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ABSTRACT

By Lu Liu, M.S.
Washington State University
May 2009

Chair: Liv M. Haselbach

Concrete, the most used building material in tleeldvcontributes tdhe carbon dioxide
releases significantly in the manufacturing of cement, both from the calcinations chemical
processand from energy us®&ut concrete caneabsorlrarbondioxide by carbonatiorprocess
in which the hydrated cementreat with carbon dioxide to formsolid calcite Many
researchers have investigatdte carbonation under different circumstances for the carbon
absorption potentidby concreteRecently novel concrete mixes are being adopted to address
many environmentalancerns andone of these is perviousoncrete With its large surface
areas exposed to ambient air, the reactions within pervious concrete are complex. Past concrete
chemistry studies interpreted experimental data based on traditional cdncst@nalyses,
but these interpretations need alterations to include modified reaction kinetics and equilibriums
within these novel uses which have different environmental expoBuigeresearch focuses on
the carbon dioxide and water speciation in concrete, $pabyf on other carbon dioxide
sequestration species and on how water sequestration in the hydrated cement paste might vary
for novel uses of concrete such as pervious concrete with high exposure to aanbient

TemperaturéProgrammedDesorption (TPD) wasised to analyze early age cement samples



under various environmental conditiorls.was shown thatsignificant amounts otarbon

dioxide species other than calcium carbonateeslist in cement paste samples with respect to

the stoichiometric potential faeversing the calcination procesiswas found that there was a
substantial decrease in the formation of calcium hydroxide in the samples representing these
novel uses exposed to ambient environmental conditions as compared to traditional early age

cementsamples.
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CHAPTER 1
INTRODUCTION

Concrete is the most widely used building matenathe worldbecause of its strength and
durability among other benefit€oncrete is used in almost every type of construction, and in
an era of increased attention on the environmental impact of construction, concrete performs
well when compared to other building teaals. The amount of carbon dioxide (§@roduced

during manufacturing and the net impact of using concrete as a building material is relatively
small. Howeverwhen it comes to sustainable development, there is always opportunity for

improvement

1.1 Background on Concrete and CQ
The threat of climate change is considered to be one of the major environmental challenges for
our societyCarbon dioxide is one of several green house gases that can cause global warming
by trapping t heinsuw atrdosphareaahd this grocessniecallgdygreenhouse
effect. CQ exists in relatively small amounts (380 ppm) in the atmosphere.

Concrete is a coposite material consisting efygregats, a binder phasand additives
The binder phase (hardened cemgaste) is formed by the reaction (hydration) of Portland
cement clinker with water. Cement, one of the majgredientsof concrete, is made from
calcium oxide (CaO) as well as other ingredients such as clays, various oxides and impurities.
Typically, CaD makes up 685% (by weight)of the cement mass (Mehta and Monteiro 1993).
When water is mixed with cement, a series of complex reactions is initiaieedxpected that

CaO will form Ca(OH) (Equation 1.1) which contributes to the alkalinity of the eatn

Caqs) + H2 Q|) - Cd OHZ(S) (11)



In traditional concrete uses, the main strergjtiing compounds are the calcium
silicates which react with water to produce a calcium silicate hydrate gel. Notenithe
nomencl ature used in concrete chemistry and
represent the oxides of calcium, silicon and hydrogen (water) respectively (Mehta and

Monteiro 1993).
C§+tzH- GSH (1.2)

The manufacturing processf cement contributes to the emission of Gfrough the
combustion of fossil fuels, as well as through the decarbonization of limestone. Because of the
dominant use of carbeintensive fués, such as coal in clinker making, the cement industry is a
major source of C@emissions. The worldwide contribution from the concrete industry to the
anthropogenic C@load is estimated to exceed 5% (Pade and Guimaraes Zffhly half
of the emittedCQO, originates from combustion of the fuel and half originaftesn the
conversion of the raw material the calcination process (Equation 1.3)

CaCQ, - CaQ,+ CQ, (1.3)

Total global cement production in 2005 was 2300 (2535 million tons), and U.S.
cement manufacturing capacity is 4.3% of global capacity (US@8&jording to EPA,
between 900 and 1100 kg (1984 and 2425 Ibs) of €@mitted for everyt000 kg (2205 Ibs)
of Portland cement produced in the U.S. This aejseon the fuel typeaw ingredients used
and the energy efficiency of the cement pl@RA 2005). According to the most recent survey
of Portland Cement Association (PCA) members, an average of 927 kg (2044 Iby o CO
emitted for every 1000 kg (220b6) of Portland cement produced in the US (Marceau et al.

2006). Global CQ emissions from cement production (298 million metric tons of carbon in



2004) represent 3.8% of global GQ@eleases from fossflel burning and cement production
(Marland et al. 207).

However,concrete can reabsorb €@Quring the product life cycle through a process
called carbonationand other opportunities for carbon sequestering in concrete (Gajda 2001)
Due to thedissociation ofvarious hydroxides as demonstrated by Equatieh doncrete
typically has a high pH. If the cement paste is exposed toilChe air (CQg) under certain
humidity conditionsthe Ca(OH) can dissociat@and the C@, can dissolve (KCOs*), then a
series of reactions resulting in the reverse reactiotaktination, carbonatiorgre known to
take place (Equations 1159). A simplification of theecarbonation reactions is as follows:

1) Dissociation of Ca(OH)

Ca(OH),- Ca& +2O0H"

(1.4)
2) Atmospheric C@dissoluton
CQ,,+ H,0 - H,CQ (15)
3) Formation of carbonic acid
H,CO, - H,CQ, (1.6)
4) Dissociation of carbonic acid to hydrogen and bicarbonate ions
H,CO,- H"+HCQ,~ (1.7)
5) Dissociation of bicarbonate ions to hydrogen and carbonate ions
HCQ, - H'+CQ? (1.8)

6) Formation of solid calcite

24 2-
Ca® +CQ*" - CaCQ,, (L.9)



This carbonationprocessin concrete is diffusion limited andependent on many
variables such as relative humidity (water content), pH, concrete mix, concrete age, and pore
structure (surface area) (Fukushima etl8P8; Lagerblad 2005Dne researchtudy estimates
that between 33% and 57% of the £énitted from calcination will beeabsorbed through
carbonation of concrete surfaces over a6 life cycle(Pade and Guimaraes 2007

It is theoetically assumed drein that significant amounts of GOmight also be
potentially absorbed in the hydrated phase of concrete. Equati®iis8represent typical
equilibrium conditions where the various species are balanced based on parameters such as
temperature and ioniactivity. For hydrated cement, there is also a large concentration of the
hydroxide iors in the presence of water as demonstrated by EquatioAd CG dissolves and
dissociates as in Equations$-L.9, the hydrogen ions produced would tend to react Wieh
hydroxide ions in the equilibrium producing waéesrin Equation 1.10

H*+OH - H,O (1.10)

This will encourage more dissolution to keep the system in equilibrium, buffering the
system andeeping the pH elevated until the buffering capacity of the Ca(CiRalinity) is
used up. Then, more dissolution of £@ould result in a lower pH which would favor the
reactants in Equations 5t1.9 over the products. In addition, hydroxide, bicarkdenand
carbonate ions in aqueous solutions are known to form complexes with many metal ions such
as calcium and magnesium GaMg®). Therefore, C@ can be potentially absorbed in
intermediate forms other than solid calcite in cement paste based oydthée chemistry of
concrete exposed to GOnder certain pH conditions, and also complexation chemistry.

Whilst carbonation during the service life of high strength structural concrete is

intentionally kept to a minimum, there is a much greater uptatteeand of its life when it is



crushed and COis more readily absorbed due to the significant increase in surface area
(Engelseret al. 2005) In low strength concrete such as blocks, and cementitious materials such
as mortar, carbonation is much morpidaas CQ can permeate the material more easily. This

does not present a problem since no reinforcing bar is present.

1.2 Backgroundon Sustainable Concrete Uses

As used in everyday speech, sustain means to support or to keep a procesndding gal

of sustainability is that life on the planet can be sustained fofoiteseeable futuref-or
constructionmaterials,it is necessary to consider all stages in the life of the matE&oalthe

reason oBustainability issues, many modified and noveffe of concrete are being developed

to address emerging environmental goals, for example, pervious concrete is a unique paving
material which is used for stormwater management and low impact development. Recycled
concrete chunks are being used for roag@basnd pavement aggregates.

Some of the novel forms of concrete have different physical and chemical properties
than traditional concrete structures such as walls and slabs, and will therefore react differently
over time under ambient conditions duringithlife cycle. Pervious concrete has initial
lower water content, higher porosity, and large internal surface areas due te2§% Nwoid
structure (Tennis et al. 2004). Both recycled concrete aggregates (RCA) and recycled concrete
fines have much lger exposed surface areas than their primary uses. Concrete chemistry for
traditional applications has been studied aggressively over many decades to investigate the
reactiors of cements tovariousenvironments, the chemical reactions of various mix design
and the very dynamic chemical nature of this major construction material. Now there is a need

to understand how this chemistry may vary for novel alternative concrete uses, particularly in



applications with large exposed surface areas where concretestrtiieamd environmental
chemistry interact. Of particular interest in this research is the formation of Ca{®khe
early age of some novel concrete uses due to the importance of Equétiath respect téhe

carbonation reaction process.

1.3Reseach Goals and Significance

The intent of this study was to learn more about concrete chemistry with respetih @O,
absorption and new sustainable uses with different environmental exposteems of CQ

and water speciatiomhe two specific goalare

(1) CO, Speciation

One objective of this research is to prove that there is a potential for significant amount of CO
absorption in intermediate hydrated forms within the cement paste in concrete in addition to the
6final 6 car bon @& Thsis important farunderstahding thd owerall carbon
footprint and equilibrium and kinetics of G@bsorption in concrete, which might give us
addition idea when searching ways to mitig&te, issues.

