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ABSTRACT

The dire need for sustainability and environmental protection, as well as the recent
environmental degradation around the planet, makes increasing efforts towards alternative
binder systems in concrete a necessary step in tackling one of the biggest sources of CO,
emissions worldwide. The nanocrystalline structure of calcium (-sodium) aluminosilicate
hydrate (C-(N)-A-S-H) gels and their occurrence in various alkali-activated cements has been
contested in past decades. Various claims have been made about the similarities between
calcium silicate hydrate in ordinary Portland cement (OPC) systems and such gels, but the
differences in the nano-scale structures as well as their chemical properties cannot be
overlooked. In this investigation, a combination of X-ray diffraction (XRD), pair
distribution function analysis (PDF), attenuated total reflectance (ATR) - Fourier transform
infrared spectrometry (FTIR) and thermogravimetric analysis (TGA) was deployed to offer
a more holistic understanding of the structural properties of gels. It is shown that C-(N)-
A-S-H follows well-ordered patterns in short-ranges, and sodium (in the form of an alkaline
solution) is catalytic for the definition of the nanocrystalline structure over time. The
elucidation of such similarities and differences can influence the macroscale material

properties of the gels, such as durability and weather resistance of alkali-activated cements.
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Introduction

ADVERSE ENVIRONMENTAL CONDITIONS in conjunction with the slow detachment of
government entities from issues of sustainability and environmental protection call for
increasing efforts and advocacy towards alternative binder systems in concrete
construction, a decisive step in tackling one of the biggest sources of CO, emissions

worldwide. The use of



supplementary cementitious materials (SCMs) can contribute to the reduction of ordinary

Portland cement (OPC) content from concrete mixes, but are limited by the supersaturated
solution’s ability to activate the SCM . Use of alkali activated materials (AAMs) in place of
such mixes however is a promising direction in increasing their efficacy .

The presence of sodium- and aluminum- enriched calcium silicate hydrate i.e. C-(N)-A-
S-H (a main reaction product in AAMs) introduces more complex thermodynamic and
chemical performances*.As elucidated in detail in Lodeiro et al.”, aluminate species po-
tentiate the polymerization process via formation of tetrahedra between silicate units™.
Also, alkalis play a crucial role in the 3-dimensional nature of C-(N)-A-S-H gels, since the
aluminum-induced tetrahedra are more densely linked, ultimately leading to faster and
more efficient dissolution of the aluminosilicate in the binder”. Therefore understanding
this phase can even lead to higher performance materials, as opposed to only more sustain-
able ones.

The C-(N)-A-S-H phase is extremely complex to study, and careful manipulation along
with high-accuracy equipment is needed to identify the nanocrystalline structures within
the disordered gel. In addition, the significant differences in the structure of ordinary Port-
land cement (OPCs) make the identification of the common grounds between them nec-
essary. Despite its complex nature, C-(N)-A-S-H is heavily studied and numerous inves-

tigations have taken place to characterize it. However, these investigations disagree with



each other on numerous occasions, mainly due to non-holistic investigations i.e. perform-
ing measurements with only one technique or allowing for multiple unconstrained param-
eters**. Therefore, a more encapsulating investigation that yields complementing results
can offer insight on the exact nanonanocrystalline structure and chemical properties of the
gel. In this investigation, X-ray diffraction and pair distribution function analysis cross-
referenced with thermogravimetric analysis and attenuated total reflectance-Fourier trans-
form infrared spectrometry (ATR-FTIR) was deployed in order to understand the molec-
ular structure, the influence of NaOH and aluminum in the mix and the changes incurred
on the whole structure across a 3-month span. It is hypothesized that alkali activation ini-
tiates changes in the nanonanocrystalline structure very early on (as soon as 10 days after
mixing) and that changes incurred in the atomic arrangement of the C-(N)-A-S-H gel due
to the introduction of alkali and aluminum is derived logically from its less complex coun-
terparts i.e. N-A-S-H (sodium-only-substituted C-§-H gel), C-A-S-H (aluminum-only-
substituted C-S-H gel) and C-S-H. To further elucidate on the latter, it is expected that C-
(N)-A-S-H gels will be expressing structural similarities to the aforementioned phases, and
their differences will be the second main topic of this investigation, along with the influ-

ence of age on the samples.



Literature Review

1.1 INTRODUCTION TO CEMENT CHEMISTRY

CALcIUM SILICATES offer a vast range of intricacies (Table 1.2) in their structural morphol-
ogy*. This umbrella term includes all crystalline structures that occur naturally within the

mix by the hydration of tricalcium silicate (C,S) or B—dicalcium silicate (8 — C,S) at ap-



proximately 75% of the total Portland cement*. Table 1.1 shows the conventions used to
represent the various phases we will be discussing **; The following is the reaction process
of production of Ordinary Portland Cement (OPC) is estimated to generate s — 8% of the
total humanmade greenhouse gas emissions globally *.

The French chemist Henry Louis Le Chatelier first elaborated the hydration process in
cement . It starts with dissolution where, the cement releases ions into the water mix*.
The resulting ionic A, O mix is called the pore solution, which contains highly soluble ions
from C,S and C,A4 that increase as the cement and water are combined **. Precipitation oc-
curs when the mix is supersaturated, and the main precipitates are the hydration products,
which are control the main properties of concrete (such as strength, porosity etc.). Precipita-
tion also relieves the supersaturation of the mix, thus allowing more ions to be introduced.
In this manner, ions dissolve in water and new hydration products (different from the start-
ing chemicals) precipitate in a continuous process mediated by the pore solution as neces-
sary”.

The hydration process can successfully take place in limited amounts of water”. The su-
persaturated solution aforementioned also contains alkali concentrations, an effect outlined
and demonstrated experimentally by Longuet et al., by extracting pore fluid and measuring
its alkalinity, which ranged from o.1 — 144*°. Some alkali also end up binding with cement

paste consituents and changing the internal nanocrystalline structure of the material®. In



Table 1.1: Basic Cement Chemistry Notation

Oxide form Notation

CaO C
SiO2 S
Al.O3 A
Fe203 F
SO3 S
H20 H

Table 1.2: Various Cement minerals and products during mix binding and gel formation

Chemical Name Chemical Formula Oxide Formula

Tricalcium Silicate Ca,SiOs 3Ca0.5:0,

Dicalcium Silicate Ca,5i0, 2Ca0.5i0,

Tricalcium Aluminate Ca, AL, O 3Ca0.A4l,0,

Tetracalcium Aluminoferrite  Ca, AlFeO; 4Ca0.A41,0,.Fe, O,

Calcium hydroxide Ca(OH), Ca0.H,0

Calcium sulfate dihydrate CaSO, 2H,0 Ca0.50,.2H,0

Calcium oxide CaO CaO

Calcium Silicate Hydrate H,Ca0,Si 0.6 —2.0C20 - §5i02 - 0.9 — 2.sH,0

the case of alkali-activated binders therefore, the introduction of sodium or potassium al-
lows for interesting properties such as chemical (acid) resistance and high-temperature resis-

tance, along with reductions in CO, emissions**".

