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Abstract

Cementitious materials derived from coal combustion by-products have been investigated by means of X-ray diffraction (XRD) and S and

Ca K-edge X-ray absorption fine structure (XAFS) spectroscopy. The XRD analysis revealed that these materials are a complex mixture of a

small amount of quartz [SiO2] and three calcium-bearing compounds: hannebachite [CaSO3�1/2H2O], gypsum [CaSO4�2H2O] and ettringite

[(Ca6(Al(OH)6)2(SO4)3�26H2O)]. Analysis of the S XAFS data focused on deconvolution of the X-ray absorption near-edge structure

(XANES) regions of the spectra. This analysis established that sulfate and sulfite are the two major sulfur forms, with a minor thiophenic

component contained in unburned carbon in the fly ash. Increasing sulfate and decreasing sulfite correlated well with increasing gypsum and

ettringite and decreasing hannebachite content in the samples. Different calcium compounds were identified primarily through simple

comparison of the Ca K-edge XANES and radial structure functions (RSFs) of the cementitious samples with those of reference compounds.

Because of the complex coordination chemistry of calcium in these materials, it was difficult to obtain detailed local atomic environment

information around calcium beyond the first Ca)O peak. Analysis of the extended X-ray absorption fine structure (EXAFS) and the RSF

gave average Ca)O distances in the range 2.44–2.5 Å, with each calcium atom surrounded roughly by eight oxygen atoms. In certain

samples, the average Ca)O distances were close to that in ettringite (2.51 Å), suggesting that these samples have higher ettringite content.

The results of S and Ca K-edges XAFS and the XRD data were in reasonable agreement.
D 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Each year millions of tons of coal combustion by-

products (CCBs) are produced by utility power plants in

the United States. Furthermore, annual productions of flue

gas desulfurization (FGD) by-products continue to in-

crease as the result of stringent sulfur emission restric-

tions. CCBs contain cementitious materials such as fly

ash, bottom ash, boiler slag, and FGD products. The

potential commercial uses of CCBs for replacement of

cement in concrete, structural fill, road bases, and other

construction-related applications have been well docu-

mented. However, confusion over the nature of the

structural fill highlights the need for detailed character-
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ization of the materials with the goal of setting standards

for acceptability of CCBs for use in commercial projects.

Samples of cementitious materials derived from CCBs

clearly show that the behavior of the materials in an

engineered structure changes over time. Much of this

change is attributed to the formation of minerals com-

prised of varying proportions of the FGD constituents.

One major concern in compacted FGD fills is that the

formation of ettringite and other ettringite-like minerals

can cause uncontrollable swelling of the fill, resulting in

the loss of structural integrity [1]. Swelling due to

ettringite formation is attributed to its needlelike structure.

A more recent study on masonry mortar shows that such

structural damage may be associated with both ettringite

and thaumasite formations [2].

Understanding the structure and properties of cementi-

tious materials presents one of the main challenges in

cement chemistry. The variable mineral composition and



Table 1

Chemical analysis of cementitious samples (wt.%)

Sample ID pH Al2O3 SiO2 SO3 CaO Fe2O3

1 9.72 16.4 46.2 12.7 17.9 3.63

2 9.7 15.9 47.2 12.9 17.2 3.46

3 9.83 NDa ND 16.8 33.5 ND

4 N/A NDa ND 13.4 23.8 ND

5 9.8 NDa ND 15.6 22.7 ND

6 9.53 NDa ND 7.6 10.6 ND

7 N/A NDa ND ND

a ND= not determined.
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numerous substitutions that can occur in this material make

characterization of such materials difficult. In this regard,

X-ray absorption fine structure (XAFS) spectroscopy [3],

combined with conventional X-ray diffraction (XRD)

techniques, may offer particular advantages in identifying

various mineral forms that may be related to structural

damage. In the present investigation, a number of cemen-

titious materials and relevant standard compounds have

been investigated by combining XAFS spectroscopy and

XRD techniques. The S K-edge X-ray absorption near-

edge structure (XANES) was particularly useful in quan-

titatively determining the different molecular forms of

sulfur in the materials, while the Ca K-edge XANES and

extended X-ray absorption fine structure (EXAFS) were

useful in identifying the various Ca minerals present. By

comparison of the XANES spectra of cementitious samples

with appropriate reference compounds at both edges,

identification of various mineral phases as well as oxida-

tion states of both calcium and sulfur in the samples were

accomplished. The XAFS results were generally in good

agreement with the major mineralogical phases indicated

by XRD.
2. Experimental

2.1. Cementitious materials

The samples under investigation were cementitious mate-

rials produced by adding materials from a FGD process

spray drier to fly ash and about 3 wt.% of lime kiln dust

(LKD), and then stabilizing by adding water. These samples

were placed in a storage yard or put into application as

structural fill for several years (approximately 2–3 years).