The kinetics of C@ absorption is dependent onany factors such as carbon dioxide
exposure and relative humidity in the air or soil. It is also dependent on the chemistry of the
concrete sample which is being exposed to these environmental condiandifying the
ability of pervious concrete andhar novel concrete usés sequester carbon dioxide over their
product lifetimeswvould help a lotwith respect to sustainabilitfFor example, if 5% to 10% of
CO, is absorbed or embodied in the concrete in addition to carbonation process, then
approximatgy 100 to 300 kg of C®is embodied for every cubic meter of concrete, which is

about15 to 30million metric tons of carboreleased every year globally.



(2) H,O Speciation

The other objective is toodument the impact that environmental conditions mingivie on the

early age formation of calcium hydroxide (Ca(@Hp novel cement and concrete mixes in
contact with the ambient environment as compared to traditional concrete uses, especially the
variations that may occur as cement is exposed to an andbiera r bonat i ngé envir
air and most importantlycarbon dioxideThis project focuses on how water sequestration in

the hydrated cement paste might vary under the different conditions for novel uses of concrete
with high exposure to ambient air e the traditional formation of Ca(OHhight be altered

by competition for the CaO site by G@nd the lower levels of water within the paste. This
might helpus tobetter understand the speciation of the chemical equilibrium in the cement
paste and mighfurther explain the major ingredient for carbonation or, @@sorption in the
concrete.Therefore,understanding the relative rates of formation of calcium hydroxide in the
hydrated cement pastes associated with these uses is critical to understamdorg ca

sequestration

1.4 Current Experimental Methods to Study Carbon and Water Forms in Concrete

Various experimental methods are availaioleevaluate the carbonation in the concrete. The
most well known and easiestethodis a pH indicator like phenolpitalein sprayed on the
freshly broken surface of a givaoncretesample.Based on this approacht is possible to
define a depth of carbonation related to the pH value of the interstitial solution. Some
observations of these fresh fractures under opticadcanning electron microscopes reveal
different forms of calcium carbonates and carbonatestHC X-ray diffraction and infrared

spectrometry detect the presence of various chemical compounds which are typical of virgin or



carbonated concrete (portlatediGS-H, calcite, vaterite, and aragonite) in a crushed sample of
hydrated cement paste. The proportioning of carbon and oxygen isotopes applied to carbonated
concrete quantifies the calcite formed during the carbonation by extracting th&dd©Oa

smal sample of hydrated cement pastes and afterwards by proportioning the gaseous isotopes
in a mass spectrometer. Thergr@vimetric analysis (TGA), which quantifies the portlandite

and the calcium carbonates resulting from carbonation, is generally ajgphgdrated cement

pastes and concretie. TGA, a sample is slowly heated, and the rate of temperature change or
the mass change is recorded over time. These changes over various temperature ranges are then
attributed to specific chemical and physical @sses and the release of associated gases, such
as HO and CQ. Another method combining a thermal decomposition of carbonates and an
infrared analysis of the extracted gases enables the determination of flver@@ntration in

mortar samples that are rexed into powder. These three latter methods are quantitative and
provide carbonation profiles as a function of dgitiain et al. 2007.

Many researchers have investigated the different forms of water and carbonation in
different types of concrete safap under various conditions, and many of the studies are based
on using Differential Thermal Analysis (DTA) and Thermal Gravimetric Analysis (TGA).
Classic studies on hydrated Portland cement were performed by Cole and Kroone (1960). They
attributed a lontemperature endothermspikeat about 500°Qo the dehydration of Ca(OHhl)

Also, they found that most of the G@as in various calcium carbonate forms and they gave
two areas of calcite decompositiqd) apoorly crystallizedspike (600-750°C) and(2) a well
crystallizedspike (820°C). However, they deduced that there was a significant amount,of CO

0l oosel ybé hel eleaserslowlyhupon heating. ar and



Taylor et al. (1985 and 1985a) studied various cement samples with pure cement and
with other cementitious materials (fly ash and slag) using TGA. The cement samples were
carefully prepared in nitrogen environments and sealed to limit exposure to carbon dioxide in
the air. Based on their results, they assumed that the mass releases betwaenaiplyrd00
650°C were predominantly due to water which wasesult ofthe breaking of the Ca(OH)
bonds and some other oxide phases. The mass releases betw&&0€50vere due to the
CaCQ decomposition, and the total amount of CaG all the sample ranged 2% by
volume.

Papadakis et al. (1992) performed TGA andaX analyss on carbonated and non
carbonated cement specimens and found that the temperature range around 460°C was
predominantly Ca(OH)desorption in the noncarbonated samples. Roidhat, they displayed
that Ca(OH) decomposition between 4@D0°C and CaC@decomposition between 600
800°C (Papadakis et al. 1991).

Chang et al. (1993) examined ordinary concrete samples made from the most common
Portland Type | cement as well as soomeommon glossy looking concrete lum(gsllected
from a real fire sceneby using thermal gravity analysis (TGA), differential thermal analysis
(DTA), and other instrumental methoeath the aid of an unsealed furnace. In the TGA
thermogram, the smooth ctease in weighbefore and immediately after 47 is due to the
loss of adsorbed moisture and hydrated water. Theidmeascrease in weight at 470 and
710°C corresponds to the decomposition &a(OH) (dehydration) and CaCQ
(decarboxylation), respectly.

Huijgen et al. (2005) did a study of steel slag, which is a cementitious material used

with Portland cement in many mixes. They performed TGA and assumed water was released



between 28.05°C, organic carbon and carbonate associated with magne$easertbetween
105500°C, and carbon dioxide from calcium carbonate released above 500°C.

Huntzinger (2006) analyzed cement kiln dust with TGA and assumed that the major
mass losses below 500°C were water from hydrated phases antb€@leased betwee®
800°C.

Chang and Chen (2006) analyzed hydrated cement samples and their test results show
that there were threspikes in the derivative curve (DTG curve) related to water loss. The first
spikeat about 100°C was attributed to the weight loss of thervediisorbed in the concrete, the
secondspike at about 130°C was attributed to the water loss of the interlayer water in the
concrete, and the thirspikebetween 42%nd550°C was associated with the mass loss due to
the dehydration of Ca(OHKl)They estimate that mass loss between %5@ 950°Cwas due to
the decomposition of CaGO

Villain and Platrete (2006) performed gammadensity methods, TGA and mass
spectroscopy on concrete to determine carbonation profiles. They estimated ihrate@ed
between 5@ and620°C are from the G-H carbonates or vaterites decomposition.

There was some indication that €®as absorbed ithe cement paste in other forms.
CazorlaAmoroset al. (1991) studied CaOQ; interactions by thermogravimetdifferential
thermal aalysis (TGDTA), temperaturgorogrammed desorption (TPD), and temperature
programmed reaction (TPR). They confirmed that CRemisorbs on CaO and is restricted to
the surface of the particles at T<573K (30p

Table 1.1 summarizes the temperature rarige€a(OH) and CaCQ@ decomposition

with respect to previous instrumental study analysis.
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Table 1.1: Temperature Ranges in Current Studies

(2006)

Experimental | Ca(OH) CaCQ
Author Method Decomposition| Decomposition Others
poorly crystallized
Cole and DTA, TGA and o spike(600-750°C) There are .C@
500°C - absorbed in
Kroone (1960) | X-ray well crystallized other forms
spike(820°C)
Taylor et al.
(1985 and TGA 400-650°C
1985a)
(Pl%%alo)'ak's etall tGa and Xray | 400500°C | 600-800°C
Papadakis et al. o
(1992) TGA and Xray | 460°C
Chang et al. o o
(1993) TGA 470°C 710°C
Huntzinger o o
(2006) TGA 500°C 500-800°C
Chang and Chel r orve 425550°C | 550950°C

Villain and

Platrete (2006)

Gammadensity,
TGA, and Mass
Spectroscopy

C-SH
decomposition
(520-:620°C)

In summaryjn most analyis on more traditional cement samples, the lower desorption

spikearound 150°C was attributed to water absorbed in the cement paste, and-thagaid

temperature desorptispike at about 425%50°C was mainly associatedtiwithe water from

the decomposition of Ca(OHK)The dissociation of CaCQvas around 70 in cement paste.

There was some indication that ©@as absorbed in forms other than CaCO
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CHAPTERZ2
EXPERIMENTAL METHODS

The purposeof this research wa® learn more about concrete chemistry with respect to both

CO, absorption and new sustainable uses with different environmental exposure under various

circumstances. In order to fulfill this olojive, there are several basgaguirementshatneed to

bemet

- First of all, aged hydrated cement samples need to be madagatdinder different
environmental conditions to represent different scenarios and different concrete uses,
which will be discussed i8ection 2.1

- Then, the analysis instrumentation de& be designed to accomplish the objectives. In
this case, a new instrumentation systefiemperature Programmed Desaoopti(TPD)1
was used other than Thermal Gravimetric Analy3i&A), which will be discussed in
Section 2.2

- Thirdly, the hydrated caent samples were prepared carefully for the special TPD system
to represent the carbon and water content in the corresponding samples and minimize other
influences, which will be discussed$ection 2.3

- Fourthly, after all the preparation work has bdmmshed, the samples need to be run
through the TPD system andgliprocedure will be discussed $ection 2.4

- Finally, as soon as Gand HO masses were calculated from the amperagesrbgss
spectrometer, the difference between-pRD mass and ptdPD mass was compared
with the total mass of COand HO based on the calculation to verify the mass losses,

which will be discussed iBection 2.5
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2.1 Hydrated Cement Sample Preparation and Aging
The samples for analysis were made by mixing Portleerdent with water at a ratio of
approximately two moles of water to one mole of calcium (with water to ceméet ratio of
approximately 0.4) based on a typical mass concentration of 61% CaO in cement.