1.2  EXISTING LITERATURE

EXISTING LITERATURE COVERING C-(N)-A-S-H gels focuses on specific aspects of the
structure and chemical composition of the material and research that tested multiple pa-

rameters at once using a range of instruments is rather limited. Papers covering a singular

Cement Notation
C,S

C,S

C,A

C,AF

CH

CSH,

C

C-S-H



aspect of the gel were used to determine the exact chemical composition of the samples syn-
thesized in this study and the literature covering multiple parameters of the C-(N)-A-S-H
gels were used to justify the acquired results. L’Hopital et al.* investigate the aluminum
uptake of C-S-H gels in the presence and absence of alkalis, in which they provided a Ca/Si
ratio of 1.0 and an Al/Si ratio of 0.33. They observed formation of C-A-S-H gels at Al/Si
<o.1and an increase in the free aluminum present in the mix and its subsequent incorpo-
ration in the C-A-S-H gel. Additionally, the formation of additional phases such as katoite,
stratlingite, 4/H, and other AFm phases limited the aluminum uptake in the C-S-H gel to a
ratio of Al/Si ~ o0.1. The addition of alkali in the C-A-S-H mix limited the uptake even fur-
ther, to Al/Si ~ 0.23, a behavior compatible with other studies of C-A-S-H gels of higher
alkalinity forming in Portland cements’. L’Hoépital et al.”” also tested the alkali uptake in
C-A-S-H gels of molar Ca/Si and Al/Si ratios of 0.6 - 1.6 and o or 0.05 respectively over a
12-month course, and observe how alkalinity affects the nanostructural evolution of the

gel. Most notably, there were no significant differences in the uptake of sodium vs. potas-
sium, which ultimately stops at o1 days””. L’Hoépital et al thus introduce upper limits in
mix design while also delineating a new one, namely one that covers much higher alkalin-
ity and a different combination of molar Ca/Si and Al/Si ratios. Lodeiro et al.” introduced
higher alkalinity in their experiment, with a ;oM NaOH solution to maintain a pH of 13

throughout testing. They performed FTIR analysis -also included in this study- as a means



of quantifying Si interconnectivity in the samples. Different amounts of 8M NaOH was
introduced in the samples and characterized with Fourier transform IR spectroscopy™. A
very important finding, namely the linear relationship between carbonation and alkalin-

ity of samples sheds light on CO, peaks appearing in older samples in the series, despite the
careful manipulation and transfer in N, environments. Kobayashi and Uno™ exhaustively
investigated the carbonation of concrete in relation to alkali content using fast-rate carbona-
tion environments, and their 1990 finding confirms that alkalinity in the mix leads to higher
levels of carbonation in concrete. The following describes the exact mechanism of carbona-

tion, suggestive of a close relation with the pore structure in the mix':

Ca(OH), + CO, = CaCO, + H,0 (L1)

or, if rewritten using the ions responsible for the carbonation:

Ca’™ + CO (orHCO; ) — CaCO, (1.2)

Finally, Black et al.” explore the effects of carbonation of C-S-H gels using Raman spec-
troscopy and X-ray diffraction. The novelty of the experiment is in the subsequent result,
in which they concluded that the type and extent of carbonation are tied to the CaO/SiO2

(Ca/Si) ratio of the original samples’. Calcium carbonate crystallizes, over time, to give pri-



marily vaterite at Ca/Si>0.67 and aragonite at Ca/Si<o.50°(not relevant in this study).
C-A-§-H phases with Ca/Si ratios >0.75 proved to be the most resistant to carbonation’,
which was incorporated in the current experiment. With that in mind, significant steps

to prevent carbonation of samples were taken, such as N, glovebox environments during
handling and transfer of materials and the use of N, gas for the sample atmosphere during
thermogravimetric analysis.

Calcium silicate hydrate (C-S-H) is the largest cement reaction product by volume, oc-
cupying s0% of the total paste*. The continuous matrix of gel spreads across the entire ce-
ment paste and forms tiny pores in its main body called gel pores*. The ability of C-S-H to
contribute to the overall strength of cement can be observed on the nanometer-scale struc-
tures it forms*. And, at that scale, the intricacy of the structures makes understanding the
exact mechanisms a daunting task.

The alkaline activation of silica- and alumina- rich materials is less understood than that
of slag since research has not been ongoing for as long as the latter®. A mechanism suggested

by Glukhovsky in 1994 proposing a 3-stage reaction:

* destruction-coagulation: OH ™~ ions in the alkaline activator break the Si-O-Si bonds?.
This process yields silanol (-Si-OH) and sialate (—Si — O~) species®. The alkaline
cations neutralize the charges and the formation of $z? 0?7 Nzt bonds prevents the

reversion to siloxane (Si?O?Si)®.
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Figure 1.1: Destruction-coagulation schematic. Adapted from [7].
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Figure 1.2: Destruction-coagulation schematic. Adapted from [7].

* coagulation-condensation: Coagulation of structures occurs via accumulation of
ionic species that brings the disaggregated products closer together®. Monomeric
silica forms dimers via new Si-O-Si bond formation, which gives rise to silica poly-
mers (all assisted by OH ™ catalysis®. These clusters subsequently grow into larger
structures called colloids®. Finally, the aluminates assist the polymerization process,

replacing silicon tetrahedra®.

* condensation-crystallization: This stage is dominated by further product precipita-

tion, by nature of particles being present in the initial solid phase®.

However, this model was revised by Palomo et al. and then Fernandez-Jimenez et al in
2005 and it described the alkaline activation of fly ash based on zeolite synthesis®. The two
stages in this process are as follows:

I0



H
7

Al
HO*" | “~OH
0
H
(HO),Si=0" + 8i~OH = [(HO),Si-O ... $i-OH] — [(HO),Si-O8iOH]” ——
(OH); (OH); (OH);

[(HO),Si—O-Si~(OH), + OH] — [(HO);Si-O-Si ... OH]" «—Y
|
(OH")3

Figure 1.3: Coagulation-condensation schematic. Adapted from [7].