They were extracted from their respective sites and dried at

60 jC for 12 hours.

2.2. ICP Analysis

The sample was ground to promote efficient processing.

The ground sample was ashed to remove free and bound

water and organic components, and to convert elements to

their oxide phases. The sample was then digested with a

sequence of hydrofluoric acid, nitric acid, and Aqua Regia to

volatilize the silicon in the form of silicon tetrafluoride and to

dissolve and extract the other elements. For most matrices,

the final extract should not contain any undissolved residue.

The extract was then analyzed by inductively coupled

plasma spectrometry (ICP) for the elements of interest. Some

partial chemical composition data for the samples are given

in Table 1.

2.3. Reference compounds

The ettringite [(Ca6(Al(OH)6)2(SO4)3�26H2O)] sample

was synthesized in our laboratory from calcium hydroxide
and aluminum sulfate. Thaumasite [Ca3Si((OH)6(CO3)(-

SO4)�12H2O)] mineral was purchased from Mineralogical

Research, California, USA, while hannebachite [CaSO3�1/
2H2O] was obtained from a manufacturer who is using this

material as filler.

2.4. Powder XRD

The XRD measurements were made according to the

following procedure. The material was ground to a fine

powder in a ball mill. Approximately 2 g of the powdered

material were weighed on a Denver microbalance and

loaded into a standard sample holder. Powder XRD pat-

terns were recorded at room temperature by a SIEMENS

D-500 diffractometer equipped with a diffracted beam

monochromator and a scintillation detector using Cu Ka

(k = 1.5406 Å) radiation. The data for all samples, includ-

ing those of reference compounds, were collected in steps

of 0.01j in the range 10j 2h 90j with a counting time of

2 s per step. The data were collected digitally using Visual-

XRD from Diffraction Technologies. Quantitative analysis

was performed on each sample following the internal

standard method reported elsewhere [4]. Standard reference

materials were used to derive calibration coefficients for

each mineral detected in the samples. The weight percent-

age of the amorphous component was determined from the

integrated intensity of the amorphous ‘‘hump’’ between

20j and 30j.

2.5. XAFS measurements

X-ray absorption measurements at the S and Ca K-edges

for the samples listed in Table 1 and the reference com-

pounds described above were made at beamline X-19A at

the National Synchrotron Light Source (NSLS), Broo-

khaven National Laboratory. The samples were appropri-

ately diluted with an inert material, sealed in thin mylar

film, and mounted at a 45j angle to the incident X-ray

beam for measurement in the fluorescence detection mode

employing a Lytle detector. The beam was monochromat-

ized by using a Si(111) double-crystal monochromator,

which was detuned to suppress higher harmonics. For the

S K-edge (2.472 keV), the data were collected from about

80 eV below the absorption edge to 300 eV above the edge,

while the Ca data were collected from about 80 eV below



Fig. 1. XRD patterns of cementitious samples. Q = quartz, G = gypsum, H = hannebachite, and T= thaumasite.

Fig. 2. XRD patterns of hannebachite, gypsum, thaumasite, and ettringite

used as internal standards for quantitative analysis.
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the K-edge (4.038 keV) to approximately 750 eV above the

edge, which corresponds to a maximum wave vector of 14

Å� 1.

2.6. Analysis of XAFS Data

Elemental S and calcite were chosen as the primary

standards for energy for the S and Ca K-edge spectra. That

is, the position of the white line or main peak in the

spectrum of elemental S or calcite, CaCO3, was taken as

the zero of energy for all S or Ca K-edge spectra,

respectively. At least two to three scans were acquired

for each sample and added together to improve the signal-

to-noise ratio.