These samples were placed in plastic cuvettes@hsl®f approximatelysin (0.635
cm) and aged under various conditions to represent different uses and environmental scenarios
(the cuvettes were washed with clean water and dried beforkythrate cement mix was
placed inside)The three main paired cditions used were:

(1) Ambient (A) vs. Oven (O)i to represent different temperatures and relative humidity
(RH) (The ambient environment had 45% RH and room temperature °Gf @0
average, while the oven environment had 60% RH af@d 60 average

(2) Covered C) vs. Open (O) to represent traditional concrete uses versus novel uses
such as pervious concrete withbstantial exposed surface aré@ibe covered samples
represented cement within walls or slabs not directly exposed to the atmosphere while
the opersamples represented cement near the edge of walls or in placements that have
open structures.)

(3) WaterDrops vs. NoNaterDropsi to represent precipitation or lack of it, or to maintain
moi sture | evels (e.g. soi |l mo ihasl tdwpsef cont r
water with average mass 0081+0.002g periodically added to the samples.)

For this experiment, there were eight types of samples based on the above conditions: (1)
ambient covered (no extra water drops); (2) ambient open with no extra avafes; (3)
ambient open with one extra drop every week; (4) ambient open with two extra water drops

every week; (5) oven covered (no extra water drops); (6) oven open with no extra water drops;
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(7) oven open with one extra drop every week; (8) oven opintwo extra water drops every
week.
During the aging period the masses of the samples were also measured on several

occasions.

2.2 Instrumentation

As previously mentione@Section 1.2) Thermal Gravimetric Analysis (TGA), one of the most

often used aalysis methods on concrete, measures mass loss or gain while the concrete is
being heated. Mass can be lost by physical process (e.g. drying) or chemical reactions releasing
gaseous composition or even gained if the reaction includes gases in the ati@bsord
becoming part of the sample. Based on the rate of temperature change and the rate of mass loss
at certain temperatures, much information can be gained about the masses of compounds being
released and what kind the reactions are. For examplepdks losses around 7@ may be

the decomposition of CaG@y releasing C@gas as illustrated in Equation 1.3, and the mass
losses aroun800°C may be the decomposition of Ca(QHYy releasing water gas.

However, there are many different species in hgdraement and the chemistry of the
concrete as it ages under various environmental conditions is not fully understood, therefore,
assumptions have to be made about the predominant species being released at the various
temperature ranges. For example, tBsuaption that water released at temperature ranges
around500°C is predominantly from the decomposition of Ca(@Hher than water held in
the cement paste has to be made when analyzing the hydrated cement samples. In order to
differentiate the gases ing released if two or more processes or reactions are occurring

simultaneously, additional laboratory methods are needed and included downstream which can
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analyze the composition of the released gases. The objective of this research was to segregate
the wo species being released which are,@ad HO; thus, either TGA with a gas analyzer or
another analysis method needed to be used.

TemperatureProgrammed Desorption (TPD)and the Inficon Transpector2® gas
analyzemvereused in this research (Figure 2.lt)is similar to TGA, but the mass lassof the
sampleduring the heating areot recorded. TPD is a process where a sample is heated at a
specified rate and a slip stream of the resu
for chemical composon over time. The reactawith a samplevas placed in a furnace to be
heated with an inert stream of known gasggdn) passing ovethe sanple. Then this bleed
stream of these combined inert and released gases from the sample were passed through a mass
spectrometer system and the composition of the bleed stream with respect to the elements and
compounds of interest were detected based on amgdmgearious molecular weight3.he
data for amperagesf interested compounds, the total pressure of tkedoktream and the
sample temperature were recordegazatelyevery three second$his system could only heat
up to80C°C. The objective was to determine the amount of &ti3orbed by species other than
calcite, the water content and hydroxide speciesidtion in earlyage hydrated cement. As
previouslyinformed n the introduction section, it was confirmed that the decomposition of
CaCQ was around0C°C and the decomposition of Ca(QHhyas500°C. The hypothesis was
that CQ would be released slowly uad700°C from other mechanics than the decomposition

of calcite.
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Figure 2.1: Flow scheme ofthe Temperature Programmed Desorption(TPD) system (the
arrows represent the flow routesof the gasekp

The TPD system setum this research is shown in Figure 2.2. The major components
are listed as follows:

(1) Mass spectroscopy sensor, 300 AMU, EM/FC, High Performance Sensor (H300M);
Leybold Inficon; INFICON, Inc.

(2) Vacuum pump, pressure controller, motor and etc (complete set incluck palle),
TSU 071E (PMS03 512A), MVPO15T (PKTO5 058A), TMUO71P, TC000; PFEIFFER
Vacuum.

(3) Vacuum pressure gauge, PTR26 002, PKR251, DN46;GH-EIFFER Vacuum.

(4) Mass flow controller 840E series, Max 100sccm, Iaputput @5 VDC, 5 items; Sierra
instruments|nc.

(5) Split tube furnace; Applied Test System, Inc.

(6) Data logger for internal reactor temp, HH306 Data loggety(}€); OMEGAETTE ®.

(7) Temperature controller & indicator (CN77322) 1/16 DIN square CatciNEMA 12;

Omega.
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Figure 2.2: Temperature ProgrammedDesorption (TPD) systemsetup.

There are several programs and software used to assist in capturing and documenting
the signal and data from the anagysThey are listed as follows:

(1) Dell 521 with Window Microsoft OS and Office; Dell.

(2) Thermologger versio.3.0.0 (ktype); OMEGAETTE ®i to record temperature data
along with time period.

(3) Temperature control software by Labview, USC, G11X94564idase by Shuck to
set up initial and final temperature as well as heating rate (temperature ramp rate).

(4) Tware32Version 2.84, Single sensor application package; Leybold Inficon (INFICON,
Inc.) i to capture and record signal of compounds interested analyzed by mass

spectroscopy.
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2.3 TPD Specimen Preparation
The samples used in this experiment were taken from a Buagup of samples which were
being agedin various environmerdl conditions Over a period of several months, various
samples from the groups were removed and prepared for TPD analysis.

In order to fit ino the reactor, the cement sample from the cuvettrled to be broken
into smaller pieces. There was a concern that the larger samples might also have a water
desorption lag due to diffusion through the sample as compared to more finely ground samples.
At the same time, there was a concern that prepdimety ground samples would increase
contamination during sample preparation from the ambient air. It had previously been found by
Haselbach and Ma (2008) that surface exposure of cement to ambient air resulted in fairly rapid
carbon dioxide adsorptionn lorder to determine the relative magnitude of these imp&ats,
sets ofthe samplesvere prepared in pairs with each sample split approximately in half. One
half was prepared with the sample in chunks and one half with the sample in coarse powder.
Thesp it samples were | abeled with a WO att tthhee
end for the powdeportion. Each cement sample was simply broken with a sharp implement
and the chunks picked out and analyzed together in a separate trial freemtheing powder.
The chunks were irregular, typically numbering 10 to 14, with sides usually ranging from 1.5 to
4 mm, with an approximate average volume of about 888°. Previous analys by
Haselbach (2009) indicatehat therewas a small differencéetween the chunk and coarse
powder pairs, buthis difference washot significant with respect to the magnitude of the
readings in the experiment. If not otherwise noted, all the samples were from then on prepared

in the coarse powder form.
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When doing th&dPD analysisthese samples were took from the cuvettes and placed in
the aluminum boatuntil loaded in prepatereactors for which both p/fBPD and posiPD
mases were taken. The maximum exposing time to ambient environnvened a lot for

different @amples (see Appendix.3)

2.4 TPD Procedure

2.4.1Calibration Procedure

Two different types of calibration were explored in this research related to the TPD system.
One was for the consistency between the experiments and the other one was for the data
aralysis to relate the certain amperages to mole ratios.

(a) Calibration for Consistency

The calibration process was requiteeforerunning the TPD analysis theckthe consistency

of the TPD system. Thepurposeto check this consistency was to make dina the total
pressure leakage wésearly relaiedto the amperages of calibrated compou(sse Appendix

1).

Basically, the calibration procedsllows almost the samgrocedurewith sample
running process, which will be discussed latein Section 24.2 The difference is, instead of
argon gas flow, the calibration process was usi®} 30%/He mix gagThe gas was mixed
with 30% CQ gas and 70% of He gadjor the first calibration process, three kinds of edix
gas flowneed to be employed to chedietlinear relationship of three points, which are 50
sccm, 25scem (halfCO./He gas and half He gas), and 18%&m (1/4CO,/He gas and 3/4 He

gas. For calibration processes later on, only one gas flow rate was needed and the calibration

-19-



was fulfilled by \arying total pressure for several times. If the total pressure leakage was not in
linear relationship with C&amperages, the systemasrechecked and recalibrated.

(b) Calibration for Data Analysis

This calibration process was needed to correlate theesgps of certain compods to
associated mole ratio€.orrectionfactors were used to interpret the relationship between the
recorded amperages and associated mole ratios of the various gases in the bledor stveam
main reasons: (1) The amperageseavexcorded by the gas analyzer for different molecular
weight ranges which can then be associated with a certain chemical sf@Ecesamplea
molecular weightange between 17.5 and 185or water anda rangebetween 43.5 and 44.5

is for CO,. Howeve, many of thespecies may be modified or split by the analyzer and then
sensed at | ower mol ecul ar weights. For examp
gaseous species, but in the gas analyzer usgd, rilay be split and contribute to this
alternative reading. (2) The amperages also needed to be calilfoatéte conversion of
amperage readings to actual moles.