1. nucleation or the dissolution of the aluminates via polymerization(covering both

stages in the Glukhovsky model)*;

2. growth of crystals when nuclei reach a critical point. The alkaline activation of fly
ash yields an amorphous matrix of an aluminosilicate gel called N?A?S?H gel®, also
known as alkaline inorganic polymer (AIP)®. Its silicon and aluminium tetrahedra

are randomly distributed in a 3-dimensional structure”’.

®Si®A @O0®™Na OH
}'ﬁ:i;."v to Y4
e O
a0 = -

Dissolution Phase rich in Al Phase rich in Si Polymerisation

Figure 1.4: Model of N-A-S-H gel formation, proposed by FernZndez-JimZnez et al. , 2005b and revised by Shi et al.,
2011. Adapted from [7].

I1



Figure 1.5: Molecular structure of N-A-S-H gel. Adapted from [7].

Finally, the main reaction product forming in slag-based alkaline cements is an aluminium-
containing calcium silicate hydrate (C-A-S-H gel)®. This gel is reminiscent of the reaction
products observed in Portland cement hydration, but with a lower Ca/Si ratio®. C-A-S-H

gel ratios usually range from 0.9 to 1.2°.

12



The final study that informed the FTIR processes followed in the current investigation
is the exploration of the compatibility between C-S-H and N-A-S-(H) gels as products of
Portland Cement hydration and alkali activation of fly ash respectively*. And, as with other
research investigating the effects of alkalinity on the gels, the pH level was found to play a
determinant role in both C-S-H and N-A-S-(H) gel synthesis, with C-§-H gel forming at
pH>1 and N-A-S-(H) gel at pH>12.

With regards to alkali-aluminum interrelationships in the formation of the alkali-activated
binders in question, Lodeiro et al.” further investigated the simultaneous addition of al-
kali and aluminum and their interrelated effects on the silica connectivity of the gels. It was
shown that silicate polymerization increases by both alkalinity and aluminum addition in
the samples and introduces a crystalline calcium aluminosilicate precipitate”. However, the
sole addition of aluminum and its effects on the structure of C-S-H was not investigated
independently of alkalinity changes. Sun et al” investigate the role of Al in C-S-H gels us-
ing X-ray diffraction, compositional analysis, and 29Si and 27A1 MAS NMR spectroscopy
on an Al-substituted tobermorite-type C-A-S-H gel. They found that the various coordi-
nations of Al, namely Al[4], Al[s], and Al[6] coordinations contributes to the structural
properties of the gel(Fig. 1.6); more specifically Al[4] forms in the drierkette aluminum-
silicate chains and Al[s] and Al[6] in the interlayers of the structure™.

In a more time-based, serial manner, White et. al** (2013) investigate the evolution of

13



metakaolin-based geopolymers in the early stages of gel formation using X-ray distribution
function analysis. The method aforementioned sheds light in the specific atom-atom cor-
relation in the gel matrix and its interaction with free elements in the mix under different
chemical compositions and alkalinity. The short-scale structural changes of the different
chemical systems during the alkali-activation reaction involve both the incorporation of
free silica and calcium in the evolving morphology . As an extension to the research above,
White et al.”” determined the short-scale bonding and nano-crystalline structures present in
hydrated tricalcium silicate (C3S), blended C,S-slag and alkali-activated slag, that illustrated
the difference between CSH gels from C,S and more importantly, C-(N)-A-S-H gel in slags.
This provides validity in the study of synthetically-derived gels as a potential replacement
for conventional OPC cements, since the differences are actively being investigated and out-
lined using techniques such as tomography/microdiffraction combinations, post-processed
with PDF analysis”. Additionally, the elucidation on the impact of mix design provided
by the research above indirectly creates the area of study of C-(N)-A-S-H gels that has not
been fully investigated i.e. precise alkalinity levels at both extremes. Finally, the density of
the data provided by PDF analysis is covered in length and is presented as a main tool for
investigating the relationships expounded above.

Even though all of the research above concerns itself with the exact chemical compo-

sition and evolution of the gels over time, the precise structure and geometry of the gel

14



and the pores bridging them is of equal importance. Provis et al.”” explore the pore net-
work and microstructural characteristics in three dimensions using X-ray microtomogra-
phy («CT), using a synchrotron beamline instrument. They found out that increases in
slag content and sample age increase tortuosity and reduce porosity, particularly notable in
samples with > 50% slag content, which is correlated to the presence of a space-filling cal-
cium (alumino)silicate gel”. The domination of space-filling C-A-S-H gels occurs within a
25% < p < 50% window, and samples with less than 25% slag content experienced a dom-
ination of N-A-S-(H) gels, which do not chemically bind water and induce a smaller degree

of pore network obstruction®

Qzu

QZ,(1Al)

1».

HH* °
Interlayer

Dreierketten chain

Calcium oxide layer
L] L L L] e L L
| V' . W Dreierketten chain
i i QS( 1 Al) Interlayer

Figure 1.6: Structure of C-A-S-H. Grey circle calcium ion; Empty circle species in the interlayer (water or alkali); Light
grey tetrahedra SiO4, dark grey tetrahedra 4lO7 ; —: negative charge (compensated by proton, calcium or other
cations). Q?mAl) n indicates the numbers of Si neighbors and the number of aluminum neighbours, &: bridging posi-
tion, p: pairing position.Used notation system from [5].
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Materials & Methods; Background Theory

2.1 BACKGROUND THEORY

2.1.1 X-RAY DIFFRACTION

X-ray diffraction is an ideal analytical technique to characterize crystalline, fine-grained ma-

terials*®. The individual cement phases yielded from the analysis offer insight in the crystal

16



structural properties of the material under investigation. The crystalline structure diffracts
X-rays and produces an XRD pattern of peaks and valleys at specific diffraction angles™.
The diffraction angle is determined via symmetry and sizing of the unit cell using Bragg’s

Law,

n\ = 2dsind (2.1)

where n is an integer and A is the wavelength of the incident wave, 3 is the scattering an-
gle and d is the interplanar distance between Specifically with regards to cements, whether
anhydrous or hydrated are present in the material . Therefore, this technique determines
the various peaks that appear in the data are indicative of various phases present in the mix ™.
However, this alone is extremely insightful in understanding the exact nanocrystalline struc-
ture of the materials and potentially improve upon it.

All of the above are practical considerations based on a concise theoretical model that al-
lows for the implementation of the method using modern, state-of-the-art machinery. Fur-
ther investigations into improving the measurement tools will allow for more precision and

clarity in the results presented in Chapter 4.
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2.1.2  PAIR DISTRIBUTION FUNCTION ANALYSIS

The pair distribution function (PDF) G(r) (Eq. 2.2) is obtained via a sine Fourier transform

of the total scattering function $(Q), with Q being the momentum transfer (Eq. 2.3)*".