The XAFS spectra were analyzed using the software

package WinXAS [5]. Standard procedures were followed

for background subtraction, normalization, and extraction

of EXAFS functions v(k) for the Ca K-edge data. The

resulting v(k) functions were multiplied by a Bessel widow

with a window parameter of 2 over a k-range of 1.0–9.0

Å � 1 and then weighted by k3 to compensate for the

damping of oscillation with increasing k. Fourier transfor-

mation of the weighted EXAFS functions gave radial

structure functions (RSFs) where well-defined atom–pair

interactions could be discerned at various distances. Reli-

able structural parameters were determined using energy

shift and ab initio calculated phase and amplitude param-

eters from FEFF 7 [6] extracted from the reference com-

pounds. The asymmetry in the Ca)O shell was modeled by

r-space fitting using the cumulant expansion method,

including third and fourth cumulants, which compensate

for phase and amplitude shifts, respectively [7,8]. The shift

DEo in the threshold energy was then kept constant at the

value refined for a symmetrical distribution, and the

coordination number was fixed when the fourth cumulant

was refined.

In the case of sulfur, only the XANES spectra were

analyzed. This was accomplished by performing least-
squares fits of the sample XANES spectra to linear combi-

nations of the XANES of standard compounds.
3. Results and discussion

3.1. XRD analysis

Fig. 1 shows the XRD patterns of all samples listed in

Table 1. The samples contain several crystalline phases

[quartz (Q), gypsum (G), ettringite (E), thaumasite (T)] as

well as an amorphous component. This amorphous compo-

nent (halo) is attributed to scattering from a glassy alumi-

nosilicate phase, which is commonly found in fly ash [9]. A

detailed JCPDS search/match was performed to identify the

major crystalline phases that are consistent with various

peaks in the diffraction pattern. The peaks at around 27j,
36j, and 39j are assigned to quartz (PDF #48-1045), which

appears to be present in all samples. The amount of quartz

varies considerably among the various samples. Two peaks



Table 2

XRD analysis of the cementitious samples with mineral composition

expressed in wt.%

Mineral phase Sample ID

1 2 3 4 5 6 7

Hannebachite 17.7 12.4 >0.0 6.8 >0.0 5.5 >0.0

Gypsum >0.0 5.5 4.6 7.3 9.8 4.0 5.6

Ettringite >0.0 4.7 15.7 12.8 26.9 8.7 29.7

Quart 3.1 3.1 3.7 2.6 3.5 1.3 9.4

Mull 11.0 11.9 16.8 10.6 11.9 15.4

Calcite 0.6 1.8 1.8 2.9 3.0 1.5 2.5

Amorphous 37.2 36.2 36.1 36.0 36.9 53.1 30.3

Difference 30.5 24.5 21.4 21.0 8.0 10.5 14.4
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at about 23.5j and 28.5j and a doublet at around 16j are

indexed as hannebachite (PDF #39-0725). A strong peak at

about 12j and three other peaks at 21j, 29j, and 32j arise

from gypsum (PDF #21-0816). Since ettringite and thau-

masite have similar cell dimensions, they exhibit very

similar XRD patterns (see Fig. 2). Thus, it was not imme-

diately clear from XRD whether the peaks at 16j, 18j, 19j,
Fig. 3. S K-edge (a) normalized XANES spectra of several cementitious samples

probable species derived from the fit; (c) bar diagram indicating the percentages o

wt.% of different minerals in the cementitious samples.
and 23.5j belonged to ettringite (PDF #41-1451), thauma-

site (PDF #46-1360), or their combination. However, anal-

ysis of the XAFS data gave a clear indication of the

presence of ettringite. The results of the XRD analysis are

briefly summarized below.
1. Sample 1: Primarily a mixture of hannebachite with a

small amount of quartz and gypsum.

2. Samples 2 through 6: Mixtures of hannebachite, quartz,

gypsum, and ettringite.

3. Sample 7: Primarily a mixture of ettringite, gypsum, and

quartz.

