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a b s t r a c t

This study aims to evaluate the potential of sugarcane bagasse ash (SCBA) as a supplementary cemen-
titious material (SCM) in terms of composition. Using coal-combustion fly ash (CFA) as the benchmark,
SCBA is characterized thoroughly using multiple tools to determine and compare particle size, particle
morphology, chemical composition, glass content, element distribution and chemical status. It is found
that SCBA has fine particle size (d50 ¼ 6.76 mm, compared to 2.2 mm of CFA), high glass content (78.5 wt%,
compared to 81 wt% of CFA), and relatively stable chemical composition, making it a potential effective
SCM. The glass content of SCBA is dominated by amorphous silica (77.2%, compared to 53.6% of CFA),
which can lead to formation of secondary calcium silicate hydrates in pozzolanic reactions. However,
SCBA contains no spherical glass grains but many porous grains, which may compromise the workability
of fresh-state cement-based materials. Another two detriments of SCBA are high carbon and potassium
contents, which could potentially interfere the performance of cement-based materials. However, due to
their existence forms (i.e., either light or dissolvable, as revealed by X-ray photoelectron spectroscopy),
these detrimental effects can be mitigated through washing. A literature-survey based analysis shows
that the ash samples adopted in this study are representative, so the conclusions drawn from this study
are generally meaningful.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

As one of the world’s largest industrial solid wastes, coal-
combustion fly ash (CFA), especially class C and class F according
to ASTM C618 (ASTM C618-19, 2019), has been widely used in
cement and concrete materials as a supplementary cementitious
material (SCM) due to its technological advantages (Hemalatha
et al., 2016; Rivera et al., 2015; Liao et al., 2017). These advan-
tages include, but are not limited to (Shen and Zhang, 1981; Butler
and Mearing, 1985; Ma, 2013): (1) spherical particle shape that can
improve the fluidity of fresh-state cement-based materials; (2)
filler effect, which provides additional nuclei for the formation of
calcium silicate hydrates (CeSeH) and promotes cement
hydration; and (3) pozzolanic effect, which leads to formation of
secondary hydration products because of the reaction between CFA
and cement hydrates, and, thus, results in improved mechanical
and durability performance. CFA has actually become a key
component for producing high-performance concrete. However,
many countries have been facing shortages of CFA because of two-
fold reasons. On the one hand, demand for concrete is ever-
increasing because of the expansion and renovation of concrete
infrastructure (Dhondy et al., 2019; Monteiro et al., 2017; Liao et al.,
2019a), which has been enlarging the demand of CFA. On the other
hand, many coal-fired power plants are retiring and environmental
protection agencies have been continually issuing rigorous regu-
lations to restrict the emissions of SO2 and NOx from coal-fired
power plants (Fleischman et al., 2013; Duquiatan et al., 2020). As
a result, supply of CFA is declining, and the fraction that cannot
meet the technical requirements of ASTM C618 (ASTM C618-19,
2019) (i.e., off-specification CFA) is increasing. A recent initiative
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of the US National Cooperative Highway Research Program has
even started to test the possibility of expanding the use off-
specification ashes as SCMs for making concrete (TRB, 2018). To
address such shortages of CFA and SCMs, as pointed out by a recent
United Nations’ report (Scrivener et al., 2018), geographically
abundant minerals (e.g., calcined clay (LC3, 2014)) as well as locally
and seasonally available minerals (e.g., natural pozzolans and rice
husk ash (Juenger et al., 2011)) have to be fully leveraged.

Sugarcane bagasse ash (SCBA) is a typical locally available in-
dustrial byproduct. In a sugar-producing region, a large portion of
the bagasse can be incinerated to generate power to run equipment
for milling, clarification, evaporation and crystallization (Webber
et al., 2016). SCBA is the residue of this incineration process.
Although the percentage of ash only represents less than 3% of the
original mass of the bagasse, the large volume of combusted
bagasse can generate massive amount of SCBA that has to be
handled economically and eco-friendly (Webber et al., 2016). In
Louisiana e an important sugar-producing area in the US e the
annual production of SCBA is up to 40,823 metric tons; and based
on the numbers projected in (United Staes Department of
Agriculture, 2015), around 5 million metric tons of SCBA can be
produced globally every year. This does not represent an amount
that is large enough to replace CFA. However, if SCBA can be
scientifically utilized, it can serve as a renewable resource to
partially compensate the local shortage of SCMs (Rovani et al., 2018;
Usman et al., 2014). Some attempts have been made to test the
possibilities of using SCBA as an SCM (Dhengare et al., 2015; Moraes
et al., 2015; Rerkpiboon et al., 2015; Bahurudeen et al., 2015;
Ganesan et al., 2007) and a precursor for alkali-activated materials
(Castaldelli et al., 2013; Pereira et al., 2015). In SCM-oriented
studies, some researchers have reported positive effects of SCBA
on pore structure, strength, impermeability and durability
(Dhengare et al., 2015; Rerkpiboon et al., 2015; Ganesan et al.,
2007), while some have identified negative influences of SCBA on
fresh-state, early-age, and even long-term properties (Moraes et al.,
2015; Bahurudeen et al., 2015). Inconsistency in the literature can
be attributed to the chemical or compositional variance of SCBA,
since the studies just used a local ash with random chemical
composition.

