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A B S T R A C T   

Scanning transmission X-ray microscopy (STXM) coupled with ptychographic imaging at Al and Si K-edge is a 
new probe to the microscale chemistry of heterogenous materials. Here, the combined techniques are applied to 
study local coordination environment of Fe-rich fly ash (FA). Ptychographic imaging at Al K- and Si K-edge 
highlights the fine Al- and Si-rich morphological features, respectively, at 6 nm pixel resolution. STXM visualizes 
the inter- and intra-particle variations in the silicate polymerization degree and two types of Al coordination 
environment in FA. The Si K-edge of SiO4 connected with four-fold coordinated Al is higher than SiO4 sharing 
oxygen with six-fold coordinated Al. The result is consistent with bulk nuclear magnetic resonance spectroscopy 
measurement of the Fe-rich sample which, however, is sensitive to paramagnetic Fe and time-consuming. We 
demonstrate that the combined method has great potential in the studies of chemically heterogenous 
aluminosilicates.   

1. Introduction 

Portland cement production, ~4.1 billion metric tons per year, 
contributes to 8 % of global anthropogenic CO2 emissions [1]. The 
partial replacement of Portland cement clinker with supplementary 
cementitious materials (SCMs, e.g., industrial byproducts, calcined clay, 
and limestone) is the most mature strategy to lower the carbon footprint 
of cement and concrete [2–4]. Coal fly ash (FA), a byproduct from coal- 
fired power plants, is the most commonly used SCM due to its massive 
co-production, 700–1000 million metric tons (Mt) per year [3]. How
ever, only 330–400 Mt./year of FA is used as SCMs due to its carbon 
content, low reactivity, and variation in quality. FA typically can only 
substitute up to ~35 wt% of clinker. In addition, FA is the precursor of 
alkali-activated materials, a type of low-carbon binder [5]. Under
standing the structure of FA is critical to improving its reactivity and 
optimizing its use in low-carbon cement-based materials, alkali- 
activated materials, and geological carbon storage [6]. 

The ASTM C618 standard [7] limits minimum (SiO2 + Al2O3+

Fe2O3) content of 50 wt% for the bulk compositions of both Class F and 
Class C FA. Class F has a maximum CaO content 18 wt% while the CaO 
content of Class F is >18 wt%. Ca-rich Class C is typically more reactive 

but more chemically heterogeneous relative to Class F. Thus, Class C FA 
is frequently rejected and less utilized in concrete [8]. Appropriate 
characterization of heterogeneous FA is needed for improving the un
derstanding of its structure and for optimizing its utilization in concrete 
[3]. 

Conventional characterization of FA relies on X-ray diffraction 
(XRD), X-ray fluorescence (XRF) [9], and nuclear magnetic resonance 
(NMR) spectroscopy [10–11] to quantify crystalline phases, chemical 
compositions, and coordination environment of bulk samples. The use of 
NMR for FA characterization can be problematic when samples are Fe- 
rich. Paramagnetic ions clearly cause line-broadening of NMR reso
nances, lowering the accuracy of peak deconvolution of NMR spectra 
[12]. Moreover, the variation among FA spheres cannot be spatially 
distinguished by these techniques. Micro-XRD can be used to quantify 
crystalline phases of FA [13] but is incapable of providing useful in
formation of glass phases of FA. Micro-XRF [14] and scanning electron 
microscopy-energy-dispersive X-ray spectroscopy (SEM-EDS) [8] can 
probe the local variation in FA chemical compositions. However, the 
spatial variation in the Al and Si coordination environments of glass, the 
majority of FA, cannot be determined using the aforementioned 
techniques. 
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FA is Al- and Si-rich and contains four-fold coordinated Al (Al[IV]), 
six-fold coordinated Al (Al[VI]), and four-fold coordinated Si [15]. It 
remains unclear how different Al species distribute and how Al corre
lates to silicate polymerization in FA glass. A reliable technique that 
probes the local coordination environment, especially Al and Si, of FA is 
needed. Scanning transmission X-ray miscopy (STXM) is a powerful tool 
to probe the coordination environment of phases in the form of X-ray 
absorption near-edge fine structure (XANES) spectra with submicron 
spatial resolution (25–60 nm). STXM has been successfully applied to 
study the hydration of cement phases (dicalcium silicate [16], tricalcium 
silicate [17], calcium aluminate [18], tricalcium aluminate [19]) and 
the local coordination environment of their reaction products [20–23]. 
STXM can be further extended to probe the heterogeneity of FA and its 
Al and Si coordination environment. 