Notice that the intensity of hannebachite peak (16.5j)
gradually decreases from Samples 1 through 7, while that of

ettringite (16j) and gypsum (12j) increase. This can be

interpreted as a transformation of hannebachite to ettringite

and gypsum. Such a transformation can occur by reaction of

hannebachite with excess alumina and calcium oxide in the

presence of an excess of oxygen. Calcite, maghemite, and
compared with reference compounds; (b) speciation of Sample 4 and the

f the total of S contained in different mineral forms; and (d) conversion to



Fig. 4. Normalized Ca K-edge XANES spectra of several cementitious

samples compared with reference compounds.

Fig. 5. Ca K-edge (a) weighted EXAFS functions and (b) radial structure

functions of several cementitious samples and reference compounds.
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mullite are also present in small amounts, associated with

fly ash in the samples [10]. The results of the XRD analysis

for the amounts of the various minerals present are pre-

sented in Table 2.

3.2. XAFS analysis

3.2.1. S K-edge XANES

Fig. 3a shows the normalized S K-edge XANES spectra

of several of the cementitious samples listed in Table 1.

Visual inspection and first derivatives of these spectra

revealed a set of peaks in the vicinity of the absorption

edge: two strong peaks at 6.5 and 10.4 eV, a smaller peak or

shoulder at approximately at 8.5 eV, and a very weak peak

at about 2.0 eV. Briefly, the peaks observed are of two types:

(1) peaks arising from transitions of electrons excited from

the sulfur 1s orbital to unoccupied 3p orbitals (s! p

transitions), and (2) multiple scattering peaks. The positions

and intensities of the s! p peaks are highly sensitive to the

valence states of sulfur and can be used to identify different

molecular forms of sulfur [11,12]. A series of plausible S

compounds were measured to model and aid quantification

of the unknown species in these cementitious samples. The

S K-edge spectrum of hannebachite exhibits a main peak at

6.5 eV due to sulfite, which is accompanied by two other

peaks at about 8.5 and 10.4 eV. Gypsum and ettringite

exhibit a strong peak at 10.0 eV arising from sulfate peak

(Fig. 3a). The relative intensity of the sulfite and sulfate

peaks varies significantly in the cementitious samples.

The S K-edge sample spectra were analyzed by least-

squares fitting to a linear combination of the XANES

spectra of hannebachite, ettringite, and gypsum using Win-
XAS [11,12]. Fig. 3b shows the S K-edge XANES fit and

the probable species derived from this fit for Sample 4. The

XANES fit gave the percentages of S in different mineral

forms (see Fig. 3c), which was then converted to approxi-

mate weight percentages of different minerals in each

sample (see Fig. 3d). A small amount (< 1 wt.%) of

thiophenic sulfur (not shown) was also detected in most

samples. As expected, weight percent of various sulfur

compounds from XANES differ from those reported from

XRD. The weight percent from XRD was calculated taking

into account all the phases including the amorphous com-



Table 3

Relevant structural parameters for cementitious materials and model

compounds derived from EXAFS and values for the model compounds

from XRD

Sample Bond d/Å r2/Å2 N DEo/eV

1 Ca)O 2.47 0.008 8 � 8.1

2 Ca)O 2.44 0.01 8 � 8.1

3 Ca)O 2.49 0.006 8 � 8.1

4 Ca)O 2.50 0.007 8 � 8.1

5 Ca)O 2.50 0.003 8 � 8.1

Gypsum Ca)O 2.46 8 XRD

Ca)S 3.14 2

Ca)Ca 4.06 2

Hannebachite Ca)Oa 2.44 0.002 8 � 8.1

Ca)O 2.43 8 XRD [14]

Ca)S 3.27 2

Ca)Ca 3.96 3

Ettringite Ca)O 2.51 8 XRD [15]

Ca)Al 3.43 4

Ca)Ca 3.72 4

Ca)S >5.4 2

Thaumasite Ca)O 2.45 8 XRD [16]

Ca)Si 3.42 2

Ca)Ca 3.84 2

d is the distance, N is the coordination number, r2 is the Debye–Waller

factor, DEo is the difference in threshold energy shift, So
2 = 0.7; DR/

Å= 1.0–2.20.
a Structural parameters are derived from EXAFS.
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ponent in a given sample as opposed to XANES calculation

based on only sulfur compounds.