Recognizing the chemical composition, mineral composition,
surface functional groups, reactivity and physical properties of an
ash is of great significance for maximizing its beneficial use in
cement-based materials e as an SCM (Ma, 2013; Liao et al., 2019b).
In recent years, a certain amount of studies have been published on
the characterizations of either CFA (Chancey et al., 2010; Deng et al.,
2016; Ha et al., 2016; Ohki et al., 2005; Ib�a~nez et al., 2013; Yan et al.,
2018; Singh and Subramaniam, 2016) or vegetable ashes (Imran
and Khan, 2018; Agredo et al., 2014). Various test methods have
been utilized individually or in combination for the sake of char-
acterization. Typically, x-ray fluorescence (XRF) is used to charac-
terize oxide compositions of ashes. Quantitative x-ray diffraction
(QXRD: Rietveld analysis of XRD patterns) is employed for deter-
mining the crystalline phase contents, while the glass contents of
ashes can be obtained by subtracting the oxide equivalent of
crystalline phase contents from the overall oxide compositions (Le
Saoût et al., 2011). Furthermore, the unburnt carbon content is
normally measured by testing the loss on ignition (LOI, mass loss in
a sample heated to 950 �C according to ASTMD7348 (ASTMD7348-
13, 2013)) of the ashes. Lastly, if the particle size distribution and
specific surface area of the ashes are of interest, they can be
quantified using laser particle size analyzer (Wyatt, 1980) and ni-
trogen adsorption (Külaots et al., 2004), respectively. However,
these methods, although well-established and widely used, have
their limitations. For example, the LOI measurement does not
distinguish unburned carbon from other thermally decomposable
ingredients (e.g., crystalline carbonates and hydroxides); for a
vegetable ash, like SCBA, it tends to overestimate the content of
unburned carbon. Furthermore, these methods do not tell chemical
states of elements (e.g., carbon) andmay not be able to characterize
other light elements. To solve these issues so as to characterize the
composition of SCBA, other techniques such as X-ray photoelectron
spectroscopy (XPS) would need to be used to complement the
aforementioned characterization protocol (Rajamma et al., 2009).

Developed based on the concept that photoelectrons released
from the surface of a sample e irradiated with soft X-rays e have
different kinetic energies, XPS is a surface-sensitive quantification
technique to determine chemical composition as well as chemical
states of elements (Deng et al., 2016; Fu et al., 2018). Since XPS
probes only less than 20 nm into the sample (Rajamma et al., 2009;
Fu et al., 2018), it tends to overestimate the contents of adventitious
elements, such as carbon due to carbonation effect and contami-
nation during production. To avoid surface carbonation effect on
samples for XPS test, researchers have proposed to either use fresh
surfaces in the test (VanderWal et al., 2011), or create a carbon-free
environment for sample preparation (Deng et al., 2016). However,
regarding to an industry waste like SCBA, as-received powder
already has small particle sizes and has been exposed to air for a
long time. It is therefore inefficient to further grind SCBA into
smaller sizes so as to get fresh surfaces, and it is meaningless to
maintain the sample in carbon-free environment. SCBA does
contain unburned carbon, but it is unclear if the carbon is
embedded in ash grains or exists as small particles (as either
separate particles or adhering on the surface of ash grains) (Joyce
et al., 2006; Liu et al., 2011). Therefore, special concerns (for both
sample preparation and data analysis) should be taken for XPS
characterization of SCBA, and quantitative deconvolution based on
high-resolution XPS spectra (e.g., C1s, O1s and K2p) could be used
for the purposes of improving the accuracy of analysis as well as
identifying surface functional groups and chemical states (Fu et al.,
2018). Some XPS studies of biomass ashes in the literatures (Agredo
et al., 2014; Pande et al., 2012; Subramanian et al., 2013) have
focused on fitting carbon spectra; however, on an XPS spectrum,
the peaks of carbon and potassium (i.e., C1s and K2p) overlap with
each other (Fairley, 2009). Given that the unburned carbon content
of a biomass or vegetable ash is typically higher than 2% and the
potassium content ranges generally from 3.2% to 8.7% (Agredo et al.,
2014; Rajamma et al., 2009; Souza et al., 2011), the overlap has to be
solved for accurate composition characterization.