The spatial resolution of STXM is effectively limited by the size of the 
zone plate in STXM. Thus, the very fine morphological features with 
coordination environment information of cement-related materials, e.g., 
internal structure of FA, may not be unveiled using STXM [24]. Pty
chography is an advanced scanning-based coherent diffractive imaging 
technique that provide images with spatial resolution finer than the zone 
plate of STXM, the limiting factor of STXM spatial resolution. In recent 
ptychography studies of materials, including cement-related materials, 
mostly images were taken in the energy ranges of 600–1000 eV 
[16,18,23] or 4000–12,000 eV [25,26], instead of 1300–1900 eV, due to 
the instrumental limitations. Soft X-ray ptychography allows pixel res
olution down to ~4 nm while the penetration depth can be just few 
microns, which seems not an issue for mesoporous cement hydrates (e. 
g., calcium silicate hydrate) [16]. However, the X-ray beam in such a 
low energy range cannot penetrate larger solid fly ash spheres. The beam 
in the tender-to-hard X-ray range allows much larger penetration depth 
(i.e., larger samples) but commonly provides a lower spatial resolution, 
e.g., ~30 nm or coarser, which limits users to probe the fine structure of 
FA particles. Moreover, both energy ranges cannot excite Al or Si, the 
major elements of interest, in FA because their K-edge energies are 
1500–1850 eV. Transmission electron microscopy (TEM) coupled with 
electron energy loss spectroscopy can potentially map the Si coordina
tion environments, but the Al coordination mapping can be limited by 
emission artifact Schottky emitters [27]. Moreover, the electron pene
tration depth through cement-related materials in TEM is typically just 
hundreds of nanometers, insufficient to large solid FA spheres. Thus, 
STXM with ptychographic imaging at Al- and Si K-edge with high spatial 
resolution could be an ideal tool to study the local distribution of 
different coordination environments of Al and Si of cement-related 
materials, such as FA. 

This article presents a new combined experimental method that 
separates and visualizes different coordination environments of Al and 
Si in fly ash. X-ray ptychography imaging at K-edge energy highlights 
the fine morphological features of elements of interest (i.e., Al and Si) at 
the pixel resolution of 6 nm. Scanning transmission X-ray microscopy 
distinguishes inter- and intra-particle spatial variations in silicate 
polymerization degree and coordination number of Al (four- and six-) in 
the form of X-ray absorption near-edge structure spectra. Our X-ray 
spectromicroscopic results exhibit great potential in the use of this 
combined method in fly ash-related studies and studies of other poorly 
crystalline or glassy aluminosilicate materials (e.g., volcanic ash). 
Through the comparison with 27Al and 29Si NMR experiments, we 
demonstrated the instrumental advantage of STXM in terms of probing 
Al and Si coordination environments of heterogenous aluminosilicate 
for paramagnetic-element-rich samples. 

2. Material and methods 

2.1. Material 

Class C FA with 83.2 wt% amorphous content was studied. The FA 
chemical compositions are listed in Table 1. Other physical and chemical 
properties of the sample can be found in [28]. The FA sample contains 
no crystalline silicate or aluminate phases with the exception of ~9 wt% 
quartz. FA was dispersed in 100 % ethanol with a liquid to solid mass 
ratio of 100. The sample was then drop-cast on a carbon-film TEM grid 
(Ted Pella). The well dispersed drop-cast sample has a thickness below 
10 μm. Over-dose of fly ash particles on a TEM grid would result in X-ray 
absorption saturation in agglomerated areas. 

2.2. Methods 

2.2.1. STXM and ptychography 
STXM images and XANES spectra were collected at the beamline 

7.0.1.2 (COSMIC) at the Advanced Light Source (ALS), the Lawrence 
Berkeley National Laboratory. The STXM beamline uses a mono
chromatic synchrotron X-ray source. More details regarding the micro
scope configuration can be found in [29]. Each STXM measurement was 
taken for a stack of images collected at a single X-ray photon energy. 
Each STXM image consists of pixels (45 nm resolution) corresponding to 
the intensity of transmitted photons at each energy. By collecting images 
at each energy step around an absorption edge (e.g., Al K-edge), the 
image stack can be coded into an [x, y, IT] matrix, where x and y 
correspond to the pixel position in a region of interest (ROI), and IT 
corresponds to the transmitted photon intensity in the pixel at a given 
energy. Image stacks were taken around Al K-edge and Si K-edge with an 
energy resolution of 0.1 eV. 

The absorption pixels at the defined energy range were then pro
cessed using K-Means clustering algorithm to group a set of XANES 
spectra, where each spectrum Xi is a vector of absorption features (e.g., 
peak position, intensity, and width) [30–32]. K-Means is a widely used 
iterative algorithm that tries to partition the dataset into K pre-defined 
disjoint clusters [33–35]. In this research, the number groups of 
spectra (k) was pre-set based on the pre-knowledge of the fly ash sample 
and each XANES spectrum Xi were randomly assigned (random parti
tion) a cluster label yi ∈ [1,k] using pySTXM, a python-based data 
collection and graphical user interface package [36]. Then, two steps 
were conducted iteratively until reaching the maximum steps or the 
change of clusters is very minor:  

(1) yi is fixed; update the mean of cluster i: μi = 1
ni

∑

yj=i
Xj  

(2) μi is fixed; update the label of each spectrum Xj by finding yj that 
minimizes: 

∑k
i=1

∑

yj=i

⃒
⃒Xj − μi

⃒
⃒2 

The absolute intensity (IA) of optical density of each XANES spectrum 
at each energy step is converted as Eq. (1) [20]. 

IA = ln
(

II

IT

)

(1)  

where II is the incident X-ray photon intensity, which is about equivalent 
to the IT of a sample-free area (purely carbon-film of the TEM grid). 
Thus, IA of a sample-free area is nearly 0. IA at K-edge energy is a useful 
estimated index for the content of element of interests (i.e., Al and Si in 

Table 1 
Oxide composition (wt%) of FA.  

SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O TiO2 P2O5 LOI 

38.7 18.9 6.6 22.9 4.0 1.0 2.1 0.5 1.2 2.2 0.4  
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this study) at each pixel [37]. Higher IA at the K-edge energy indicates a 
higher Al or Si content. Higher IA at a pre-edge energy (1540 eV for Al 
and 1815 eV for Si) indicates a higher optical density for background, i. 
e., a denser and/or thicker area on a pixel. The absolute intensity ratio is 
expressed as the maximum IA at the K-edge divided by the minimum IA 
at pre-edge energy (1540 eV for Al and 1815 eV for Si). Thus, this in
tensity ratio can be used to qualitatively estimate the Al and Si con
centration at each pixel [38]. IA of each XANES spectrum can be linearly 
normalized with the [0,1] function. Where the minimum normalized 
intensity (IN) at the pre-edge energy (1540 eV for Al and 1815 eV for Si) 
is defined as 0. The maximum value of IA, at the K-edge energy, is 
normalized to 1 for IN. IN is useful for differentiating Al and Si species of 
a XANES spectrum at each pixel in analytic programs, e.g., pySTXM. 

The normalized XANES spectra of this fly ash sample grouped by the 
K-Means clustering algorithm were outputted from pySTXM and used as 
inputs (i.e., reference spectra) in aXis2000 [39], a commonly used STXM 
analysis software. Note that these references spectra were obtained from 
the FA sample itself, not from existing literature. See the Results and 
Discussion Section for the reference examples of XANES spectra in this 
study. RGB overlay maps were created using aXis2000 to visualize 
various coordination environments. The RGB overlay maps were plotted 
in the principal components space based on the singular value decom
position (SVD) method with above-mentioned reference XANES spectra 
of this FA sample. For the singular value decomposition, the cluster 
(group) of spectra can be decomposed by X = UDVTwith the number of 
spectra is larger than the number of absorption features [40]. Based on 
the principal components analysis (PCA) theory [41], the eigenvectors V 
calculated from the SVD are the eigenvectors of XTX, which is what we 
need for PCA, because XTX = VDTUTUDVT = VD2VT [40]. To project the 
spectra to the principal components space, which maximizes variance of 
projected data, we project the spectra to the coordinate (vector) V1 of 
the eigenvectors V [42]. 

X-ray ptychographic images (6 nm pixel resolution) were collected at 
the Al K-edge and Si K-edge using the STXM setup but with a far-field 
CCD camera [43]. Diffraction patterns were collected using the cam
era in 60 nm increments to ensure overlap of the scanned areas and 
reconstructed using a GPU-based ptychography reconstruction algo
rithm [29]. All ptychographic images were exported using pySTXM. 
Over 200 FA grains on the TEM grid were measured at room tempera
ture in vacuum. 

2.2.2. NMR 
The 27Al and 29Si single pulse magic angle spinning nuclear magnetic 

resonance (SP/MAS NMR) spectra were collected on a 400 MHz Bruker 
Avance III spectrometer using a triple resonance Bruker probe config
ured for 4 mm (outer diameter) rotors. Both spectra were collected at a 
spinning rate of 14 kHz. The 27Al spectrum was collected using a 1.5 μs 
pulse (corresponding to a 27◦ tip angle) using a 0.5 s pulse delay for 
2048 scans and referenced to an external solution of 0.1 M Al(NO3)3 
(δAl = 0 ppm). The 29Si spectrum was collected using a 5.0 μ 90◦ pulse 
using a 8 s pulse delay for 7767 scans and referenced to a solid sample of 
kaolinite (δSi = − 92 ppm [44]). Multiple quantum (MQ) NMR spectra 
were collected using both the standard z-filtered MQ/MAS sequence 
[45] as well as that using a split-t1 acquisition with a double frequency 
sweep reconversion for full echo acquisition without need to perform a 
shearing transform [46]. With full echo acquisition, the later sequence 
was used as a filter to remove components with short T2 relaxation 
times. Spectral fitting was performed using the dmfit software [47]. 27Al 
parameters were derived from direct fitting of the 2D MQ/MAS data in 
dmfit. We performed an error analysis on the 29Si NMR data using the 
built in Monte Carlo error estimator in the dmfit software. A total of 400 
iterations were used, and the errors presented as the 1σ standard devi
ation. Due to the computationally intense nature of the MQ/MAS fitting 
a similar error analysis of this data was not feasible. 

3. Results and discussions 

3.1. XANES and ptychography imaging 

The absorption ptychographic images Fig. 1a and b show different 
morphological features of FA excited at Al K-edge (1555 eV) and Si K- 
edge (1821.5 eV), respectively, in the ROI. Compared to Fig. 1b, the 
largest particle (plerosphere) in Fig. 1a exhibits many fine globular 
features, suggesting the Al-rich but Si-poor inclusion (i.e., sub-spheres) 
encapsulated in the plerosphere in Fig. 1a and few Si-rich sub-spheres 
in Fig. 1b. Apparently, FA particles in the whole area exhibit different 
detailed morphologies. The lower-left solid FA sphere contains at least 
three cavities. 