3.2.2. Ca K-edge XAFS

Fig. 4 illustrates the normalized Ca K-edge XANES of

several cementitious samples and reference compounds. The

XANES spectra of both Samples 1 and 2 closely resemble

hannabachite, suggesting that hannabachite is a major

component in these two samples. Such resemblance can

also be seen in their S K-edge XANES and XRD data. As

we go from Sample 1 to Sample 7, the XANES spectrum

approaches that of gypsum, with the dominant peak or

‘‘white line’’ at about 7 eV becoming sharper, and the peak

at 20 eV shifting gradually towards lower energy. This

coincides with the trend of increasing gypsum and ettringite

with decreasing hannebachite content shown by the S

XANES data. Additionally, the main peak of Sample 7 is

wider than that of the other samples because it contains

more ettringite than any other sample, which is in agreement

with both XRD and S K-edge XANES.

3.3. Ca K-edge EXAFS and RSFs

The RSFs represent the local atomic environment around

the probe atom. They are obtained by Fourier transformation

of the weighted EXAFS function, k3v(k) [7]. Figs. 5a and b

compare the Ca K-edge EXAFS and RSF of several cemen-

titious samples with those of the model compounds. As

discussed earlier, XRD and S K-edge XANES indicated that

these cementitious samples contain three Ca compounds,

hannebachite, gypsum, and ettringite. Consequently, the

RSF, shown in Fig. 5b, should be a linear combination of

the signals from those different environments and it is

difficult to obtain any detailed local atomic environment

information about Ca through direct analysis of the RSF,

with the exception of the first Ca)O shell. The Ca)O, Ca)S,
Ca)Al, and Ca)Ca bond distances and coordination numb-

ers for several reference compounds are summarized in Table

3. The dashed lines in the RSF (Fig. 5b) indicate the

positions of the peaks representing the O, S, Al, and Ca

shells surrounding the absorbing Ca atom in these com-

pounds. In Samples 1–4 the Ca)S peak appears at about

same position as in gypsum (3.14 Å) [13] and hannebachite

(3.27 Å) [14], suggesting that Samples 1 and 4 contain both

these compounds. In Sample 7, on the other hand, this peak

has shifted towards a higher distance and corresponds to a

Ca)Al interaction as in ettringite (3.43 Å) [15]. A single

peak at about 3.8 Å represents the Ca)Ca interaction in

gypsum and hannebachite while it is at 3.6 Å for ettringite.

This peak is split into two in Samples 4 and 7, which is

expected if these samples were a mixture of ettringite,

hannebachite, and gypsum. The Ca)Ca distances in these

reference compounds are 3.72, 3.96, and 4.06 Å, respective-

ly, with a coordination number of 2 (see Table 3). The real

space refinement of the Ca)O shell was performed in the

range 1.2–2.2 Å. The results of least-squares refinement are
summarized in Table 3 and are compared with the structural

parameters of relevant reference compounds. The average

Ca)O distances in hannebachite, gypsum, and ettringite are

2.44, 2.45, and 2.51 Å. For cementitious samples, the

refinement gave an average Ca)O distance of 2.47 Å for

Sample 1, which is closer to that of hannebachite and

gypsum, indicating that Sample 1 contains these two com-

pounds. In both Samples 4 and 5, the Ca)O distance is 2.5 Å,

which is close to that of ettringite, indicating more ettringite

in these samples. The data for Samples 6 and 7 were not good

enough to be able to correlate the Ca)O bond distance to

specific compounds. Not surprisingly, Ca is coordinated to

eight oxygen atoms in all samples.
4. Conclusions

XAFS spectroscopy provides a quantitative estimation of

the amount of sulfate and sulfite present in cementitious

samples. Sulfur is predominantly present as a sulfite in the

mineral hannebachite and as a sulfate in the minerals

ettringite and gypsum. By least-squares analysis of the S

XANES spectra, a quantitative analysis of the amounts of

these three minerals in cementitious material may be per-

formed. The results obtained by XRD analysis of the

samples are consistent with the S XANES analysis, as are

the trends observed in the Ca XANES spectra and RSF. The

average Ca)O distances lie in the range 2.44–2.50 Å, and

the variation of Ca)O distances is consistent with the

mineral percentages in the respective samples. These results
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indicate that a combination S and Ca K-edge XAFS spec-

troscopy and XRD provides a new method for quantitative

analysis of phases in cementitious materials that are of

significant concern with regard to the structural integrity

of compacted FGD fills.
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