Q=0Qmax
Gr) = /% /Q . 98(0) ~ in(@dg (22)
4mwsind
= (23)

PDF data is typically obtained using synchrotron radiation due to the need for a high

Qmax .

2.1.3 THERMOGRAVIMETRIC ANALYSIS

Thermogravimetric analysis is used to identify the amount of bound water and portlandite
in the mix and thus follow the reaction of Portland cement or to benchmark the reactivity
of supplementary cementitious materials (SCM’s)*°. Its ability to detect X-ray amorphous
hydrates (which would not show up in a typical X-ray diffraction measurement due to their
lack of a long-range structure) such as C— S — H or .4H, makes it a suitable complementary
method to other measurements such as X-ray diffraction above ™. The TGA measurement

is strongly dependent on the exact conditions present at the time of the experiment, such as
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the pan used, the heating vessel, the heat rate, the gas environment etc. This makes it difhi-
cult to replicate TGA experiments from one lab in another, but with enough accuracy the
results can be replicated within the same lab for multiple samples (as is the case in this inves-

tigation).

2.1.4 ATTENUATED TOTAL REFLECTANCE AND FOURIER TRANSFORM IR SPECTROSCOPY

FTIR Spectroscopy is an extremely useful technique in identifying the kinds of molecules
and atomic arrangements present in the sample and their exact amounts. In the same way
that TGA uses heat and XRD X-rays, FTIR uses ligh.

Light or electromagnetic radiation is composed of the electric and magnetic vectors (elec-
tric and magnetic waves propagating at 9o° from each other. The beam hits an interferom-
eter and splits into two paths 4 and 10c7 and then recombines into a single outgoing beam
that is interpreted by the light receiver (Fig 2.1)**. More specifically with regards to atten-
uated total reflectance (used in this investigation), the instrument is based on internal re-

flectance as shown in Fig. 2.2,
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Table 2.1: Weight losses and molecular weights for CO, and H, O of relevant cementitious phases *°

Name
Gypsum
Hemihydrate
Anhydrite
Portlandite
Calcite
Aragonite
Vaterite
Magnesite
Dolomite
High-Ca
Low-Ca
Ettringite
Thaumasite
Monosulfate
Monocarbonate
Hemicarbonate
Friedel’s salt
Kuzel’s salt
Stratlingite
Hydrotalcite

Katoite

Aluminium hydroxide

Formula
CsH,
CsH,
Cs

CcMc
C-S-H
C-S-H
CeAs,H,,
C,SscH,s
C,AsH,,
C,AcH,
C,Aco H,
C,AClLH,
C,ACls, H,,
C,ASH;
M, AH,
C4A[_]I9
C,AH,
C,AH,
C,AH,
CAH,
AH,

MW (g/mol)
172

145

136

74

100

100

100

84

184
Ci1.5SH2
CSHi1.5
1255
623

623

568

564

418

443
669

378
349
338
156

20

H,Oloss (g/mol)
36
9

18

44
88

180
140
576
270
216

216
561
610
144
180
342
234
108
135
180

54

H,O (wt.%)

20.9
6.2

24.3
44
44
44
52.2
47.7
36
27
45-9
43.4
34.7
34.9
38.3
180
216
34.5
40.6
5I.2
41.8
28.6
38.7
533
34.6

CO, loss (g/mol)

20
19.3

44

44
22

32.1
35-4
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Figure 2.1: Simplified schematic of an interferometer. Adapted from [23].
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Angle of refraction, 8y

Refracted beam,
Surface normal
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Sample, ng

ATR crystal, n,

Internally reflected beam, IR beam
Total if 8, = 8,

Angle of
reflectance, 6;  Angle of incidence, 8,

Figure 2.2: Simplified schematic of an internal reflection instrument. 3. is the critical angle. Total internal reflectance
takes place when 7, < 7. and 3; > 3%, Adapted from [23].

The critical angle ¥, mentioned above can be calculated in the following manner:

3, = sin_l(ﬁ) (2.4)

¢

The critical angle for diamond is n=2.42 and the material angle will be influencing ex-
actly how much light will penetrate the sample and return back to the receiver, as illustrated

in Fig. 2.3.
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Pressure

To detector

Figure 2.3: Simplified schematic of an ATR crystal. Adapted from [23].

The depth of penetration (Eq. 2.5) contains the final wavenumber W, which is what
shows up on a typical ATR-FTIR graph and what is the most important piece of quanti-

tative information in the result.

I
DP = .
[ZWW,,(JinZS — nzyc)]O-s (2.5)

Where, DP = Depth of penetration, W = Wavenumber, 7, = Refractive index of ATR

- "
crystal, ”6= Angle of incidence and 7, = ~**
Nerystal

2.2 MATERIALS & METHODS

THE SAMPLES WERE MIXED in an inert environment (N, glove box to minimize CO, con-

tamination) using a high-accuracy scale to measure the exact quantities of the ingredients
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for each sample. Namely, 0.355g of fumed silica powder (Si0,, 0.2-0.3nm average particle
size), 0.263g of calcium hydroxide (Ca(OH),, 96.0% purity) and 0.049g of sodium alumi-
nate powder (Na.AIO,, technical, anhydrous; Composition: s0-56% Al (A1,0;) and 40-45%
Na (Naz,0)) were used for the o.sM along with 0.255g, 0.377g and 0.035g of the same in-
gredients in that order for the sM samples. NaOH pellets (ACS reagent of 97.0% purity)
and distilled H2O were used to create the NaOH solution that was prepared separately and
added to each of the sample containers after the main ingredients were mixed. More specif-
ically, 30g of solution were added to each of the sample containers after the NaOH bottle
dissolved and cooled down.

Preparation of samples: The ingredients were added in 10z, wide mouth PP bottles (Fisher-
brand®) in the order aforementioned and sealed with laboratory film (Parafilm®) to mini-
mize CO, infiltration in the mix. The bottles were then placed on an orbital shaker plat-
form that was running for the entirety of the experiment (3 months) at 300 rpm, with sam-
ples taken out on the 4, 10-day and 1,2 and 3-month marks. The solids were then separated
from the supernatants using two qualitative filter papers (5.5 cm size, VWR®) placed in a
porcelain Buchner filter (CoorsTek®60240 Buchner Funnels, Ceramic, 87 mL, 8chr/cs)
atop a Erlenmeyer vacuum flask (VWR®, rooomL with No. 8 stopper) and treated for 2
minutes or until the solids were dry. Finally, they would be left to dry further in the N2

glovebox for five days and then capped and transferred to the appropriate vessels for testing.
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The following table summarizes the samples that were measured: (the naming system is
as follows: [sampleidentificationnumber|;Ca/Siratio||alkalinity]. The Al/Si ratio was not
incorporated into the naming system since it is the same across all samples. $i0,, NaAIlO,
and Ca(OH), refer to the amount added in each sample in g, NaOH is the final amount
of NaOH solution added in each sample in mL & H,0 & NaOH (s) are the amounts re-
quired to create a large batch of NaOH, which was subsequently divided into individual

somL batches for each sample.
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Table 2.2: Stoichiometric ratios of the various C-(N)-A-S-H gels analyzed in this thesis.