Fig. 1c shows three representative Al K-edge XANES spectra 
(normalized intensity) obtained from the ROI using the K-Means clus
tering analysis described in the Method section. These references spectra 
are from this FA sample, not from existing literature. The pre-edge weak 
shoulder A of the Al K-edge XANES spectra in Fig. 1c corresponds to the 
dipole-forbidden transition from 1s to 3s electrons of Al [48]. The major 
peak CIV or CVI (Al K-edge) is attributed to the allowed electron transi
tion of 1s to antibonding states (3p orbital) of Al. Post-edge peaks E and 
G are the results of electron transitions from 1s to 3d orbitals of Al. Based 
on the SVD method, the red, green, and blue spectra in Fig. 1c were used 
as reference spectra to plot the red, green, blue in Fig. 1d RGB overlay 
map, respectively. Compared to Fig. 1d, the ptychographic image Fig. 1a 
is much sharper with clearer enhanced edge and more details of 
morphological features due to the higher spatial resolution of ptychog
raphy. The grain boundaries of the sub-spheres of the largest particle 
and voids in the lower-left sphere were not clearly observed in Fig. 1d 
STXM RGB overlay map. Note that, the ptychographic imaging at Al K- 
and Si K-edge is a significant advance in instrumental development 
compared to imaging at 800 eV in a previous study [18] because beam at 
800 eV cannot excite electron transitions of the elements of interest (e.g., 
Al and Si) of FA. 

Minor elements as the second-nearest neighbor of Al atom affect the 
K-edge energy of glassy materials [49,50,51]. Phase identification of a 
disordered material with various complex compositions might be 
impossible and meaningless because only few peaks or shoulders can be 
used as fingerprints for phase identification. However, the peak energy 
of Al K-edge still provides valuable chemical information to differentiate 
environments of four- and six-fold coordinated Al. The K-edge energy of 
six-fold coordinated Al is typically 2–3 eV higher than that of four-fold 
coordinated Al [48]. The major peak CIV of the red spectrum at 
~1547.9 eV in Fig. 1c suggests four-fold coordinated Al (Al[IV]) in the 
red region in Fig. 1d. This Al[IV] constitutes the Q4(mAl) glass of FA as a 
network former. The peak CVI of the green spectrum at ~1550.4 eV is 
positioned at 2.5 eV higher energy than that of the red spectrum. Such a 
high peak energy represents six-fold coordinated Al (Al[VI]) [48] and 
the presence of a Al[IV] shoulder at ~1547.1 eV both suggest a mullite- 
like Al coordination environment (a mixture of Al[IV] and Al[VI]) in the 
green region in Fig. 1d [52,53] or a mixture of phases with both Al[IV] 
and Al[VI]. The green spectrum is comparable to mullite spectra in 
existing literature [52,53] (see Supplementary Information for the 
spectra of mullite and aluminosilicate glass). The broad peak CVI at 
1551.4 eV of the blue spectrum represents Al[VI] with a highly disor
dered local structure in calcium aluminosilicate glass with a broad range 
of chemical compositions in the blue region because calcium alumino
silicates with fixed chemical compositions presents spectra with well- 
resolved peaks and shoulders [50,54]. Compared to the green spec
trum, the 1.1 eV higher energy of the Al K-edge of the blue one suggests a 
longer mean Al[VI]-O bond of the first coordination shell in the blue 
region (e.g., Al-rich sub-spheres in the plerosphere) with relatively low 
Si content [48,55]. The Al K-edge of calcium aluminosilicate increases as 
Si content decreases and Ca content increases [50]. The presence of both 
Al[IV] and Al[VI] in FA is consistent with 27Al NMR studies [10,15]. The 
Al[VI] acts as a network modifier. 
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The Al coordination environments between and within the spheres 
are heterogeneous. The lower-left solid sphere in Fig. 1d is purely red, 
suggesting the presence of only one type of Al species, Al[IV], while 
other spheres mainly intermix with two colors, meaning at least two 
types of Al coordination environments. The sub-spheres and the matrix 
of the plerosphere exhibit two different types of Al coordination envi
ronment: green (mullite-like Al[IV] and Al[VI]) and blue (highly 

disordered Al[VI]), respectively. The Al K-edge XANES spectra with 
absolute intensity in Fig. 1f are extracted from regions specified in 
Fig. 1e. The absolute intensity at K-edge suggests the content of an 
element of interest while the absolute intensity at pre-edge (e.g., 1540 
eV) suggests the optical density. Thus, the intensity ratio at the K-edge 
over the pre-edge (the highest absolute intensity over the lowest abso
lute intensity) suggests the concentration of an element of interest. The 

