [Methane, dichlora-, HCC-30 Water mg 8 09E+00| 2 45E+01| 841E+00

599  |Methane, tetrachloro-, CFC-10 |VWater g 2 BAE+00| 2 54E400| 2.67E+00

600  |Methanol Water mg 117E-02] 5 48E+01 2 92E-03
601 |Methyl acrylate Water mg 2.04E-04] 1.91E+00 6 ATE-05
602  |Methyl amine Water ng 5.38E-02] 4. 45E+02 1.65E-02
603 |Methyl formate Water ng 1.61E-02] 1.51E+02 5 11E-03
604  [Molybdenum Water mg 6.19E+02| 6.62E+02| 6.51E+02
605  [Molybdenum-99 Water mBq 6.77E-01] 1.67E+00 5. 24E-1
606  [Meptunium-237 Water mBg |7.88E+01| 7.88E+01| 8 .29E+0"
607 |Mickel, ion Water g 1.20E400( 254E400( 1.25E400
608 |Miobium-35 Water mBg |4.50E+00[ 2.61E+01] 4.05E+00
609  |Mitrate Water g 1.66E400| 652E400( 1.73E+400
610 |Mitrite Water mg 4 80E+01| B.95E+01| 5.05E+01
611  |Mitrogen Water mg 1. 70E+00| 3.87TE+02 J.57E-N1
612 [Mitrogen, organic bound Water mg 1.34E+02| 5 91E+02| 140E+02
613 [Mitrogen, total Water g 1.16E+00| 116E+00] 1.22E+00
614  [o-Xylene Water ng J.00E-01] 1.53E+02 1.96E-01
615 |Qils, unspecified Water g 1.72E401| 6.29E401| 1.75E401
PAH, polycyclic aromatic
616  |hydrocarbons Water mg 1.21E401| 1.66E+01| 1.26E401
617 |Paraffins Water ng 2.57E-01] 1.54E+02] 4 .95E-02
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616  [Phenol Water mg 8.78E-01] 747E+M 2 46E-02
619 [Phenols, unspecified Water mg 1.26E+02| 1.25E+02| 1.32E+02
620 [Phosphate Water y 142E+01| 218E+01| 1.49E+01
621 |Phosphorus Water mg 9.14E-02) 2.51E+1 2 29E-02
Phosphorus compounds,
622 |unspecified Water g 5 35E+402| 5 35E402| 563E+02
623 |Phthalate, dimethyl tere- Water Hg J.89E+00] 3.89E+00] 4.09E+00
624 |Phthalate, dioctyl- Water ng 8 72E+01| 8 72E+01| 918E+01
625 [Phthalate, p-dibutyl- Water ng 6.17E+02| 6 17E+02| 6.49E+02
626  [Plutonium-241 Water Bqg 1.22E+02| 1.22E+02| 1.28E+02
627  [Plutonium-alpha Water Bg 4 90E+00| 4 90E+00| & 16E+00
628 |Polonium-210 Water Bg 3 68E+400| 1.06E401| 3.75E+00
629 |Potassium Water y 7 E2E+01| T7TA2E+401| 7.92E+01
630 |Potassium-40 Water = 4 A9E+00| 7.91E+00| 4.71E+00
631 |Potassium, ion Water q 6.48E-02) 1.17E+ 8.83E-03
632 |Propene Water mg 267E-02] 1.21E+M 4 28E-03
633 [Propylene oxide Water mg 3.13E-03] 4 46E+00 7.21E-04
634 [Protactinium-234 Water Bqg 5 67TE+00| & 19E+00| 5. &1E+00
Radioactive species, alpha
B35  |emitters Water mBg 4 39E-01] 9.63E+00] 4.32E-M1
Radioactive species, from
636 |fission and activation Water = 3. 69E+00| 3.69E400| 3.8BE+00
Radioactive species, Muclides,
637 |unspecified Water Bg 1.82E+01| 1.04E+03| 4.08E+00
638 [Radium-224 Water Bg 4 B55E+01| 8.05E+01] 4.74E+01
6539 [Radium-226 Water kBqg 2.28E+01] 245E+01] 2 40E+01
640 [Radium-228 Water Bg 910E+01] 1.61E+02] 9 48E+01
541 |Rubidium Water mg 9.68E-02| T.20E+00 3.05E-03
642 |Ruthenium Water mg 9. 03E+400| 9.03E400] 9.51E+00
643  |Ruthenium-103 Water mBg |2.21E+00[ 242E+00{ 2 23E+00
644  [Ruthenium-1086 Water Bg 2.9TE+02| 2.97E+02| 3.13E+02
645  |Salts, unspecified Water g 6. 54E+01| G6A4E+01| 6.8BE+01
646  [Scandium Water mg 267E-02] 1.29E+1 8.67E-03
647  [Selenium Water g 1.168E+00] 1.19E+00] 1.24E+00