Ca/Si Al/Si NaOH(M) SiO, Ca(OH), NaAlO, NaOH(mL) H,0 NaOH s)

1a_0.6_ o.sM 0.6 o.1 0.5 0.355 0.263 0.049 30 240 4.8
ib 0.6 SM 0.6 o.1 5 0.355 0.263 0.049 30 240 48
ic_ 1.2 o.sM 1.2 0.1 0.5 0.255 0.377 0.035 30 240 4.8
id 1.2 sM 1.2 o.1 5 0.255 0.377 0.035 30 240 48
2a_0.6 o.sM 0.6 0.1 0.5 0.355 0.263 0.049 30 240 4.8
2b 0.6 sSM 0.6 o.1 5 0.355 0.263 0.049 30 240 48
2¢_ 1.2 0.sM 1.2 0.1 0.5 0.255 0.377 0.035 30 240 4.8
2d 1.2 s M 1.2 0.1 5 0.255 0.377 0.035 30 240 48
3a_0.6_o.sM 0.6 o.1 0.5 0.355 0.263 0.049 30 240 4.8
3b_ 0.6 sM 0.6 o.1 5 0.355 0.263 0.049 30 240 48
3c_1.2_ o.sM 1.2 0.1 0.5 0.255 0.377 0.035 30 240 4.8
3b_ 12 sM 1.2 0.1 5 0.255 0.377 0.035 30 240 48
4a_0.6_o.sM 0.6 0.1 0.5 0.355 0.263 0.049 30 240 4.8
4b 0.6 sSM 0.6 o.1 5 0.355 0.263 0.049 30 240 48
4c_1.2_o.sM 1.2 o.1 0.5 0.255 0.377 0.035 30 240 4.8
4d 12 sM 1.2 o.1 5 0.255 0.377 0.035 30 240 48
sa_0.6_ o.sM 0.6 o.1 0.5 0.355 0.263 0.049 30 240 4.8
sb 0.6 sSM 0.6 0.1 5 0.355 0.263 0.049 30 240 48
sc 1.2 o.sM 1.2 o.1 0.5 0.255 0.377 0.035 30 240 4.8
sd 1.2 s M 1.2 o.1 5 0.255 0.377 0.035 30 240 48
6a_0.6 o.sM 0.6 o.1 0.5 0.355 0.263 0.049 30 240 4.8
6b 0.6 sSM 0.6 o.1 5 0.355 0.263 0.049 30 240 48
6a_1.2 o.sM 1.2 o.1 0.5 0.255 0.377 0.035 30 240 4.8
6a_12_ sM 1.2 o.1 5 0.255 0.377 0.035 30 240 48
7a_0.6_o.sM 0.6 o.1 0.5 0.355 0.263 0.049 30 240 4.8
7b 0.6 sSM 0.6 o.1 5 0.355 0.263 0.049 30 240 48
7¢_1.2_ 0.sM 1.2 0.1 0.5 0.255 0.377 0.035 30 240 4.8
7d 1.2 sM 1.2 o.1 5 0.255 0.377 0.035 30 240 48
8a 0.6 o.sM 0.6 0.1 0.5 0.355 0.263 0.049 30 240 4.8
8b 0.6 s M 0.6 o.1 5 0.355 0.263 0.049 30 240 48
8c_ 1.2 o.sM 1.2 0.1 0.5 0.255 0.377 0.035 30 240 4.8
8d 12 sM 1.2 o.1 5 0.255 0.377 0.035 30 240 48
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The characterization of C-(N)-A-S-H gels was carried out as follows:

1. Thermogravimetric analysis (TGA) to acquire data on the water content of the sam-
ples. This was performed by heating the samples to 1000 °C using a ramp rate of
10 °C/min in a N2 environment. A PerkinElmer Pyris 1 Thermogravimetric ana-
lyzer was used, along with a platinum pan and approximately romg of each sample
for every run. In between runs, the pan was washed using demineralized water and

ethanol and stored in a drying oven at 150°.

2. X-ray diffraction data from the Bruker Advance D8 XRD and the Advanced Photon
Source at Argonne National Laboratory, to acquire data on the crystalline phases
that exist in the samples at different times in the evolution of the gel; The samples
were placed in imm diameter, 2 inch length polyimide capillaries for analysis, after
they were dried in a N, gas glove box for an additional five days at the end of their
respective growth period. With regards to the data extracted at Argonne, a detector
plate at 168mm from the sample was collecting the scattered X-rays from the source.
The data conversion from 2-D to 1-D was via the Fit2D software and a CeO, capillary

mounted on the first slot of the sample changer for calibration purposes ™",

3. For the laboratory-based XRD measurements (Bruker Advance D8), the samples
were measured using an Ag-radiation source (wavelength of 0.56 A) and a parallel

geometry setup for data collection. A Gobel mirror was employed along with Soller
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slits (on the primary and secondary path) and an exit slit of 1.2mm on the primary
path. The sample was loaded and aligned on a goniometer head, and was rotated at
a speed of 6o rotations/min during measurement. The secondary path divergence
slit was set to be fully open (at 6mm), and a Lynxeye detector was used to collect the

data.

. Pair Distribution Function Analysis using the XRD diffraction data obtained from
the Advanced Photon Source at Argonne National Laboratory in Chicago. Samples

were mounted on 28-slot sample changers ("cassettes”) in the following manner:

(a) Finely ground powder was placed in polyimide capillaries;

(b) epoxy-sealed on both ends and cleaned from any areas that will make contact

with the beamline;

(c) the capillaries were trimmed to 19 mm.