The calibration procedure and results faOHare in AppendixX2. There are also some
correction factors for HO from other users, buhe values are not consistent. Therefore,
publishedcorrectionfactors incorporating all of this to the ratio ot® (around 1§ to Ar
(around 409 by 1.33 and C@(around 44 to Ar (around 40 by 1.02 (INFICON 2008) were
used in this research.
2.4.2Sampe Running Procedure
Therewere two different setups for this experiment based on twerdift types of reactors,
which were pyrex reactor and quartz reactor shown in Figure 2.3. The pyrex rééiciore

2.3a) was used for the samples whialere heaed only up to 550°C because temperature
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higher than 550°Cthe glass would melt, the reactor would be broken, and the mass
spectrometer would be damaged. For the samples wecbhheaed up to 700°C the quartz

reactor(Figure 2.®) was used.

N

(@) (b)

Figure 2.3: Pyrexreactor (a) andquartz reactor (b)for TPD analysis

Note: For the quartz reactor, the quartz wool was put in the middle of the reactor which

was functioning as the frit to hold up the samples.

Before running the TPD analysis, the samples need to be loaded in the corresponding
reactor, either pyrex or quartz react@fter loading the sampleshe reactowas fitinto the
furnace,the thermocouplevas placedn position,the argon gas flush systewas setthe data
collection software both for mass spectrometer and temperatere ready, and the
experimental analysis was ready to.rihese processes are explained in detail as follows:

(1) Loading Sample
a. Load thecementsample ineither aclean pyr& reactorfor the oneghat needto go to
550°C or a quartz tube reactor for the otied need to go to 700°C. Take the mass of
the reactor both before and after loading the sanipie.reactors were covered with

wax papers for both ends to minimize tloat@amination by C®from ambient air.
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b. Fix the reactor into the furnace in the right positiming fittings.Make surea tight on
the upper and lower nuts anerings. Put qudaz wool in the furnace at both top and
bottom for insulation.
c. Put the thermoagle into the middle of the sample. The thermocouple is connected to
thetemperature contrldhg device
(2) Seting ArgonGasFlow
a. Select a predetermined flow rate of a set gas composition (mixed gas miwtoic)
was argon gas following through the reacid 50sccm.
b. Turn on themass flow rate controllelhen t the number to the desired flow rate.
c. Switch the gas valve and make the argon gas flow through the furnace and check the
gas flow to meet the desired flow rate.
d. Check the leakage. Check thevil rate withthe gas flow monitorGFM) and adjust to
50 sccm. Thenswitch the threavay valve to other way andnake surghe valve under
the furnace pointing away from the mass $§peoetermachine to check the leakafpe
the furnacewith GFM. Make surghe flow rateconsisent. If not, there is some leakage
going on around connection between the reactor and the furnace.
(3) Preparinglfware 32Programfor Mass Spetroscopy
Before running the samples, a recipe including sensor name and recipe name needs to be
selected and edited in the Tware32 program. A recipe is a listing of the interested
compounds itemized by molecular weights. First, the trend display masses need to be
chosen based on the interested compounds, i.e., 1&@r28 for CO or Ny, 32 for O,

40 for Ar, 44 for CQ. Choose the start mass to be 1 and end mass to be 50 (five times
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more than the higher mass during the experiment). Next, set the interval between mass

spectroscopy scans to 3 seconds and save the recipe to be used later on.

When chosing and running the recipe, three graphs would be shown in the
Tware32 program (Figure 2.4). The top one is the plot of total pressure versus time; the
middle one is the plot of partial pressure of each interested element with different masses
versustire, whi ch can be shown in
the plot of all the element masses as a function of real time scan and was updated every
three seconds. Both the pressure scale and time scale can be adjusted for bettgr view
For example, the time scale can be set either for five minutes to compare a portion of the

different desorption curves or for two hours to view dlerall trends for the desorption

curves.
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After stating the program, the signals woudécrease and eventually setii@vn
to a sthle value The signal during this time period is the measurement of existing
compounds either in the furnace or in mass spectroscopy chamber. The stabilized signal is
basicaly the background for all the interested elements. The data can be collected from
then on and the total pressure should always be less thar® Set0 This was a
requirement as determined by other users of the system to prevent the TPDfsystem
breakng down.
(4) Starting Temperature Program
a. ThermologyerSoftware
Turn on the temperature data logger and set the rate as three seconds which is the same
as recording time of mass spectroscopy. To record the temperature data, click on the
play button and it wilkecord the internal temperature in the sample.
b. Controler PV Read Software
The set point in the Controller PV Read Software always need to 68-861C lower
than the maximum temperature required by the experiment. Therefore, for samples need
to be heted to550°C, the set point wag70°C; for samples need to be heated®6°C,
the set point was 620°C. The best range for the ramp rate for the furnas@°iS/ain,
and it was 10°C/min for this experiment.
(5) RunningExperimens
When the Tware32 softwareh®ws stable signals of total and partial presstine,
experiment is ready to run. Start the programs, the Thermologger and Controller PV
Read, and switch the power on for the furnace in order. The Tware32 would show the

signal for interested gases of mapgctroscopy analysis based esegond increments.
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During the whole experimemtinning process, keep checking the total pressure to
make sure that they are stabilized around Txtber. And the all the amperages need to
be normalized later on.
(6) StoppingExperiment
As soon as the experiment is completed, the system needs to be stopped and cooled down.
It is important to cool the furnace down in order to prevent injury and damages. In the
end, make sure all the programs which are listed as follows havéuoeed off:
a. Stopping the process and cool down

1) In Tware 32 software, click the start/stop button to stop recording of mass spectrum
information.

2) In Thermologersoftware, click stop button.

3) Close leak valve slowly until the total pressure get less thaf@®ltorr. Record the
vacuum pressure until it does not got lower. This is a system requirement that all the
users of this system did to double check and see if there was any vacuum leaks on
pressure.

4) For theController PV Read,shut down the system andrn off the heat switch.

Click time stop button.

5) Open furnace carefully.

6) Use fan to cool down to room temperature. This is necessary for the safety and also
for the next sample analysis because all the samples started from room temperature.

b. Saving data

7) Themologger: Save the all temperature data along with time.
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8) Tware 32: The signal can be saved both as a graph and as a text file which was used

later on for analysis.

2.5 TPD Mass Change Verification
In principle the mass differences between the-pR® sanple mass and po3tPD sample
mass should be equal to the total mass of the gases released during the experiments. In this
TPD analysis,tiwas assumed that the gases released und&€ B&fuld mainly be water and
carbon dioxide and other gases can be igmaince the masses would be so small compared to
the masses of water and carbon dioxide.

In order to verify this assumption, the percent difference of mass losses between the
weighed masses (mass difference betweesT i@ mass and po3itPD mass) and calllated
masses (summed up mass losses M lnd CQ at this temperature ranges based on the
calculations by molecular weightseed to be calculated. If the percent difference is within the

range of £10%, then the assumption would be valid for this dsalys
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CHAPTER3
CARBON DIOXIDE ABSORPTION POTENTIAL IN CONCRETE

As previously mentioned, based on the chemistrhyifratedconcrete exposed to carbon
dioxide under certain pH conditions and also complexation chemistry, there is a potential for
carbon doxide absorption in intermediatsorbediissolved forms in the cement paste in
addition to the final carbonation products, i.e. calcium carboate.of the objectives of this
research was tehow that there can indeed be significant amounts of carbaide absorbed
in hydrated cement pastes, which will be released at lower temperatures taagevhere
calcium carbonate dissociatdisis important for understanding the overall carbon footprint of
concrete and may help in developing methods to aatelerarbon dioxide absorption in
concrete and remediate the global warming potential issues with respect to carbon dioxide.
This chapter focuses on mass balances around carbon dioxide rdteasedrious
samples ofTPD analysisfor the temperatureanges of 0550°C. CQ; released in this lower
temperature ranges represeagsbonabsorbedn certainforms other than the solid calcium
carbonate (calcite).
This chapter covers the following sections:
- Section 3.1 Water and Carbon Dioxide Amperages from TRimalysis will demonstrate
the water and carbon dioxidiesorptiorcurves as temperature goes up to°850
- Data Acquisition, Section 32, will discuss how to convert the amperages of water and
carbon dioxide recorded during the TRIDalysis to corresponuj mass losseat lower
temperature ranges.
- Section 33, Results, will show how to interpret the data basedhencilculations from
Section R and how to relate the GQ@eleased masses to percent carbon absorption in the

cement paste.
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- DiscussionsSecton 34, include the interpreted results, the significance of this carbon
absorption at lower temperature rasgadtheimpact on the chemistry of hydrated cement

paste.

3.1 Water and Carbon Dioxide Amperages from TPD Analysis

The followingdata files wee generated every time the TPD analysis was carriecduoyterage
files from the mass spectrometer and temperature files from the thermodduplamperages
and temperatusgfrom the two data files were synchronized based on the same time Ekdes.
recorded amperages in the synchronized files were tiimstnalized based on a constant total
pressure oflx10° torr in the bleed streanséeSection 3.2). Figures 3.1 and 3.2 give typical
depictions of water and carbon dioxide desorpfirmm the TPDanalyss for the amperages
recordedover the temperature ranges molecular weights of 18 and 44 respectively. The left
axis represents the amperags normalized for leak rate pressure for the mass range around 18,
which represents water. The right axis is8 gummed amperag@s normalized for leak rate
pressure around 44, which represents,.C(he normalized water and carbon dioxide

desorption curves for the rest samples in this group are in Appendix 3.)
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Figure 3.1: Water and CQ, desorption curves for sample AOX31PW. (The water curve
has the left spike with values on the left vertical axis, while the CQcurve has the right
spike with values on the right vertical axis.)
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Figure 3.2: Water and CQO, desorption curves for sample AC7W. (The water curve has
the large left spike and the smaller right spike with values on the left vertical axis, while
the CO; curve has the right spike with values on the right vertical axis.)
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In Figures 3.1 and 3.2, the dashed lines are the \matperagse over the temperature
range of the thermal desorption tests performed. Thheseshow significant water desorption
under 206C, which based on previous studies is expected to be the release of free and absorbed
water in the hydrated cement pasdesecond water spike after @ is the indicative of the
dissociation of calcium hydroxidén most of the trials for open samples, there was only the
large water spike prior to reachi@@®C as shown in Figure 3.1 while both water spikes were
developed in most of the covered sampds shown in Figure 3.2. These watdated issues
will be discussed ilChapter 4.