Fig. 1. (a) ptychographic magnitude image of the ROI taken at Al K-edge 1550.5 eV; (b) ptychographic magnitude image of the ROI taken at Si K-edge 1821.5 eV; (c) 
Al K-edge XANES spectra with normalized intensity extracted from K-Means clustering analysis; (d) Al RGB overlay map plotted with XANES spectra at Al K-edge 
obtained from (c) using the singular value decomposition method, red, green, blue regions were plotted with the red, green, and blue spectra in (c), respectively; (e) 
selected regions in the ptychographic image for plotting XANES spectra with absolute intensity in (f) and (i); (f) Al K-edge XANES spectra with absolute intensity 
extracted from four regions specified in (e), spectra Al1, Al2, Al3, and Al4 are extracted from regions 1, 2, 3, 4, respectively; (g) Si K-edge XANES spectra with 
normalized intensity extracted from K-Means clustering analysis; (h) Si RGB overlay map plotted with XANES spectra at Si K-edge obtained from (g) using the 
singular value decomposition method, red, green, blue regions were plotted with the red, green, and blue spectra in (g), respectively; (i) Si K-edge XANES spectra 
with absolute intensity extracted from four regions specified in (e), spectra Si1, Si2, Si3, and Si4 are extracted from regions 1, 2, 3, 4, respectively. The sub-spheres 
are Fe-bearing validated by Fe L2,3-edge XANES, which are not shown because 1) all Fe L2,3-edge XANES spectra here are nearly identical, and 2) Fe L2,3-edge is only 
sensitive to Fe oxidation degree. 
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high absolute intensity of the Al2 and Al3 spectra at pre-edge (e.g., 1540 
eV) in Fig. 1f confirms the high optical density (i.e., the presence of 
heavier elements) of the green region in Fig. 1e. The absolute absorption 
intensity in Fig. 1f at Al K-edge peak is disproportional to that at pre- 
edge (e.g., 1540 eV), suggesting different Al concentrations in the four 
regions specified in Fig. 1e. The absolute intensity ratio at the Al K-edge 
over the pre-edge of the Al1 spectrum is ~3, much higher than that of 
the Al2, ~1.1. The different intensity ratios suggest the intra- and inter- 
particle spatial variations in Al concentration. The lower-left solid 
sphere exhibits a higher Al concentration than the rightmost one and the 
plerosphere matrix. Many sub-spheres in the plerosphere are more Al- 
rich than the plerosphere matrix. This variation in Al concentration of 
FA agrees with SEM-EDS and micro-tomography studies [8,56]. The 
lower-left solid sphere does not exhibit any variation in peak position or 
width, suggesting a homogenous Al coordination environment within 
the sphere. 

The representative Si K-edge XANES spectra (normalized intensity) 
in Fig. 1g are also obtained from the ROI using the K-Means clustering 
analysis. The shoulder/peak B (Si K-edge) corresponds to the allowed 
electron transition of 1s to antibonding states (3p orbital) of Si atoms 
which partially share oxygen with Al[VI] of aluminosilicate glass [57]. 
The shoulder/peak C (Si K-edge) is also attributed to the 1s-3p electron 
transition of Si atoms, but partially share oxygen with Al[IV] [58]. The 
Si K-edge energy is sensitive to the degree of silicate polymerization and 
the second-nearest atom to Si [59]. The post-edge diffuse peak F is 
assigned to the electron transition from 1s to t2 state. The lack of addi
tional absorption features (peaks and shoulder) in the Si XANES spectra 
suggests that the Si in the sample is largely disordered. Otherwise, this 
Ca- and Al-bearing sample would exhibit many post-edge shoulders and 
peaks, as found in our calcium (alumino)silicates XANES database, see 
[59]. Fig. 1h shows the RGB overlay map at Si K-edge of the ROI based 
on three XANES reference spectra in Fig. 1g using the SVD method 
described in the Methods section. The red, green, and blue regions in 
Fig. 1h RGB overlay map contains Si as presented in red, green, and blue 
XANES spectra, respectively, of Fig. 1g. The intra- and inter-particle 
heterogeneity with respect to the Si coordination environment was 
observed. The lower-left sphere is almost purely red, while other spheres 
mainly intermix with two colors (i.e., at least two types of Si coordina
tion environments). 

Minor elements as the second-nearest neighbor of Si also affect the Si 
K-edge energy of glassy materials [51]. Glassy silicates only exhibit few 
peaks and shoulders in XANES spectra, making fingerprint phase iden
tification challenging. As the degree of silicate polymerization increases 
with an increasing Si K-edge energy [59], the extracted XANES spectra 
still provide valuable chemical information. The peak C of the red 
spectrum is positioned at 1821.5 eV, ~1.5 eV lower than that of the 
green spectrum due to the weaker electron shielding of Si in the red 
region. The Si K-edge peak energy difference suggests 1) the presence of 
glass network modifiers (e.g., Na, K, and Ca) that balanced with Al in the 
red region, and 2) the presence of large second coordination shell atoms 
(e.g., Ti and/or Fe) as network formers in the green region 
[59,60,61,62]. Si K-edge energy increases with decreasing content of 
glass network modifiers and increasing content of large network for
mers. The peak of the red spectrum is sharper than that of the other two 
spectra, suggesting more ordered Si coordination with a larger Si cluster 
size in the red region relative to the other regions [63]. The Si ordering 
results are consistent with the fact that the green and blue regions 
mainly contain Si sharing oxygen with highly disordered Al and Al with 
two coordination environments (i.e., Al[IV] and Al[VI]). The peak B 
energy at 1820.9 eV of the blue spectrum is higher than the green 
counterpart, 1820.3 eV, suggesting a higher Si-O-Si/Al bond strength 
and/or a smaller Si-O-Si/Al bond angle in the blue region. The Si K-edge 
XANES spectra (not shown here) within the lower-left solid sphere have 
comparable peak position and width, suggesting a homogenous Si co
ordination environment within this sphere. The presence of different Si 
coordination environments in XANES spectra of the FA particles agrees 

with 29Si NMR studies, where the peaks in NMR spectra are very diffuse 
[10]. 