2.8



Figure 2.4: Best practices for capillary loading to yield maximal signal from the beamline®. Refer to Appendix A for
full capillary loading practices at 1_/D_B.

e —I

Data reduction were executed using PDFgetX2, with a value for Q,,, = 20A

5. Attenuated Total Reflectance in conjunction with Fourier Transform Infrared Spec-
troscopy (ATR-FTIR) to shed light on the extent of the silica connectivity in the
samples during various stages of evolution. A PerkinElmer Frontier FT-IR Spectrom-
eter with a Universal ATR Sampling Accessory was used, with a N2 gas flow to purge
the instrument and thus enable the detection of water content and carbonate phases
in the material. A total of approximately 20mg of each sample were pressed under

40 instrument pressure units to create the ideal conditions for a 32- pass scan up to

29



sooHz. The sample was in the form of a very soft solid.
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Results & Discussion

As DESCRIBED IN THE MATERIALS AND METHODS CHAPTER, the main techniques used
to investigate the effects of time and alkalinity in the silicate structure and general mor-
phology of the gel were Attenuated Total Reflectance Spectroscopy (ATR) to investigate

the level of silica interconnectivity, X-Ray Diftraction to acquire the crystalline structure
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of the material in different phases in time and Thermogravimetric Analysis to determine
the amounts of water present in the samples and the density of the structure itself (which
appears as weight loss at higher temperatures in the graphs below). Individually, the tests
showed significant changes in the morphology of the gel, but the results from the three dif-

ferent tests synergize in order to give a more complete picture of the gel’s structure.

3.1 ATR SPECTROSCOPY

The time series involved a 4-, 10- day and 1-, 2- and 3- month intervals for four combinations
of Ca/Si ratios and alkalinity. The 700-1200 ¢7_, band for the 4-day results of the early day
formation of the gel (Figure 3.1 or A.1) shows a shift of the main peak, attributed to $ — O
stretching vibrations® to lower frequencies, with an increase in alkalinity (samples 1b and
1d). The bands of the 0.sM gels (samples 1a and 1c) are wider and centered at higher fre-
quenciesi.e. & 96ocm *and & g9socm ™ for samples 1a and 1c respectively, which points

to a higher Si0, content and polymerization in the crystalline structure®**. @% and Q*
sites (Q°,0", Q%@ and Q* is notation used in *Si-nuclear magnetic resonance spectroscopy
for silica with four oxygens attached to it and the superscripts o-4 indicate the number of
silica units attached via the oxygen to individual silica atoms®) are theorized to exist in the
sample, given the high levels of polymerization that take place in the latter pair of samples®.

This is likely due to the presence of unreacted silica fume, which is predominantly 9* On
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the other hand, the high-alkali samples show Si-O peaks at lower frequencies, indicating the
complete dissolution of silica fume and aluminum in the structure?, which can be assigned
to stretching vibrations of Q? tetrahedra bonds*. The structures utilize the availability of
calcium content in the mix in this higher alkalinity environment more, and subsequently
lower the degree of polymerization®***. To further prove this, it is worth noting the dif-
ference in samples 1b and 1d, where the latter has a higher Ca/Si ratio and thus exhibits a
smaller degree of connectivity i.e. higher %4 than the former (and across all samples of this
age, given the highest alkalinity and Ca/Si ratio introduced in the experiment). This also ex-
plains why the band for sample 1c exhibits a much higher degree of polymerization than 1a
(purely in terms of the Ca/Si ratio present in the mix). The results for the 10-day and 1- and
2-month samples also exhibit similar trends (See appendix A, A.3, A.s, A.7. Namely, the
lower alkalinity samples exhibit a higher degree of polymerization (due to unreacted silica
fume present) and its relationship with Ca/Si is also inversely proportional(Fig. 3.2, 3.3 and
3.4). However, the 3-month samples (Figure 3.5 or A.9) show a translation of the curves to
alower frequency range at & 750 — 830Hz. A proposed model Macphee suggests that the
aging of alkali-activated binder gels containing Ca could potentially lead to higher polymer-
ization levels***, which could sufficiently explain the above observation. Nonetheless, the

behavior of the gels across the various Ca/Si-alkalinity combinations is the same as with the

previous time steps.
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Another disturbance is also observed at = 810 — 820cm ", which corresponds to car-
bonate C-O bond stretching vibrations® (Fig. 3.1, 3.2, 3.3, 3.4). Hence, carbonation of the
samples could not be completely avoided using the method outlined in chapter 2.

Looking at the full ATR-FTIR curves of the samples, we observe various band differ-
ences between samples across the s00-4000c72™* spectrum. Table 3.1 summarizes the inten-
sities of the different bands at various intervals across the spectrum ™, one that is consistent
across all sample ages. At 2800c¢77" the curves for the higher alkalinity samples (1-sb and 1-
sd) experience a drop in the transmission levels, when compared to the curves for the lower
alkalinity samples (1-sa and 1-5¢c). This 2800¢7 ™" band corresponds to the introduction of

sodium through the NaOH solution in the binder*.
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ATR-FTIR curves: 4-day samples
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Figure 3.1: ATR curve detail of the silica band for 4-day C-N-A-S-H gel samples. The sample names follow the sys-
tem: [timestep number and series letter]_[Ca/Si ratio]_[alkalinity].

ATR-FTIR curves: 10-day samples
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Figure 3.2: ATR curve detail of the silica band for 10-day C-N-A-S-H gel samples.




ATR-FTIR curves: 1-month samples
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Figure 3.3: ATR curves of 1-month C-N-A-S-H gel samples.

ATR-FTIR curves: 2-month samples
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Figure 3.4: ATR curve detail of the silica band for 2-month C-N-A-S-H gel samples.




ATR-FTIR curves: 3-month samples
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Figure 3.5: ATR curve detail of the silica band for 3-month C-N-A-S-H gel samples.
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ATR-FTIR curves: 4-day samples
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Figure 3.6: Full spectrum ATR curves of 10-day C-N-A-S-H gel samples.
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Figure 3.7: Full spectrum ATR curves of 10-day C-N-A-S-H gel samples.



ATR-FTIR curves: 1-month samples
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Figure 3.8: ATR curves of 1-month C-N-A-S-H gel samples.

ATR-FTIR curves: 2-month samples
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Figure 3.9: Full spectrum ATR curves of 2-month C-N-A-S-H gel samples.




ATR-FTIR curves: 3-month samples
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Figure 3.10: Full spectrum ATR curves of 3-month C-N-A-S-H gel samples.