The largespikein the carbon dioxide curve developing prior to %D0ndicates that
speciesverebeingdesorbedhat are not in the solid calcium carbonate form. Theustsoof
this portion of CQ need to be determinefbr further calculation ofthe percent carbon

absorption by forms other than calcite.

3.2 Data Acquisition

In this experiment, the system used Tware32 to collect amperages data over time from mass
spectroneter and Thermologger to collect temperature data over time from the thermocouple.
The recordedraperagesgrom the TPD analysigiere normalized based on total pressure in the
bleed stream. The bleed stream pressure varied by as much as £50% duringsiheficthe
experiments and based on the Ideal Gas Law, at constant temperature and volume, the pressure
is proportional to the number of moles of a gas. Therefore multiplying the amperage by the
ratio of the normalized pressure &&10° torr to the actuakotal bleed stream pressun@uld

give relative mole ratios for the various slip stream gases based on aangowrilow.
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Thenthese normalized amperages were added over the duration of each analysis to give
an integrated total of amperages for eachhefthree molecular weight ranges: 1T&5 for
H,0, 39.540.5 for Ar, and 43.84.5 for CQ. The molar percents of water and carbon dioxide
in the bleed stream with respect to argon were determined by the ratios of the summed
amperages for water and €@ argonand appropriate correction factorsspectively. Then
total moles for each compound were determined by multiplying by the constant argon flow rate
through the reactor over the duration, and calculating the masses based on the molecular
weights. Asummary of thes steps and the equatiamsed are as follows:

(1) Synchronize the amperages data files to the corresponding temperature data files based
on the same time period.

(2) Convert all the data files to 30 seconds increments instead of 3 seconds itgré@men
order to make the data calculation easy and efficient.

(3) Normalize the amperagéor all molecular weights to @onstant total pressure of 1x10
torr in the bleed stream kdividing the amperages by the actual bleed stream pressure
thenmultiplying by 1x10° torr.

(4) Add all the amperages over the duration of each experiment around certain molecular
weight: 17.518.5 for HO, 39.540.5 for Ar, and 43.544.5 for CQ to account for
equipment sensing fluctuations over these ranges.

(5) Correct for background Wels of HO and CQ, that is, the lowest normalized amperage
for the 17.518.5 and 43.814.5 molecular weight range during the experiment. This
portion of HO and CQ is the background water and €@as contained in the inert gas

mixture or from other wateforms or air leaked into the systertt.was based on the
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assumption that no 4@ and CQ desorption would occur when the sample was not
being heating.

(6) Apply the correction facterCFyzo 1.33 for HO andCFcp, 1.02 for CQ: There are
other species reprederg H,O, CO, and argon as measured in amperages, for example,
20 is another form of argon and OH (17g/mol) may be water breakdown. The analyzer
also senses the various molecular weights differently. So amperage® ahH CQ to
argon need to be relateispectively. There is a published factor incorporating all of
this to the ratio of KO around 18 to Ar around 40 by 1.33 and,@&@ound 44 to Ar
around 40 by 1.02FICON 2008.

(7) Use ratios of the summed amperages for water to argon antb@@on to dtermine
the molar fraction ofwater and C@in the bleed stream with respect to argming
appropriate correction factoas in Equations 3.1 and 3.2.

molesH O _CF E-stlj (

H,O mole ratio= 3.1
? molesAr "2 ampsAr &1
CO, mole ratio= MOIESCQ CE,, _npscL (3.2)

molesAr ampsAr

(8) Use Equations 3.3 and 3.4dalculatethe mass logsof H,O (Lu2o) and CQ (Lcoy) in
grams over a certain time or temperature range:

5 [(molesl—; ?QSOCcAr) (nJmoIAr 1,& gH O

o MolesAr min 22400ccAr molesg—l

)& Lo (3.3)

molesCQ) Q50ccAr ]moIAr 4A 9Co

al ) (9

3.4
o MmolesAr min 22400ccAr moIesCZCE] oo, (34)

(9) Doulde check mass losses to see if the assumptions are reasonable (see Section 2.5).

Express the difference in percent as shown in Equation 3.5:
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(mrPD- pre ~ rnTPD-pos) '( ng o Jtcp)
(rnI'PD- pre Mepp. pos)

%Difference= 300% (3.5)

3.3 Results

This section shows how to develop a way efirrating the percent carbon absorption
Isohydration Diagram (Section 3.3.1), the results of estimated carbon absorption using this
curve (Section 3.3.2), and the repeatability of the experiments (section 3.3.3).

3.3.1 Isohydration Curve

One of the dificulties with analyzing the data is that there is no way to regulate the amounts of
carbon dioxide and water that are absorbed or desorbed at all times. The masses of the cement
and water used in the initial preparation of the samples are known, so baseel typical
composition of cement it is initially possible to determine the moles of calcium in any sample.
However, since both water and carbon dioxide absorption and desorption are taking place at the
same time and ar e r es phangesitibrotepossiderto datermirrertnp | e 6 s
mass percent of calcium in any sample during the duration of the experiment. Since it is
necessary to know the amount of calcium in a sample in order to determine the molar ratio of
carbon to calcium (percent carbabsorption), a way of estimating the percent carbon laddor
needed to be developed.

The samples after the TPD experiments are most closely resemble samples where there
is little or no water in the sample since they have been heated well past theatmso
temperature of Ca(OHl)In order to develop a reasonable approach to estimate the percent
carbon absorbed in a hydrated cement sample, the following example of sample AOX33PWD
is used. Sample AOX33PWD is an open sample which was ag8dbsfaronthdn the ambient

environment with two extra drops of water every week (A drop of water is approximélély O.
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g). The posiTPD mass of this particular sample was 0.8318nd the C@released in the lower
temperature range (<5%0) was 0.00454y. First, letus assuming that there was no/G@d no

H.O left after the TPD analysis, then the percent @l6orption would be:

()/()Carb:h 3100% = 0.00454 /(44 ol )
Neao (0.218y3 0.61)/(5¢ ol )

190% 4342

where,
- %Carb is percent C{absorptiorwith respect to Ca0O
- nNcozis the moles of C@released after the TPD dpsis at lower temperature
ranges;
- Ncao is the moles of CaO in the cement samples after TPD analysis at lower
temperature range
If there was some CQleft in the sample after the TPD analysis, the percent CO
absorption would be different. The result® disted in Table 3.1, assuming alditional

carbonatiorand no HO in the sample

Table 3.1: Different Percent CQ Absorption Based on Different Percent
CO; Left after the TPD Analysis at Lower Temperature Rangs (<550°C).

Percent CQ | PostTPD | CO; Released | Percent CQ
Left (%) Mass (g) (9) Absorption (%)
0 4.342
10 4.787
20 5.233
30 5.681
40 0.218 0.00454 6.131
50 6.582
60 7.036
70 7.491
80 7.949
90 8.408
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However, there could still be some water in the samplesher hydrated forms. So in

order to predict ithewater is important for determining the ratio of carbon dioxide to calcium

inapostTPD s ampl

which isdepicted in Figure 3.3[he curves represent heated sample masses of carbon dioxide

lost in the TPD test per predicted percent carbon dioxide absorption with various percentages of

e a series of

0 i s o [Haseélbaaht 20@PN 6

C

water still remaining in the samples. All numbers in Figure 3.3 are based on the assumptions

thatthere is no C@left in the samples. This is a very conservative assumption since sogne CO
is expected to remain as Cag®@s can be seen from Figure 3.3, although the water left in the

sample does change the percentages, for low water content, whiokasoaable assumption,

the water masses can be ignored.