The color-mismatch between the two RGB overlay maps (Al K-edge 
in Fig. 1d and Si K-edge in Fig. 1f) with respect to the plerosphere 
suggests the heterogeneity of FA coordination chemistry and the Si-poor 
nature of many fine inclusions (i.e., sub-spheres). This fact is consistent 
with the results of the ptychography images (Fig. 1a and b). The ma
jority of the sub-spheres is suggested to be Fe/Ca-Al oxide with relatively 
low Si content, which is consistent with micro-tomography and TEM 
studies [56,64]. The Si K-edge XANES spectra with absolute intensity in 
Fig. 1i are also extracted from areas specified in Fig. 1e. The absolute 
absorption intensity in Fig. 1i at the Si K-edge is also disproportional to 
that at pre-edge (e.g., 1815 eV), exhibiting the intra- and inter-particle 
variations in Si concentration of the FA sample. The lower-left solid 
sphere with homogenous Si concentration exhibits higher Si concen
tration than other particles in Fig. 1 h. The low absolute intensity ratio 
for both Al and Si in area2 in Fig. 1e suggests its low content of Al and Si, 
thus high content of other elements (i.e., very likely Ca-rich). 

Fig. 2 shows the Al K- and Si K-edge energies of all measured particles 
in the FA sample. The scatters fall into three regions, α, β, and γ. Region α 
indicates silicate tetrahedra that mainly connect to Al[VI]. A positive 
correlation between Al K-edge and Si K-edge energies is found in region 
α. The Al K-edge energy of Al[VI] increases as the mean Al–O bond 
length increases [55]. The long Al[VI]-O bond and the low bond valence 
of Al[VI] with a high degree of local distortion correspond result in a 
higher Si K-edge energy of aluminosilicate glass [50]. Region β indicates 
silicate tetrahedra that mainly network with aluminate tetrahedra. Al 
[IV] acts as a network former and increases the network polymerization 
degree relative to the counterpart with network modifiers Al[VI]. The 
higher degree of network polymerization explains the higher Si K-edge 
energy in region β. The correlation between Al K- and Si K-edge energies 
in β is less pronounced due to the low variation in intertetrahedral Al-O- 
Si angles [65]. Region γ indicates heavy elements (e.g., Ti and Fe) 
incorporated in the aluminosilicate glass networks of FA [66]. As the 
heavy elements content of the FA is low, only several scatters are plotted 
here. 

The present study demonstrates the intra- and inter-particle hetero
geneity of Al and Si coordination environments of FA. The chemical 
heterogeneity (e.g., the spatial distribution of network modifiers and 
formers) affects the depolymerization of FA glass during pozzolanic 
reaction or alkali-activation. Thus, intra- and inter-particle variations in 
the reaction rate are inevitable in FA-based cementitious materials. In 
the studies of the pozzolanic reaction and alkali-activated materials 
using micro-analysis tools (e.g., SEM-EDS, TEM, micro-tomography, 

Fig. 2. Correlation between Al K-edge and Si K-edge of XANES spectra of 
the FA. 
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micro-Raman, micro-XRF, micro-XRD), statistically representative data 
of FA-based cementitious samples must be collected to support one's 
statement. An example of an inappropriate characterization of FA-based 
samples can be found in [67], where only one FA particle in each group 
of samples was measured by TEM to unveil the influences of different 
curing methods on the properties of high-volume FA concrete. 

3.2. NMR 

Our 27Al NMR results in Fig. 3 indicate that three distinct Al envi
ronments can be identified in the FA material. However, these de
terminations are challenging and require effort beyond the standard 
solid-state NMR tools applied by cement chemists. Direct 27Al SP/MAS 
NMR is insufficient to resolve chemical information about this material. 
Spectra collected at different magnetic field strengths and spinning rates 
show a broad and poorly resolved peak centered at 50 to 60 ppm that 
spans the entire range of chemical shifts expected for cement materials 
(Fig. 3). A small peak appears as a shoulder near 0 ppm but is completely 
obscured by the main peak. A spinning rate of 30 kHz was required to 
sufficiently prevent sideband overlap with the centerband but was still 
insufficient to resolve this additional peak. We also note that the in
crease in magnetic field strength from 9.4 to 14.1 T has a marginal effect 
on the spectral resolution and is likely due to paramagnetic broadening 
increasing with field strength while the quadrupole broadening 
decreases. 

We relied on two different 27Al MQ/MAS data sets for full spectral 
assignment in this system. The standard MQ/MAS experiment produced 
a broad and complex spectrum with multiple potential overlapping en
vironments present that cannot be deconvolved easily. A second 
experiment collected using a split-t1 acquisition produced a cleaner 
spectrum is presented where a single peak from Al[IV] and that from Al 
[VI] can be observed. This peak is clearly present in the standard MQ/ 
MAS spectrum (Fig. 4) but is obscured by the strong peak on the 
chemical shift axis (CS). This peak also completely obscures that of the 
Al[VI] near 0 ppm. Thus, this second data set acts as a spectral editing 
tool which retains some but not all of the Al environments and enhances 
signal from the Al[VI] peak. With the separation of these three peaks, 
they can be assigned to distinct phases in the FA material (Table 2). We 
assign the lone Al[VI] peak at δiso = 7.11 ppm to that contained in 
mullite. The peak at δiso = 58.6 ppm exhibits a small PQ and is assigned 

to Al[IV] in a Ca-poor tectosilicate-like glass network. This assignment 
agrees with the chemical shift of Al[IV] in Ca-poor FA [68,10,11]. The 
large PQ of 7.1 MHz observed for the final Al[IV] site combined with the 
average chemical shift of 74.1 ppm places this environment more in line 
with that for a disordered calcium aluminate phase (e.g., calcium 
dealuminate δiso = 75.5 ppm and 69.5 ppm [69]) and/or disordered Ca- 

Fig. 3. 27Al SP/MAS NMR spectra collected (a) at a 9.4 T magnetic field with a 
14 kHz spinning rate and (b) at a 14.1 T magnetic field with a 30 kHz spin
ning rate. 

b.

a.