3.2 X-Ray DIFFRACTION

The X-Ray Diffraction results cover an important °29 range that gives us valuable informa-

tion on the crystalline phases and their evolution over time. Using the Bruker DIFFR AC.SUITE
EVA analysis software on the 4-day curve for sample 1d_1.2_sA4 (chosen first since it ex-

hibits a strong diffracting response), we identify the first peak at a 23 of 6.5° as portlandite

(in the form of C4(OH),). The most intense signal appears at = 10.5° over a whole degree

(10 —11°29), corresponding to a nanocrystalline phase of C-S-H (C20-Si0,- H,O0 C—S— H)
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visible at those angles. The amount of this C-S-H phase is driving the height of the peak i.c.
the more intense it is, the higher the amount of the particular phase is diffracting, thus lead-
ing to a more pronounced curve. Similarly, the peaks appearing at ~ 11.5°, & 17.5°, & 19.5°,
~ 21° and ~ 23° all correspond to calcium silicate hydrate (C20-Si0,-H,0 C—S— H) at dif-
ferent °23. The peak at ~ 12.3°29 also corresponds to a portlandite phase (in the same form
of Ca(OH),). Samples 1a_o.5_o.5M,1b_0.6_sMand 1c_1.2_o.5M express similar trends,
but the peaks aforementioned are much subtler and in most of them give a weaker signal.
For example, the & 6.5° peak appears as a short hump of relative intensity shorter than

0.3 units. This indicates that portlandite did not form under the specified conditions. The
same applies to the & 17.5° peak. Finally, the trends elucidated above are evident across all
time steps, but their relative intensity changes. This is due to the phases developing further
with time in terms of quantity. The signals that were lower than the distinct peaks in sam-
ple1d_1.2_sAMi.e. samples1a_o.5_o.sM,1b_o0.6_sMand 1c_1.2_o.5M remained similar in
the low peaks that they exhibited or intensified slightly with time.

An interesting effect observed was also the creation of “shoulders” next to distinct peaks.
This is an instrumental anomaly present in the Bruker 8 XRD model used to make the mea-
surements. More specifically, the X-ray emitter possesses both AgKa, and AgKa, wave-
lengths, and the slight difference between the angles of diffraction creates the “mirroring”

effect that is observed across the diffraction results.
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3.3 PAIR DISTRIBUTION FUNCTION ANALYSIS

The detailed X-ray PDF’s for two samples with Cz/S7 ratio of 1.0 and alkalinities of 0.sM
and sM are shown in Fig.3.11. Fig. 3.13 presents features at large r values (» > 10A) and con-
firms that the substances are nanocrystalline, as opposed to amorphous”. This means that
the atomic structure can roughly be described using the bulk crystalline structure (periodic
unit cell) using a nanospaced shape function”. In the case of an amorphous material, in or-
der to be eligible for analysis using a shape function, the data would have to be truncated
below 104, impossible for a nanosized particle”.

The peaks below ~ 1A are termination errors or imperfections in the correction data ™.
As mentioned in White et al.”, the gel is amorphous above 8A (Fig. 3.12.and 3.13) and since
there are no atom-atom correlation past that region, the amorphous phases yield no spiking
in the graph’. Thatis, the range 6 < » < 40A will be unchanged in terms of the nanocrys-
talline order of the C-(N)-A-S-H gel*””. The importance of the medium range ordering of
the samples is evident by the intense peaks and fluctuations as a result of changes in the al-
kalinity of the mix. More specifically, we see reductions in the interatomic distances in the
Si—0,Ca— 0,0 — O, Si — 8i, Si — Ca, and Ca — Ca peaks (Fig. 3.11). X-ray PDF analysis
is the ideal option in this case because the calcium (alumino)silicate framework structure is

dominated by scattering of heavier elements present in the gel, namely Ca and Si*.
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Figure 3.11: Detail of X-ray PDF’s for samples of low and high alkalinity and fixed Ca/Si and Al/Si ratios.
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Figure 3.12: Half-spectrum X-ray PDF’s for samples of low and high alkalinity and fixed Ca/Si and Al/Si ratios.

45



PDF Curves
o . Ca/Si: 1.0 Al/Si: 0.1
—0.5M
8 f —5M
6
4
i
:iu ﬁﬂﬁi\f\ﬂa AN A A M LA A
% (,\J VW\]VVV’W A\ A A V"'V\" A = =4
-2
4
-6
8
1o 0 5 10 15 20 25 30 35 40
r(A)

Figure 3.13: Full X-ray PDF’s for samples of low and high alkalinity and fixed Ca/Si and Al/Si ratios.

3.4 THERMOGRAVIMETRIC ANALYSIS

Thermogravimetric Analysis is used to determine the amount of water in the sample and
also the degree of densification of the gel morphology by nature of the temperatures at
which the water escapes the matrix. In the 4-day sample curves (Fig. 3.14, the higher alka-
linity samplesi.e. 15_0.6_sAM and 1d_1.2_sM experience the most intense weight loss per-
centage that starts at = 100° C and ends at ~ 200° C, while the samples with lower alkalinity

experience the same effect until ~ 180°C. At those temperatures, the volatilization of 4,0
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at various states of absorption in the mix** is the most important process driving the weight
loss. As reported in Rivera et al *, the rapid weight loss at &= 50° Cis tied to loss of free H,0
and the gradual loss at & 450° C'is attributed to dehydration of the C2(OH), and addi-
tional loss of H,O in the interlayer region, pores and other regions of the C-S-H gel with
chemically bound water . It is evident across the curves of all time steps that the high alka-
linity samples i.e. 1—sb_0.6_sM and 1—sd_1.2_sM lose a smaller percentage of their weight
in volatilization of H, O, by nature of containing less /,0 in the matrix between ~ 100°C
and &~ 450°C. The higher alkalinity samples lose & 60% of their initial weight with much
smaller fluctuations across all time steps. On the other hand, the lower alkalinity samples
exhibit a higher variance in the final weight percentage left in the pan and the weight loss is
always more significant (with the exception of sample 12_0.6_o.544, which drops down to
40% before stabilizing). By nature of the higher alkalinity samples containing less bound
and free 4,0 in solution and safely assuming that by the end of the experiment, when the
analyzer has reached 1000° C all of the H,O content has evaporated, the weight loss differ-

ence between the two is justified.
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TGA Curves: 4-day data
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Figure 3.14: TGA curves of 4-day C-N-A-S-H gel samples.
TGA Curves: 10-day data
120
2a_0.6_0.5M
——2b_0.6_5M
100 ——2c.1.2_0.5M
2d_1.2_5M
80
g
P
.‘E" 60
@
H
40 \
20
o 4
200 400 600 800 1000 1200

Figure 3.15: TGA curves of 10-day C-N-A-S-H gel samples.




TGA Curves: 1-month data
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Figure 3.16: TGA curves of 1-month C-N-A-S-H gel samples.
TGA Curves: 2-month data
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Figure 3.17: TGA curves of 2-month C-N-A-S-H gel samples.
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Figure 3.18: TGA curves of 3-month C-N-A-S-H gel samples.
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Conclusion

The primary objective of this investigation was to synthesize C-(N)-A-S-H gels of various
alkalinities and explore their nanocrystalline structure and properties. The changes in al-
kalinity introduced differences in the composition and behavior of the constituents in the

samples.
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4.1 CONCLUSIONS

In summary:

* C-S-H and portlandite phases increase with higher alkalinities.