648 | Silicon Water 0z 7 27TE-02] 1.66E+02 1.75E-02
649 | Silver Water g 6.06E+02| 6.06E+02| B.38E+02
650  |Silver-110 Water Bg 3 60E+00| 531E+00| 3.65E+00
651  |Silver, ion Water mg 8.49E-03] 1.67E+00 3. 22E-04
652 |Sodium-24 Water mBg [2.01E+02] 2.09E+02| 2 10E+02
653  |Sodium formate Water g 1.61E-01] 3.15E+02 J.65E-03
654  [Sodium, ion Water g 5 28E+02| 8.81E+02| 552E+02
655  [Salids, inorganic Water q 1.79E-01] 6.72E+M1 4. 99E-02
656 [Solved solids Water q 5 36E-02] 1.10E+02 6.33E-03
657 |Solved substances Water g 1.01E402| 1.01E402| 1.07E+02
658 | Strontium Water y 8.29E+400| 1.03E401| B.71E+00
659 | Strontium-89 Water mBg |1.84E+01[ 4.95E+01] 1.62E+01
660  [Strontium-90 Water Bg 6.97E+01] 1.51E+03] B.51E+1
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661 [Sulfate Water kg 1.16E+00| 114E+01| 1.22E+00
662 [Sulfide Water mg 2 9MME+01| 333E+01| 3. 06E+01
663  [Sulfite Water mg 2.04E-01] 6.49E+M h.B5E-02
664 |Sulfur Water mg 1.45E+00] 1.43E+02 J.89E-02
665 | Sulfur trioxide Water mg 3.08E+01] 3.08E+01] 3.24E+0M
666 |Suspended solids, unspecified |Water q 1.45E-01| 1.5VE+02 1.31E-02
667  |t-Butyl methyl ether Water mg 4 33E-02| 458E+00| 283E-02
668  |Technetium-99 Water Bg JA3E+01| 3A3E+01| 3.29E+01
669 [Technetium-99m Water mBg |8.23E+00] 312E+01| 4. 31E+00
670 [Tellurium-123m Water mBq 8.48E-01] 3.10E+01 4 15E-1
671 [Tellurium-132 Water pBg 1.26E+02| 1.83E+02| 1.21E+02
672 |Thallium Water mg 1.61E-02] 2 70E+00 1.47E-02
673  |Thorium-228 Water Bg 1.82E402| 322E402| 1.89E+02
674 |Thorium-230 Water = 8.70E+02| 1.23E403| 9.09E+02
675  [Thorium-232 Water Bg 8.37E-01| 1.41E+00 8. 79E-01
676  |Thorium-234 Water Bg 5 R2E+00| 8 24E+400| 586E+00
677 [Tin, ion Water mg 4 21ME-1] 2.53E+N1 3.71E-N
678 |Titanium, ion Water 0z 5 00E-01] 3.59E+01 5. 26E-01
679 [TOC, Taotal Organic Carbon Water y J14E+01] 1.03E+02| 3 24E+01
680 |Toluene Water mg 1.00E402| 1.97E402| 1.04E402
681 |Tributyltin compounds Water mg 6.06E+00| 2 26E401| B.37E+00
682 |Triethylene glycol Water mg 8.51E+01| 1.27E+02| 8 96E+01
683 |Tungsten Water mg 1.22E+00] 1.06E+01| 1.26E+00
684 |Undissolved substances Water g E91E+01| 5 91E+01| 6.22E+01
685  [Uranium-234 Water Bqg 7 43E+00] 1.06E+01| 7.77E+00
686 [Uranium-235 Water Bqg 1.11E+01| 1.63E+01| 1.16E+01
687  [Uranium-238 Water Bg 1.868E+01| 295E+01| 1.96E+01
688  |Uranium alpha Water Bg 3 64E+402| 515E402| 3.80E+02
689 |Vanadium, ion Water y 1.19E400( 1.92E400( 1.25E400

WOC, volatile organic
690 |compounds as C Water mg JASE+02) 35E+02]  3.32E+02
VO, volatile organic

691 [compounds, unspecified origin [Water mg JAE+00] 2 55E+02 1.20E-01
692 [Xylene Water mg 8 65E+01| 1.60E+02] 9.01E+01
693  [Yttrium-90 Water pBg TATE+02| 74TE+02| 7. 86E+02
634  |Zinc-B5 Water mBg |4 44E+02[ 546E+02] 4 48E+02
635 |dinc, ion Water y 2A2E+00| 3.94E400| 255E+00
696 |Zirconium-95 Water = 2 53E+00| 253E+400| 26BE+00
637 [24-D Sl Hg 2.35E-01] 1. 44E+M 2.66E-03
538 [Aclonifen Sl Hg 3.20E-02| 1.7V8E+01 1.11E-02
539  [Aldrin Soil 1y 2.39E-04| 2 21E+00 7 .56E-04