Fig. 4. 27Al MQ/MAS spectra of the FA. (a) Data collected using the “standard” 
method with a zero-quantum filter; (b) Data collected using a double frequency 
sweep and a split-t1 acquisition. 
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rich aluminosilicate. 
Comparison of our 29Si data to those previously collected for FA 

reveals a similarly broad spectrum which is difficult to resolve the 
lineshape. Previous efforts have fit these spectral data with at times over 
14 different Gaussian peaks which represent a severe overfitting of these 
data [70–72]. Barring more additional 2D NMR experiments [73], we 
have applied a conservative model with four main 29Si NMR peaks were 
observed in Fig. 5. The two peaks at − 91.2 and − 109.2 ppm over the 
range for Q3 and Q4 species in the aluminosilicate network [15]. The 
peak at − 73.7 ppm corresponds to isolated SiO2 tetrahedra Q0, indi
cating a small amount of merwinite [74,75], which is below the detec
tion limit of XRD and out of our interest. The broad peak at − 125.6 ppm 
is outside the normal range for silicates, possibly resulting from the 
paramagnetic interactions with Fe [76–80] (Table 3). 

Our XANES results agree with our NMR results. Both Al[IV] and Al 
[VI] were found in this FA sample using the two techniques and Al[IV] is 
more abundant than Al[VI]. No Si-free-Al-rich spheres were observed in 
STXM, suggesting that the 27Al NMR main peak at δiso = 74.1 ppm 
should be assigned to Ca-rich aluminoslicate, which stoichiometrically 
contains less Si compared to Ca-poor aluminosilicate and calcium sili
cate [8]. The largely scattered K-edge energies and the broad peaks of 
XANES spectra suggest the heterogeneous and disorder nature of Al and 
Si in FA, consistent with the broad peaks in 27Al and 29Si NMR. Although 
Si K-edge energy is sensitive to the degree of aluminosilicate polymer
ization, this degree cannot be quantified using XANES. 29Si NMR is a 
powerful tool to determine this polymierization degree. However, for 
this Fe-rich FA sample, the quantification of degree of polymerization is 
challenging due to the paramagnetic interactions with Fe. Although 
NMR is a commercially available technique with a large database of Al 

and Si chemical shifts and more accessible than STXM, we demonstrated 
that determining the coordination environment of Al and Si in a Fe-rich 
(6.6 wt% Fe2O3) FA sample using NMR is already challenging and time- 
consuming. The total data collection time of this NMR work is 17 h for 
29Si and a combined total of over 30 h for the 27Al NMR study. NMR 
studies of SCMs with higher Fe content (e.g., FA with 21 wt% Fe2O3) 
could be even more challenging. STXM can be a highly efficient alter
native to NMR for studying the coordination environments of Al and Si 
of cement-related materials. 

3.3. Discussion 

The dissolution reactivity of FA glassy phases largely relates to both 
the compositions and coordination environments of the glasses [3]. Ca, 
Mg, Na, potassium, and Al[VI] are network modifiers of FA glasses while 
Si and Al[IV] are major network formers. The glass reactivity negatively 
correlates to the degree of silicate polymerization. Ca-rich glasses ex
hibits a higher dissolution rate and pozzolanic reactivity relative to Si- 
rich glasses as Ca depolymerizes silicate networks [81]. Al as a 
network modifier also considerably increases the dissolution rate and 
pozzolanic reactivity of aluminosilicate glasses. The glass dissolution 
rate is also influenced by aqueous chemistry. Ca-rich alkaline solution 
promotes the precipitation of calcium silicate hydrate (C-S-H) on glass 
surfaces, and C-S-H acts as a barrier against further OH- and alkali ions 
diffusion towards glass and limiting further dissolution of glasses [82]. 
Al leached from glasses can reintegrate on glass surfaces, forming Ca- 
modified aluminosilicate layer with Al-O-Si species [83]. As the Si K- 
edge energy generally increases with an increasing degree of alumino
silicate polymerization, the high Si K-edge areas (the network former Al 
[IV]-rich regions β and γ in Fig. 2) of FA glass probed in this study 
indicate lower dissolution and pozzolanic reactivities. The Si K-edge of 
the glass with higher Ca content positions at a lower energy, indicating 
higher reactivities. The low Si K-edge area (the network modifier Al[VI]- 
rich region α in Fig. 2) with a relatively low degree of aluminosilicate 
polymerization indicates higher dissolution and pozzolanic reactivities. 
This heterogenous coordination environments of Al and Si of this FA 
sample suggests nonuniform reactivities in Ca-rich FA, consistent with 
previous SEM-EDS results of other FA samples [84,8]. 