Isohydration Diagram

35

30

25

20

15

—— 0% Water

—— 20% Water

10

Mass Percent Carbon Dioxide

40 60 80

Percent Carbon Absorption

100

A— 40% Water
—=— 60% Water
—— 80% Water

—0— 100% Water

Figure 3.3: Isohydration Diagram for cement with 61 masspercent CaO. (100% Water
represents one mole water per one mole CaO. Percent Carbon Absorption represents the
molar ratio of Carbon Dioxide per mole CaO, in percent, assuming no additional

carbonation in the sample.)
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Interpretating the above curve will show that a TPD experiment with the mass loss due
to carbon dioxide measured at 4.5% gj\asa minimuman absorption ratio of 10% baseql o
moles carbon to moles calcium (absorption ratio reads even higher if there are water species
remaining in the sample). In cases where carbonation is also extensive and much of the post
TPD mass is from calcite, this percent would be even higher. In symtha values read off
the Isohydration Diagrams would give a value for the minimum estimated value of percent
carbon absorption in a form other than the calcium carbonate solid species (calcite) for
samples where there is no carbon remaining in the Isanafter heating up t650°C, i.e,
where there is no carbonation to calcium carbonate of the sampésality, some carbonation
is expected to occur and therefore the estimates of carbon absorption in these experiments are
very low.
3.3.2 Estimated Pecent Carbon Absorption at Lower Temperature Range
Tables 3.2 and 3.3 list the resultscalculated mass lossbased on the molecular weights for
water and carbon dioxide at lower temperature rangese(lthan 550°C) from Haselbach

(2009).
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Table 3.2: Results from the TPD Experiments for Sampleleated to550C with Assumed
Low Levels of Carbonation (Haselbach, 2009)

z S 5 |5 |oS2|85 |&5

5 EE Mass | Mass | & 3 %80 5'2 §§§_

E % I | After | Loss | Loss |8 |8 ggé TE 8| g2 E

E'E’ Sample ?_D- TPD | H0 )\ CO @E e ES%‘ @Eg EE‘Q
6 5| Mass| from | from = g,_ S5<>sa®8| €5l

2 53| (g* | TPD | TPD Ess|s-P 5E=

£ £3 @ | @ | |8 E82|38 |68

@®© S g g L O = E SN ot > o

? = SR 03|zT |<¥

2.8 AC7C 2 | 0.204|.0125| .0062| 6.1 | 3.1 6.8

2.8 AC7TW 2 | 0.108| .0087| .0046| 8.1 | 4.3 9.4 7.4 10.0

2.8 AC8C 6 | 0.192|.0124| .0075| 6.4 | 3.9 8.5 ' '

2.8 AC8W 6 | 0.148| .0099| .0070| 6.7 | 4.8 10.5

2.8 AO8C 4 |1 0.244| .0132| .0060| 54 | 2.5 55

2.8 AO8W 4 | 0.266|.0143| .0073| 54 | 2.8 6.1 6.0 6.2

2.8 AQO9C 10 | 0.226| .0151| .0062| 6.7 | 2.7 5.9 ' '

2.8 AO9W 10 | 0.232| .0151| .0067| 6.5 | 2.9 6.3

1.0 ACXX7PC | 4 | 0.184| .0146| .0037| 8.0 | 2.0 4.4

1.0| ACXX7PW | 4 | 0.226|.0178| .0041| 79| 1.8 3.9 8.7 51

1.0 ACXX9PC | 10 | 0.242| .0217| .0053| 9.0 | 2.2 4.8 ' '

1.0 | ACXX9PW | 10 | 0.206 | .0193| .0059| 9.4 | 2.9 6.3

1.0| AOX31PC 6 | 0.216|.0844| .0054| 3.9 | 2.5 55

1.0 AOX31PW | 6 | 0.214|.0959| .0057| 4.5 | 2.7 5.9 48 6.2

1.0| AOX36PC | 10 | 0.240| .0113| .0061| 4.7 | 2.5 55 ' '

1.0| AOX36PW | 10 | 0.226| .0114| .0067| 5.0 | 3.0 6.6

*Based on after TPD total ma.
**Masses are not precise due to precision of scale.
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Table 3.3: Results from the TPD Experiments for Sampleleated to550C with Assumed
Higher Levels of Carbonation (Samples were left open (O) in an oven (O) with ~ 60%
relative humidity) (Haselbach, 2009)

vJ

® e C @ |« 5

= = o o x99 8 .3

S 98 Mass| Mass| & | & |§23|a, |25

E g Ig| After | Loss | Loss | § |5 0s5¢ éé £ 2
— [72] O Y—

2 sample |21 U0 fom | hom |2 & | SE 238|275 E5

=) g3/ @™ | TPDTPD | £ |5 |EZ2(8<|Z2F

= £ < @ | @ |g |8 |£28|s |29

9 > = s

41| 0OO018WD 8 |0.238| .0197| .0060| 8.3 | 2.5 5.5

41| OO19WD 9 ]0.240| .0185| .0052| 7.7 | 2.2 4.8 30| 50

41| O020WD | 10 | 0.226| .0173| .0048| 7.7 | 2.1 4.6 '

41| O021IWD | 14 | 0.238| .0195] .0055| 8.2 | 2.3 5.0

41| OO18WN 0 |0.232| .0166| .0048| 7.1 | 2.1 4.6

41| OOI19WN 0O |]0.206| .0144| .0043| 7.0 | 2.1 4.6 6.6 | 43

41| OO20WN 0 | 0.246| .0159| .0042| 6.5 | 1.7 3.7 ' )

41| OO21WN 0O |0.246| .0143| .0048| 5.8 | 1.9 4.2

2.3| OOX31PWD| 8 | 0.220| .0122| .0052| 5.5 | 2.4 5.2

2.3 | OOX32PWD| 10 | 0.214] .0124| .0050| 5.8 | 2.4 5.1 59| 51

2.3 | OOX33PWD| 10 | 0.220| .0131| .0050| 6.0 | 2.3 4.9 ' '

2.3 | OOX34PWD| 14 | 0.226| .0146| .0054| 6.4 | 2.4 5.2

2.3 | OOX31PWN| 0 | 0.232| .0113| .0051| 49 | 2.2 4.8

2.3| OOX32PWN| 0 | 0.210| .0104| .0046| 5.0 | 2.2 4.8 50| 46

2.3| OOX33PWN| 0 | 0.208| .0105| .0042| 5.1 | 2.0 4.4

2.3| OOX34PWN| 0 | 0.218] .0111| .0045| 5.1 | 2.1 4.5

*Based on after TPD total mass.

**Masses are not precise due to precision of scale.

Note: The following molecular weight ranges were used for the calculation127%d H,0,
39.541 for Ar, and 43.515 for CQ.

Tables 3.4and 3.9ist theresults ofmass lossefr H,O and CQ of the rest of the TPD
experimentsvhich had been heated up 560°C and 700C, respectivelyNote that the mass
losses for HO and CQ might hare been corrected for slightly different backgrowamperages
using a conservative correctiompproach This conservative correction was based on the

assumption that the J@ and CQ gases relased prior to heating in the furnace were the

background gases.
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Table 3.4:Results from the TPD Experiments for Samples Heated t650°C.

O]

° ES|o
2 p | SEYT |2
5 g z | & |85|8 |0g &
= 5 FlF |90 _ |8 &
b - E Post 5 5 8 c 28 55| ©
o Sample | @ =| TPD | Lu2o | Lco2 = - <2 |s<|s2| o
< Name |2 ¢|Mass| (g) Q) o | 515822 /=2| o
O o %] n |23 |0F]| = 8 =
2 5 (9) S| S |s&l |£8| 0
5 g Q5|88 =% 8
« = T |0 |=glg <§E”

=) =} c

2 = > = © <
5.0 0027D 1 |0.246| 0.0280| 0.0035|11.4| 14| 3.1 105 36 -4.7
5.0 0028D 1 |0.244| 0.0234| 0.0045| 9.6 | 1.9 | 4.0 ' ' 0.5
5.0 OO027N 0 |0.234|0.0184| 0.0030| 79| 1.3 | 2.8 611 29 -7.0
5.0 OO028N 0 |0.234|0.0101| 0.0032| 43| 1.3 | 2.9 ' ' 5.0
3.6 | AOX32PWD| 1 |0.216|0.0127| 0.0048| 59 | 2.2 | 49 3.1
3.6 AOX33PWD| 1 |0.218|0.0129| 0.0045| 5.9 | 2.1 | 4.6 60 | 46 3.2
3.6 AOX34PWD| 1 |0.222|0.0133| 0.0046| 6.0 | 2.1 | 45 ' ' 0.9
3.6 AOX35PWD| 1 |0.216|0.0132| 0.0044| 6.1 | 2.0 | 4.5 2.0
3.6 AOX32PWN| O 0.22 | 0.0142| 0.0040| 6.4 | 1.8 | 4.0 -0.9
3.6 | AOX33PWN| 0 |0.226|0.0127| 0.0040| 5.6 | 1.8 | 3.8 63| 41 -3.9
3.6 AOX34PWN| 0 |0.214|0.0135/ 0.0041| 6.3 | 1.9 | 4.2 ' ' 2.2
3.6 AOX35PWN| 0 |0.212|0.0142| 0.0041| 6.7 | 1.9 | 4.2 -1.6

*Based on after TPD total mass.
Note: The following molecular weight ranges were used for the calculation of the first four
samples: 1789 for HO, 39.541 for Ar, and 43.5815 for CQ.
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Table 35: Results from the TPD Experiments for Samples Heated tG00°C.

S = S |3
0 2 &8/ |8
g 0 @) =) -8 E 0 < —
S ] Lla ) 258 |08 &
b - | Post Q o) 8 c 2855l ©
o | Sample |8 | TPD | Luo [Leoe | & | & | <L (8Z2 23| &
| Name |S¢|Mass| (g | ( n S8(=22|=2 &

=~ 9 9 2] 7 85 o @) :10:)
Q Y— o (g) o o e = @) - c D =
<% O —~ O | s | |49 O
: : ol 5|88 2% =
& £ I|O |Selo |2

(=] (=) =) >

S = S | g0 & <

z =
5.6| AOX37Pa| 0 |0.252|0.015|0.030| 6.1 |11.8| 28.0 -2.3
5.6 | AOX37Pb| 0 |0.292|0.018| 0.053| 6.3 | 18.0| 45.9 60 | 301 -36.2
5.6 AOX38Pa| 0 |0.252]/0.013|0.0%6 | 5.2 |10.5| 245 ' ' 1.2
5.6 | AOX38Pb| 0 |0.246|0.016|0.023| 6.5 | 9.5 | 21.9 -3.5
5.6 ACXX6Pa| 0 |0.274|0.023| 0.035| 8.3 | 12.9| 30.9 -7.9
5.6 ACXX6Pb| 0 |0.206|0.025| 0.035|12.0| 16.8| 42.1 82 332 -13.8
5.6 ACXX8Pa| 0 |0.230(/0.014|0.033| 6.0 | 14.5| 354 ' | -25
5.6 | ACXX8Pb| 0 |0.268|0.017|0.028| 6.5 | 10.5| 24.5 -3.4
5.6 OOX36Pa| 0 |0.260|0.011,0.021| 4.1 | 8.0 | 18.2 7.5
5.6 | OOX36Pb| 0 |0.278|0.010{0.023| 3.7 | 81| 185 | 3.8 |23.4| 9.2
5.6 OOX38Pa| 0 |0.224|0.008|0.031| 3.5 |13.8| 335 -29.7
5.6 OCXX6Pa| 0 |0.216|0.020|0.032| 9.1 | 14.8| 36.3 -17.4
5.6 | OCXX6Pb| 0 |0.238|0.019|0.039| 8.1 |16.4| 41.0 82376 -7.8
5.6 OCXX8Pa| 0 |0.206|0.017|0.028| 8.2 | 13.4| 32.3 ' ' -14
5.6 | OCXX8Pb| 0 |0.216|0.016|0.035| 7.2 | 16.3| 40.7 -5.7

*Based on after TPD total mass.