The present study aims to comprehensively characterize SCBA.
Instead of qualitative or semi-quantitative characterizations in
many past studies (Imran and Khan, 2018; Agredo et al., 2014), this
study leveraged multiple technologies to achieve quantitative
characterizations of chemical compositions of surface and interior
of SCBA grains. In addition to standard methodologies, this work
combines XRF and QXRD to elucidate the overall chemical
composition and the composition of the glass phase; scanning
electron microscopy (SEM) coupled with energy dispersive x-ray
spectroscopy (EDS) and XPS are combined to examine the status
and distribution of some elements (e.g., carbon); and synchronous
deconvolution of overlapping carbon and potassium peaks is
employed for the first time for more accurate characterization of
SCBA. The characterization of SCBA is carried out in comparison
with a CFA. Based on the results as well as literature analysis, the
feasibility of using SCBA as an SCM in concrete is discussed.

2. Experimental methods

The main experimental work in this paper is to investigate the
elemental and phase composition as well as chemical bonds of two
types of silicoaluminate ashes. One is an SCBA produced from
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burning of sugar cane bagasse in Louisiana, and the other is an
ordinary class-F CFA, generated from coal combustion at a local
(Missouri) electric power plant. As received, the SCBA in the form of
powder has a grey color closed to that of the conventional CFA. The
skeleton density of the SCBA is 2.53 g/cm3, which is similar with
that of 2.35 g/cm3 of the CFA. However, the bulk density of the SCBA
is 0.49 g/cm3, much smaller when compared with that of 0.98 g/
cm3 of the CFA. As introduced in section 1, standard methods were
followed to characterize the particle size distribution and LOI of the
ashes, XRF and QXRD were combined for compositional analyses,
and XPS measurement was carried out to reveal more details of
some elements. The compositions obtained by XPS were also
compared with the results of XRF, to reveal the phase distribution
in ash grains assisted by SEM/EDS.

2.1. Particle size distribution

Particle size distributions of the two ashes were analyzed using
a Microtrac S3500 Particle Size Analyzer (Microtrac Inc., Mont-
gomeryville, USA), using the principle of laser diffraction. The in-
strumentwas equippedwith three precisely placed red laser diodes
to accurately measure sizes of particles in the range of 0.02e2800
mm. Before collecting data, a 60-s ultrasonicationwas implemented
by the built-in sonicator to help with dispersion of the powder
samples in the liquid media of isopropanol. Particle size distribu-
tions of the two types of ashes were determined before and after
15-s grinding using a disc mill. The grinding was for detailed XPS
analysis as will be introduced in section 2.5. To further breaking the
ash grains and maintain the freshness of the exposed surfaces,
grinding was carried out in a nitrogen-filled glove box and imme-
diately stored in sealed sample bags until particle size analysis and
XPS testing were performed.

2.2. Loss on ignition (LOI)

The CFA and SCBA samples were firstly oven-dried and then
burned to a constant weight at 950 �C to determine their loss on
ignition (LOI). The test procedure conformed to ASTM D7348.

2.3. X-ray fluorescence spectrometry (XRF)

The oven-dried samples were scanned using an X-Supreme
8000 Energy Dispersive X-ray Fluorescence Spectrometer (Oxford
Instruments, Abingdon, UK). The scans were conducted in 40 mm
aluminum cups that were standard for the powder sample analysis.
The measurement time was 200 s.

2.4. Quantitative x-ray powder diffraction (QXRD)

X-ray diffraction (XRD) data of the oven-dried powder samples
were collected by a PANanalytical X’pert Pro MPD diffractometer,
using CuKa radiation (l ¼ 1.54 Å) and an X-Celerator solid detector.
The patterns were examined at room temperature with 2q ranging
from 10� to 70�. The step size was D2q¼ 0.02626�, and the time per
step was 200s. That means a scan speed of 0.03348�/s owing to the
use of strip detector with 255 active channels. As a result, a total
counting time for each sample was about 45 min. The phase
compositions were identified with the assistance of X’Pert High-
Score Plus software. Al2O3 (a) was added to the samples as internal
standard to quantify the crystalline and amorphous phases in the
samples, since there was no Al2O3 (a) peak was found in the orig-
inal spectra. Based on the XRD patterns, the Rietveld method was
used to quantitatively analyze the crystal and amorphous phases in
the samples.
2.5. X-ray photoelectron spectroscopy (XPS)