* the atom-atom distances in the various formed phases decreases with alkalinity, lead-

ing to a denser morphology

» Silica interconnectivity increases within the nanocrystalline structure.

* Highly alkaline samples contain less /,0 as shown in the TGA experiments.

* There is a strong presence of unreacted silica fume in the matrix at Q*.

* The methods outlined in chapter 2 did not fully allow for complete carbonation pre-
vention. More rigorous methods of transfer and handling should be established to

eliminated C-O bands in ATR-FTIR and other measurements.

* From the XRD measurements we conclude that atom-atom relation > 8 are non-

existent due to the amorphous nature of the gel at longer-range structures.

4.2 FUTURE WORK

The realm of C-(N)-A-S-H gel research is open for more additions and further expansion.
This investigation followed a holistic approach and tackled a wide range of questions sur-
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rounding the nanocrystalline structure of the gel. More advanced methods of preventing
carbonations of the samples can be incorporated in future iterations of the work. More ad-
vanced X-ray diffraction setups can also be incorporated to yield higher resolution XRD
graphs (such as the ones obtained at Argonne National Laboratory but for the entire range
of samples measured) and thus a more complete understanding of the individual phases
present in the structure. Finally, additional techniques such as *-NMR spectroscopy in
addition to the aforementioned techniques can offer more insight in the exact Si sites and

their behavior over time.
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Appendix A

The following are the full data obtained through the three methods detailed in the Chapter
3 and the PDF data obtained from Argonne National Laboratory for the samples with the

specifications detailed below.
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Figure A.1: ATR curves of 4-day C-N-A-S-H gel samples. The sample names follow the system: [timestep number and
series letter]_[Ca/Si ratio]_[alkalinity]. 66
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Figure A.2: Full spectrum ATR curves of 4-day C-N-A-S-H gel samples.
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Figure A.3: ATR curves of 10-day C-N-A-S-H gel samples.
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Figure A.4: Full spectrum ATR curves of 10-day C-N-A-S-H gel samples.
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Figure A.5: ATR curves of 1-month C-N-A-S-H gel samples.
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Figure A.6: ATR curves of 1-month C-N-A-S-H gel samples.
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Figure A.7: ATR curves of 2-month C-N-A-S-H gel samples.
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Figure A.8: Full spectrum ATR curves of 2-month C-N-A-S-H gel samples.
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Figure A.9: ATR curves of 3-month C-N-A-S-H gel samples.
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Figure A.10: Full spectrum ATR curves of 3-month C-N-A-S-H gel samples.
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Figure A.11: XRD curves of 4-day C-N-A-S-H gel samples.
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Figure A.12: XRD curves of 10-day C-N-A-S-H gel samples.
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Figure A.13: XRD curves of 1-month C-N-A-S-H gel samples.
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Figure A.14: XRD curves of 2-month C-N-A-S-H gel samples.

8o



€C

ac.
8T

ET

WS 2T PS——
NGO T 2§
NG 9'0 95—

NS0 90 B§——

21TpuUR)1JIOd

“(Ho)ed
s1Tpue|1JOd

mU_QEmw Yluow-g SanIn) gyx

“(Ho)ed
31Tpue1J0d

™!

=

(s3un "qJe) Ausuaju|

Figure A.15: XRD curves of 3-month C-N-A-S-H gel samples.

81



(y)4

8 ¥ £ z T 0
oo 0-0 |
T \Vad VY v
15-16 0-1S
e7-87)
15-8) 0-=)
NS —— .
INS0——

1°0:1S/Iv 9°0:15/€D
S9AIN) 4ad

0L-

ml

0t

(z-y) (o

Figure A.16: Detail of PDF curve of C-N-A-S-H gel sample.
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Figure A.17: Half-spectrum PDF curve of C-N-A-S-H gel sample.
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Figure A.18: Full PDF curve of C-N-A-S-H gel sample.
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Figure A.19: Detail of PDF curve of C-N-A-S-H gel sample.
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Figure A.20: Half-spectrum PDF curve of C-N-A-S-H gel sample.
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Figure A.21: Full PDF curve of C-N-A-S-H gel sample.
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Figure A.22: TGA curves of 4-day C-N-A-S-H gel sample.
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Figure A.23: TGA curves of 10-day C-N-A-S-H gel sample.
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Figure A.24: TGA curves of 1-month C-N-A-S-H gel sample.
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Figure A.25: TGA curves of 2-month C-N-A-S-H gel sample.
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Figure A.26: TGA curves of 3-month C-N-A-S-H gel sample.
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The following are guidelines on how to use the sample changer at 11-ID-B, obtained from
the X-ray Science Division at Argonne National Laboratory:

Capillaries:

* The sample changer accepts Kapton tubing with 0.0435” OD. These are available

through Cole-Parmer or Fisher Scientific (EW-95820-09).

* The Kapton tubing can be cut to length and one end sealed with quick setting epoxy
before loading the sample. The outside of the tube must be wiped cleaned or it will

not fit in the holder.

* Note for air sensitive materials: Kapton is only resistant to moisture/air in the short
term. If your samples are sensitive, we recommend enclosing the sealed capillaries
in an air-tight package that will be open immediately prior to measurements. Flame

sealed glass capillaries will require a different experimental set up.

Sample loading:

* Samples should be fine powders, without distinguishable crystallites. Tip: Check

under a microscope to be certain.

* If necessary, grind the sample in a mortar and pestle. Tip: It is easier to ensure thata

sample is uniformly ground if you grind the smallest amount necessary.
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* The X-ray beam hits the capillary 5-6 mm from the bottom of the tube. To ensure
the sample is in the beam, fill 2 >10 mm length of the capillary. Tap the capillary on
the bench to ensure the powder is densely packed. Tip: For smaller samples, seal the
bottom of the tube with a longer epoxy plug, load 2-3 mm sample, and trim the bot-

tom of the tube to center the sample at the beam height.

* Once your sample is loaded, the open end of the capillary should be sealed. We rec-
ommend using epoxy. While clay is convenient in the short term, it often becomes
dislodged during handling. Tip: A little epoxy can be sucked into the open end of
the tube by pinching then releasing the tube while dragging the end through an in-

verted pool of epoxy.

* Capillaries should be individually labeled.

+ Sample sequence: Sample 1 should always be your most weakly scattering and/or
lowest crystallinity sample, with subsequent samples in order of increasing scattering

strength/crystallinity.
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