The values in the column oPercentCO, Loss After TPD in Tables 3.2, 3.3 and 3.4
indicate that the percent carbon dioxide mass loss in all these samples are not more than 10%,
therefore, a small portion of the Isohydation Diagram could be used to determine the percent
carbon absorption insteaaf the whole diagramFor thesamples in Table 3.5, the percent
carbon absorptiowasestimated from theriginal IsohydationDiagram (Figure 3.3)

Figure 3.4 is a depiction of the lower portion of the Isohydration Diagram and gives an

approximate linearelationship for carbon absorption under 10% of the stoichiometric mass
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percent carbon dioxid€nly the linear regression line for 0% water was generated based on

the assumption that there was ngDHeft in the samples after the TPD analysis

Isohydration Diagram

> y=0.4574x
_g 4.5 /‘ RZ =1
= o
3 4
2 3.5 * 0% Water
o
X 3 B 20% Water
8 25
s - A 40% Water
c
] 2
=2 % 60% Water
o 15
w . 80% \Water
P 1
= 0.5 100% Water
0 [’j/ . | | Linear (0% Water)
0 5 10 15

Percent Carbon Absorption

Figure 3.4: Isohydration Diagram for cement with 61 masspercent CaO lower portion.
(100% Water represents one mole water per one mole CaO. Percent Carbon Absorption
represents the molar ratio of carbon dioxide dooselyd held per mole CaO, in percent,
assuming noadditional carbonation in the sample.)

Based on the above diagram, the last column in Tal#en83.3and the second to the
last column in Table 3.4 give the minimum percentage estimated for the amounts of absorbed
carbon dioxide which would be releakprior to heating up t650°C in the power fornof the
samplesThe second to the last column in Table 3.5 give the percent carbon absorption which
would be released prior to heating up to @ the powder forms.

The last column in Tab$e3.4 and 3.5give the percent difference between the mass
loses during the TPD analysis and the summed up masses of water and carbon dioxide at

lower temperature ranges.
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3.3.3 Repeatability of the Experiments

Repeatability is the variation of outcomes ofexperimentcarried out in the same conditions,

e.g. by the same operator, in the same laboratory. For example, repeatability of measurements
of precise mechanical scales is the variatibrweight values reported for a given constant
mass by the same person, in conditions with the same temperature and humidity. For
continuous outcome variables, repeatability may beantified via such measures as
"repeatabilitystandard deviatiohor "repeatabilityvariance'’.

In this cae, the repeatability would be the variation of the percent water loss and
percent carbon dioxide loss of the TPD analysis. In order to determine the repeatability of the
experiments, the four samples in Table 3.3 listed from OO18WN through OO21WN were all
treated identically, so as were the four samples in Table 3.3 identified as OOX31PWN through
OOX34PWN. Table 3.5 lists the standard deviations for percent watesslasd percent
carbon dioxide lossfor these two sets of sample analysis, which showgdbd reliability of

the test method.

Table 36: Standard Deviation of Two Sets of Samplewith Final Temperature of 550°C
to Test Repeatabilityof TPD Analysis(Samples from Table 3.3)

% H,0O Loss (%) % CQO, Loss (%)

Setl Set 2 Setl Set 2
OO18WN| 7.1 | OOX31PWN | 4.9| OO18WN | 2.1| OOX31PWN | 2.2
OO19WN| 7.0 | OOX32PWN | 5.0 OO19WN | 2.1 | OOX32PWN | 2.2
OO0O20WN | 6.5| OOX33PWN | 5.1| OO20WN | 1.7| OOX33PWN | 2.0
O021WN | 5.8| OOX34PWN | 5.1| OO21WN | 1.9| OOX34PWN | 2.1
Average | 6.6 5.0 2.0 2.1

Stdev | 0.6 0.1 0.2 0.1
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3.4 Discussions

3.4.1 Impact of Sample Size on Desorption Rate

Two important considerations in the experimental sete how the rate of diffusion through

the sample of either of the compounds of interest (water and carbon dioxide) might impact the
measured desption rate and how increased exposure during the sample preparation prior to
the TPD analysis might alter the results.

As discussed by Haselbach (2009), there was a slight difference in water desorption
rates between the samples prepared for the TPQssah chunk (C) or coarse powder form
(W). The ambient open and ambient covered samplésble 3.2 provide the information on
how the sample size impacts the desorption rate. On average, the chunk trials had a slightly
lower desorption rate for both,8 and CQ, with greater difference for the GQince the
larger molecular.

However, since the desorption rates were well within the same order of magnitude, even
with the large size differences between chunk and coarse powder, it could be assumed, that in
the powder form, as prepared, the diffusion rate during the TPD analysis and the exposure to
the ambient environment during preparation do not significantly impact the desorption rate as
measured under the experimental conditions used. With this deteamjrithe assumption can
now be made that the TPD experiments as performed with the coarse powder samples give
adequate representations of the chemical desorption rate of water arico@@he samples.
Therefore all the tests and calculensin this resarchwere performed on powdsamples as

described in Section 2.3.
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3.4.2 Sample Mass Variations Whitgging

During theagingperiod ®meof the samples were covered after initial preparation, while some
were left openin the air. It was noted duringhe agng period that there were initially
significant mass losses in the opkwdrated cemensamples, which would indicate water
evaporationunder certain environmental conditionmit there were also initial mass losses in
both the ambient and ovenoveed hydrated cemerdgamples, which were much less than that

of open samples counterparts. This phenoméndepicted in Figure 3.5.

1]
1/4" Samples
1.000 B ,
]
o 0.950 ;
%] ]
S 0900 ,
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© ]
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Figure 3.5: Comparison ofnormalized mass of% in covered andopen samples for both
ambient and oven (Note: ACP represens the ambient covered cement samples; AOP (No
Drops) represents the ambient open samples with no extra water drops; OCP represents
oven covered cement samples; OOP (No Drops) represents the oven open samples with no
extra water drops. The dash line meanshie samples have beeplaced to another place
with different environmentsfrom before).

All the masses weraormalizedto the initial masses and averaged over shmailar
samples under the same aging conditronrderto be more representativ&s can beseen in
Figure 3.5, all the four types oément samples lost significaamtnounts of mass immediately
after initial preparationand thenormalizedmasses for open samples (0.74) were lower than

thosefor the covered samples (0.80herefore, air exchangsould occur in all the samples,
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but more readily in the open samples. This was not of concern in the experimental setup as
traditional concrete placements would also have some potential for air exchange as concrete is
a porous medium.
3.4.3 The Mass ChangVerification Analysis
In the TPD analysis for this research, it was assumed that the compounds released over the
duration ofthe experiments were mainly.® and CQ gases and the amounts of other gases
were negligible In order b verify this assumptignthe percentifference between weighed
mass losses and calculated mass changes were derived and compared as listed in the last
column in Tables 3.4 and 3.Bhe percent differencdsr samples in Tables 3.2 and 3.3 were
not considered in this analysise to the precision of the scale

As can be seen, the percent differences for the samples in Table 3.4 which were heated

to 550C were in the range &f 10%,which indicates that the assumpsonade before about

the mass lossesarereasonable consideririlge variability and deviation of the experiments on
cement samples. However, for the samples in Table 3.5 which were heated’@ @0
percentdifferences varied from36.2% to 9.2%with anaverage value 6f1.0.3% whichmeans
the calculated mass lossegere 10% more than the weighed mass changes. Wass
conflicting with the assumptions on mass losses and there might be some reasons by this
the TPD system becomes less accurate and sensitive after pasSidgabsDmost of the users
were applyingt under 500C; (2) asthe heating temperature goes omre compounds would
tend to decompose dre released from the samples, which wanéike the differences larger;
(3) the correction factors for 4 and CQ which contributed significantly to the callated
mass losses might not be precise and suitable for this experiment on cement; S@inibles

cuvettes used as containers might have some carbon or organic carbon thahaweght
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transferredin the cement sampledore future work on the cement mixé and calibration
process of the correction factors for the TPD system needs to be completed to resolve this
problem and modify the experimahsetup
3.4.4 Percent Carbon Absorption
Based on the percentage of carbon dioxide released during the THRisars lower
temperature ranges and the Isohydration Diagram, the percentage of carbon absorption can be
estimated assuming that there is no carbon left in the samples after the TPD analysis, which is
listed in Tables 3.2, 3.3,4and 35.