700 [Aluminum Soil g 1.16E+00| 1.88E+00] 1.21E+00
701 [Antimony Soil ng 7.89E-01] 2 43E+02 7.08E-01
702  |Arsenic Soil g 4 61E+02| 7.A50E+02| 4. 84E+02
703  |Atrazine Soil ng 6.28E-02] 5.81E+02 1.98E-02
704  |Barium Soil mg 2.02E+00] 3.26E+02 6.31E-02
705  |Benomyl Soil ng 1.49E+00| 9.08E+01 1.69E-02
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706 [Bentazone Soil pg 1.63E-02| 9.08E+00 5.67E-03
707 [Boron Sail mg 7.95E-02| 9.26E+00 9.83E-03
708 [Cadmium Soil pg 2564E+01| 924E+01| 2 66E+01
709 |[Calcium Sail g 4 G2E4+00| 7.74E400] 4 84E+00
710 |Carbetamide Soil pg 2.02E-02] 3ATVE+00] 2 1ME-03
711 |Carbofuran Soil Hg 8.20E-01] 4.98E+M1 9.28E-03
712 |Carbon Soil g JATE+00| 6. 11E400| 3.74E+00
713 [Chloride Sl g 2 80E-02] 1.61E+M 4 BBE-03
714 [Chlorothalonil Soil Hg 142E+01| 2 ATE+02 1.02E-01
715 [Chromium Soil mg 5 7TE+00| 956E+00| 6.05E+00
716 [Chromium VI Soil mg 2. 21E-01] 1.55E+M 4 B4E-02
717 |Cobalt Sail Hg 2 45E4+01| 743E+01| 2 4TE+01
718  |Copper Soil mg 262E-01] 1.22E+1 1.69E-01
719 |Cypermethrin Soil Hg 117VE-01] 7. 1ME+00 1.36E-03
720 |Fenpiclonil Sl Hg 5.60E-01| 1.03E+01 4. 40E-03
721 |Fluoride Sl mg 3.51E-01| 4 31E+ 3. 91E-02
722  |Glyphosate Soil mg 4 65E-03] 4.19E+00 7.90E-04
723  |Heat, waste Soil W J.32E+00] 5.04E+00] 347E+00
724 |lron Soil g 2. 31E+00] 112E+01] 2. 42E+00
725 |Lead Sail mg 5.68E-01| 1.49E+00 h_B6E-01
726 |Linuran Soil pg 2ATE-01] 1.38E+02 8.56E-02
727 |Magnesium Soil mg JA4E+00] 5.82E+02 1.65E-01
728  |Mancozeb Soil Hg 1.85E+01] 3.20E+02 1.33E-01
729  |Manganese Soil mg 4 63E+01| 9.85E+01| 4 84E+01
730 [Mercury Soil Hg J44E+00| &40E+00[ 3.61E+00
731 [Metaldehyde Soil ng 7 44E+00] 7 16E+02 4. 23E-1
732 [Metolachlor Soil pg 1.79E+00| 9 92E+02 6.19E-01
733 [Metribuzin Sail Hg B.50E-01| 1.13E+01 4 BTE-03
734 |Molybdenum Soil pg 2.93E-02] 2.07E+N 7.59E-03
735 |Mapropamide Soil Hg 1.32E-02] 1.2VE+00 7 A9E-04
736 [Mickel Sl He 1.84E+02 742E+02] 1.93E+02
737  |Mitrogen Soil mg 1.02E+00( 1.02E+00] 1.07E+00
736 [Qils, biogenic Soil mg 1.76E+01| 9.06E+01| 1.85E+01
739 [0Qils, unspecified Soil g 1.36E+00] 4.71E+01 8.59E-01
740  [Orbencarb Soil pg 3.61E+00] 6.09E+01 2.52E-02
741 |Phosphorus Soil mg 5 93E+01| 1.04E+402| 6.21E+01
742 |Pirimicarb Soil nig 1.55E+00] B8.59E+02 5. 36E-01
743 |Potassium Soil mg 1.76E+00| 2 98E+02 1.63E-01
744 |Silicon Sl mg 9.70E-01| 2.7ME+02 1.79E-01
745 [Sodium Sl g 8.11E-03| 1.368E+00] 267E-04
746 [Strontium Soil mg 4. 07E-02| 6.54E+00 1.27E-03
747 [Sulfur Sail g 5.93E-01| 1.15E+00 7 2TE-01
748  [Sulfuric acid Soil ng 1.20E-02] 1.12E+02 3.79E-03
749 [Tebutam Sail Hg 3.12E-02| 3.00E+00 1.78E-03
750 |Teflubenzuron Soil nig 4 33E+01] 7.52E+02 J11E-N
751 |Thiram Soil ng 2 65E+00| 1.61E+02 3.00E-02
752 [Tin Sail Hg 2.50E-02] 6.72E+ 2.30E-03
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753 [Titanium Soil mg 8.84E-03| 1.76E+00 2. 75E-03
754  |Wanadium Soil g 2 63E-01| 5.04E+01 7_88E-02
755 |Zinc Soil mg 1.85E+01| B.98E+01| 1.94E+01
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