To the best of the authors' knowledge, COSMIC is the only soft X-ray 
spectromicroscopic beamline that couples STXM with ptychography and 
is capable of sharp ptychographic imaging at the energy of 1500–1850 
eV (in fifth harmonics) at spatial resolution <10 nm. Other ptycho
graphic imaging microscopy at STXM/ptychography beamlines at other 
synchrotron facilities were mainly optimized at the energy range of 
700–1000 eV (in third harmonics) due to the limitations of their beam 
brilliance, CCD detectors, microscopic configuration, or optimized al
gorithm [85–87]. Other X-ray absorption beamlines are primarily in the 
beam energy range of 2–12 keV or higher [88,25], which does not cover 
the K-edge of major elements of FA, e.g., O, Na, Mg, Al, and Si. Other soft 
X-ray STXM beamlines without the ptychographic imaging technique 
are only capable of probing absorption features at a spatial resolution 
down to ~30 nm, which may be insufficient to image the fine structure 
of FA. However, limitations of the application of COSMIC (STXM/pty
chography) beamline in SCM-related studies should not be ignored. The 
designed energy range of the COSMIC beamline is 250–2500 eV, below 
the K-edge energies of many heavy elements (e.g., potassium, Ca, Ti and 

Table 2 
Average 27Al chemical shifts (δiso) and quadrupole products (PQ) for the three 
Al sites in FA.  

Site δiso (ppm) PQ (MHz)  

1  74.1  7.2  
2  58.6  1.9  
3  7.1  4.2  

Fig. 5. 29Si MAS NMR spectrum of the FA. The top spectrum is measured result, 
and the dashed peaks at the bottom are from its deconvolution. Fitted spectrum 
is the in-between. The difference between the data and the fit is presented at the 
bottom. * denotes the spinning sideband. 

Table 3 
Average spectral parameters derived from the 29Si MAS/NMR data. Errors are 
presented as the 1σ standard deviation.  

Site δiso (ppm) width (ppm)  

1 − 73.7 ± 0.1 6.8 ± 0.3  
2 − 91.0 ± 0.4 26.6 ± 0.7  
3 − 109.1 ± 0.4 17.5 ± 1.1  
4 − 126.4 ± 2.8 39.5 ± 3.8  
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Fe), which may be interesting or important for the study of glassy ma
terials (e.g., FA and slag). The Fe L2,3-edge at ~710 eV falls in the energy 
range of COSMIC, whereas Fe L2,3-edge XANES spectra of Fe–O coor
dination are only sensitive to the oxidation degree (Fe K-edge at ~7.1 
keV is more sensitive to the local coordination changes [89–90]). Thus, 
Fe L2,3-edge XANES spectra may be only applicable for Fe element 
mapping. The L2,3-edge energy of potassium and Ca also falls in the 
designed beamline energy range. However, the minimum energy of the 
microscope is currently only optimized down to 500 eV. With the 
continuing optimization of the microscope, the STXM/ptychography 
will be applied into the full designed energy range (250–2500 eV). The 
X-ray beam at the Al and Si K-edge energy may only penetrate particle 
cement-related materials for up to ~15 μm. Over-sized particles would 
result in over-saturation in XANES spectra, limiting the detection of 
important absorption features and making data interpretations chal
lenging. This transmission technique in two-dimensional mode may only 
characterize particles for a mixture of outer shells and inner products. 
STXM in the tomography mode can differentiate the outer and inner 
parts of each particle. However, this image stack data collection 
approach is not highly time-efficient due to the limited photon density 
from a third-generation synchrotron. The current minimum collection 
time for an 8 μm-by-8 μm area with one element of interest is ~1 h. The 
upgraded ALS, in few years, will emit a 100 times brighter beam than the 
current level. The data collection time would be significantly shortened, 
and even three-dimensional image stacks with XANES spectra can be 
collected in a reasonable timeframe. 

4. Conclusions 

In this paper, the use of STXM with ptychographic imaging at high 
soft X-ray energies (around Al and Si K-edge) has revealed the inter- and 
intra-particle spatial variations in the coordination environments of Al 
and Si of a Fe-rich fly ash sample. The different degrees of silicate 
polymerization and different coordination environments of Al among 
the fly ash particles have been visualized. The correlation between Al 
and Si coordination environments of fly ash aluminosilicate glass has 
been evidenced in the form of XANES spectra. Insufficient chemical 
information has been obtained from the direct SP/MAS NMR measure
ment due to the high paramagnetic Fe content in the FA sample. The 
peak shifts and width are largely affected by the paramagnetic element. 
The MQ/MAS NMR measurement can provide sufficient spectral reso
lution to peak deconvolution but is very time-consuming. Our improved 
XANES-based spectromicroscopic technique in the energy range of 
1500–1850 eV is not limited by the paramagnetic ions in any sample or 
dense micron-sized particles (a limiting factor for low-energy ptychog
raphy imaging). This new spectromicroscopic characterization method 
is valuable for probing the local coordination environment of elements 
of interest in chemically heterogeneous poorly crystalline and glassy 
(supplementary) cementitious materials with a particle size of a few 
microns. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.cemconres.2022.106947. 
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