The last colmn in Table3.2 gives the minimum percentage estimated foratineunts
of carbon dioxideabsorbed which would be released prior to heating up teC5iB0the mass
spectrometein the powdeiform samples. These averagercentages of carbon absorption
range fom 5 to 10% which means at least 5 to 10% of carbon dioxide is absorbed in the
samples by other forms than solid calcium carboriEte samples which received more water
dropsduring the specimen preparation procpssr to the TPD tests consistently shed at
least 10%higher percent carbon dioxide absorpttban the ones which did not receive extra
water dropsThis might have been the results that the carbon can be further absorbed into the
sampls in the presence @xtramoisture Thee is also wssibility thatthe extra water may
prohibit the carbon from releasing to the air or reaching the equilibrium under the ambient
environment condition.

The samples in Tabld.3 were allaged open in the oven with a relative humidity of
approximately 60%, tich is considered to be a relative humidity level under which conditions
are favorable for carbonation. Therefore, it is assumed that these samples may have already

experienced some carbonation. If some carbonation has occurred, thanotuhk percent

- 46-



cabon absorption of species other than calcite would be higher than the percenthgdast
columnin Table 3.3 As previously mentioneduntil further determinations of the extent of
carbonation are also determined, them¥centagesn the last columnare the minimum
calculatedbased on the assumption that there is no carbonation in the sail@ashough

that is true the percentage indicate that there is consistently a significant amount of carbon
dioxideabsorptiorin the samples. The samplesTiable3.3 were prepared in pairs, witalf of

each specimen treated with additional water drops in open, ambient conditions prior to the TPD
and the other half of the specimen left in open, ambient conditions without additional moisture
added. Ina similar way to the samples in Tab&2, the results indicate that the samples with
additional moisture consistently experienced higher percent carbon absorption.

The samples in Table 3.4 were also prepared in pairs in a similar fashion to the samples
in Table3.3. Note the average percent carbon absorption might be 1 to 2% lower than that of
samples in Tables 3.2 and 3.3, and that might have been the results of the samples might have
beencorreced for different backgroundssing a conservative methastill, the percent carbon
absorption was consistent and significadntaddition the results also indicate that the samples
with additional moisture showed higher percent carbon absorption than the ones did not receive
extra moisture, which is consistent with tlesults from Tables 3.2 and 3.3.

By comparing the percent carbon absorption in open samples and in covered samples, it
was found that the percent carbon absorption in the covered samples was slightly higher than
that in the open samples, which might héveen the results of assumptions made previously.
When estimating the percent carbon absorption in the samples, the assumption was made that
there is no carbonation inside the samples in the forms of solid calcite. This might be

appropriate for covered salep because there was not enough carbon dioxide present to from
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CaCQ due to the covers. However, for the open samples, the assumption may not be proper.
They may have already experienced carbonation to some extent since the samples have access
to CO in the air which is enough for the carbonation to take place. If some carbonation has
occurred, then the actual percent carbon absorption of species other than calcite wautt be
higher in the open samples

Every sample in Table 3.5 was prepared identidatio two parts of powder form with
no extra water drops during the preparation and was heated 16.700e percent carbon
absorption in the covered samples was much higher than that in the open samnphes.
temperature, the calcium carbonate mightéhbeen dissociated if there is carbonation going on
in the cement samples and the assumptions to estimate the percenatadyptiormight not
be appropriate. Also, the G@orrectionfactor might not be accurate enoughdorrelate the
CO, amperageto CO, moles. This would request more future work to modify the percent
carbon absorption.

In summary, all the different types of cement samples had similar results. At least 3 to
10% of the stoichiometric carbon dioxide absorption was taking placeen fottms than solid
calcium carbonate in all the samples. This inde#tat the CQis absorbed into the concrete
andreadily reaches mequilibrium condition with various absorbed species. Regardietse
aging condition, there is a small but sigraint amount of calcite stoichiometric potential for
the absorbed COThis amount of carbon dioxide might be small in a single piece of concrete.
On a global basis, however, it is a huge amount of carbon absorlptidBrnto 10% of the
stoichiometric carbomlioxide is absobedin other forms than solid calcium carbonatethie
cement, then 2 to 6% of the cement mass, at a minimum, is comprised of other forms of CO

Based on the global cement manufacturing capacity from USGS in 2005, there were at least 50
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to 150 million tons of CQ absorbed in the cement paste in other forms in addition to solid
calcium carbonatgearly.

Furthermoreif the equilibrium of absorbed G@an be modified and enhancéldenit
might provide a better insight to improve the susthility of concreteand global climate

change
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CHAPTER4
EARLY AGE CALCIUM HYDROXIDE FORMATION IN NOVEL
SUSTAINABLE CONCRETE USES

It was previously mentioned that water desorption curves showed two significant spikes over
the duration of TPD analysi©nespikeof thewater desorptiocurve wasunder 200C, which
was expected to be the release of free and absorbed water in the hydrated cement paste based
on previous studies. A second water spike aftef’@Q6 the indicabr of the dissociation of
calcium hydroxide which was not found in all the hydrated cement samples
This chapter focuses othe circumstances under which the formation of calcium
hydroxide wouldtake placeand the mass balances arounikde second watespike of water
desorptioncurve during various TPD experiment3his might help to explain thélhe impact
that environmental conditions might have on the early age formation of calcium hydroxide in
novel cement and concrete mixas compared to traditional concrete usesontact with tie
ambient environment.
This chapter covers the following sections:
- Section4.1, Water Amperages from TPill depict the water desorption curves for
open samples which did not show fhresenceof Ca(OH) and covered samples which
otherwise showed th@esencef Ca(OH), respectively.
- Data AcquisitionSection 42, will demonstratéow to convert the amperages of water
recorded during the TPD analysis to corresponding masses at lower temperature ranges.
Also, the water losses need to bategorizedinto different regions to account for
different types otlesorption
- Section 43, Results, will show how to interpret the data based on the calculations from

Section 42 and how taelate to the amount of Ca(OHbrmation n the cement paste.
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- DiscussionsSection 44, will discuss the interpreted resultse conditions under which

Ca(OH) would be forming, and thienpacts on the chemistry of hydrated cement paste.

4.1 Water Amperages from TPD

After synchronizing the amperage data files from the mass spestir to the temperature data

files from the thermocouple based on the same time series, the amperages were normalized to a
constant total pressure of 1X36rr in the bleed streamyjical depictions of the temperature
ranges of water desorption duritige TPD experiments for th@rmalizedamperages recorded

for masses 1&re shown in Figures 4.1 and 4Phese samples were all heated7@{’C.

Figure 4.1 depicts a representative set of the open samples, both ambient and oven, while

Figure 4.2 @picts a complementary set of the covered samples, both ambient and oven.

H,O Desorption-Open Samples
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Figure 4.1: Water desorption curves for typical ambient open (AO) and oven open (OO)
samples
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H,0O Desorption-Covered Samples
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Figure 4.2: Water desorption curvesfor typical ambient covered (AC) andoven covered
(OC) samples

Pairs of open samples and comparable covered samples were analyzed for water
desorption in this experiment. Water was constantly being desorbed from the samples, but there
were two temperature ranges {€8350°C and 350C-500°C) which stowed significant
desorption. For both ambient and oven covered samples (Figure 4.2), there wespikestan
both ranges, whereas for both ambient and oven open samples (Figure 4.1), there was only one
spikein the earlier range. Past experiments inmiddhat the earliespikewas due to the water
desorption from thdree absorbed water, interlayer water or frordlSE& gel, the latterspike

was due to the calcium hydroxide dissociation and subsequent desorption (Equation 4.1).

Ca(OH)z(s) B CaQs) + H Qg) (4.1)
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4.2 Data Acquisition

The data acquisition proceks H,O wassimilar to what was discussed in Section aRthe
amperages resulted from TPD analysis were first normalized based on a constantdstak

of 1x10° torr in the bleed stream. These normalized amperages were added over the duration of
each analysis to give an integrated total of amperages for each of the two molecular weight
ranges: 17.88.5 for HO and 39.540.5 for Ar. The molar g@rcents of water in the bleed
stream with respect to argon were determined by the ratios of the summed amperages for water
to argon using an appropriate correction factor fe®@ HThen the total moles for,@ were
determined by multiplying by the constargon flow rate through the reactor over the duration,

and calculating the masses based on the molecular weights.

As previously mentioned, the water desorption curve might havespikas over the
duration of the TPD analysis, with ospikeunder 206C which based on previous studies is
expected to be the release of free and absorbed water in the hydrated cement paste and a second
water spike after 40C which is indicative of the dissociation of calcium. To analyze the extent
of water desorption in tisetwo different temperature ranges;imass losses from these two
different temperature ranges need to be calculated and compared.

In order to easily compare the results, water mass losses due to desorption were divided
into several categories. Figure 4.3oués a typical water desorption curve from the covered

hydrated cement sample, ACXX6Pb, which was in coarse powder form for the TPD analysis.
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Figure 4.3: Typical water desorption curve depicting areas of different temperature
ranges anddesorption phenomena ofinterest (Sample ACXX6Pb).

Llh20, L2120, and L3yo0 representthe tal water mass losses from TPD test at
temperature rangef 25°C-350°C, 350C-500°C, and above 50, respectively, whild.Ty,0

represents the total water les®ver the entireTPD test. These water losses were calculated

molesH, Q .. 50ccAr, .. ImolAr 18 gH O
Jo= ) (

using Equation 3.33 o
g Eq %[( OlGSA —) (

e =L, o, for each
in ” " 22400ccAr molesy)& "0

respective range. The total water lessver the duration of the experiments would be:
LTHZO - Lleo +L2H20 Ii-BHZO (4.2)

However, in the second temperature range, there can be water desorption from calcium
hydroxide dissociatiomas well asother phenomena. In order to calculate the proportion of this

water loss from the calcium hydroxide dissociation, the second waterdnge represented by
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