XPS analysis for the ash samples was performed with a Kratos
Axis Ultra DLD Spectrometer (Kratos Analytical Ltd., Manchester,
UK) equipped with a MgKa X-ray source (1253.6 eV, 150 W). The
analysis chamberwasmaintained at high vacuume 5� I0�8 Torr or
lower e during the analysis. Survey scan analyses were carried out
within a spot size of 700� 300 mm2 area and a pass energy of 30eV.
High-resolution scan analyses were performed to obtain the
spectra of C1s, K2p and O1s. The energy step size for the narrow
scan analysis was 0.05 eV. The final high-resolution scan spectrum
was obtained with three cycles of scanning for each element. Least-
square curve-fitting analyses of C1s, K2p and O1s spectra were
carried out with a Gaussian/Lorentzian (70/30) product function
using the CasaXPS program. Mole fractions were calculated using
peak areas normalized on the basis of acquisition parameters after
linear Shirley background subtraction. To compensate the shifts in
binding energy (BE) due to charging, the observed binding energies
were all corrected by setting the BE value for the C1s peak of carbon
in the sample to be 284.5 eV. In addition, to reveal the distribution
of elements in the ash grains (e.g., surface-rich or uniformly
distributed), a group of ground samples were also scanned and
compared with the unground samples.

2.6. Scanning electron microscopy (SEM)

The morphologies of the grains of the two ashes were investi-
gated with a field emission scanning electron microscope (S4700
FE-SEM, Hitachi, Japan). The ashes were oven dried to constant
weight before sample preparation. The sample particles were
sprayed on a carbon tape and subjected to gold coating for the SEM
observation. They were imaged with 15 kV accelerating voltage and
10 mA emission current in secondary electrons detecting mode. The
powder samples were also mounted in resin, which were then
polished following a well-established procedure (Hu and Ma, 2016)
to expose cross-sections of the ash grains. The polished surfaces
were coated with AuePd and observed under backscattered elec-
tron (BSE) detecting mode with 30 kV accelerating voltage and
15 mA emission current. The BSE imaging was assisted by energy
dispersive x-ray spectroscopy (EDS) to analyze the distribution of
elements in the ash grains.

3. Results and discussion

3.1. Particle size distribution

The particle size distributions of the two types of ashes before
and after grinding are shown in Fig. 1. The characteristic particle
diameters and specific surface areas of the raw and ground ashes
are given in Table 1. In Fig. 1 and Table 1, it can be seen that the
particle size distributions of the two raw ashes are fairly different.
The SCBA appears to be coarser than the CFA. The particles sizes of
both ashes decline obviously after grinding, and the change of SCBA
is more significant. According toTable 1, themean particle size (d50)
of the CFA falls from 2.22 mm to 1.65 mm after grinding (26%
reduction); as for the SCBA, this value descends from 6.76 mm to
3.36 mm (50% reduction). Meanwhile, the specific surface areas of
the ground CFA and the ground SCBA are around 36% and 98% larger
than the raw ashes, respectively. Given that the grinding energy for
both ashes were comparable, the extends of particle size variation
due to grinding implies that the SCBA grains are more fragile than
the CFA grains. This further implies two aspects, as compared with
CFA: (1) SCBA may be detrimental to the mechanical properties of
cement-based materials; and (2) if grinding is employed to yield
finer binder for reactivity improvement (Bahurudeen et al., 2015;



Fig. 1. Particle size distributions of the raw and ground SCBA and CFA.

Table 1
Characteristic particle diameters and specific surface areas of the raw and ground
ashes.

d10 (mm) d50 (mm) d90 (mm) Specific surface area (m2/cm3)

CFA 0.445 2.223 18.07 0.773
Ground CFA 0.344 1.646 16.26 1.052
SCBA 0.661 6.76 43.10 0.378
Ground SCBA 0.650 3.36 22.05 0.747
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Cordeiro and Kurtis, 2017; Cordeiro et al., 2009, 2019), SCBA re-
quires less grinding energy.

3.2. Compositional analyses

The LOIs of SCBA and CFA samples were firstly determined.
Regarding to combustion ashes in which unburned carbon is pre-
sented, LOI has long served as a parameter to represent unburned
carbon content (Chancey et al., 2010). LOI is also used to correct XRF
results or as a pretreatment of XRF test for compositional analyses.
Though LOI may overestimate the unburned carbon content, as
discussed in section 1, the traditional combining strategy of LOI and
XRF is still adopted in this section. The LOI and XRF test results of
the SCBA and CFA are shown in Table 2.

From Table 2, it can be seen that the oxide/element types in the
Table 2
Chemical compositions of CFA and SCBA, wt% (mg/kg if marked by *).

Composition CFA SCBA

Na2O 0.05 0.19
MgO 1.68 1.47
Al2O3 23.21 8.38
SiO2 56.31 76.16
P2O5 0.15 1.49
SO3 0.71 0.24
K2O 1.05 3.97
CaO 9.73 2.32
Mn2O3 0.11 0.13
Fe2O3 4.88 2.71
TiO2 1.09 0.42
SrO 0.12 233*
ZnO 112* 175*
Cr2O3 189* 90*
Cl 206* 80*
LOI 0.87 2.46
CFA and SCBA are quite consistent. The (SiO2þAl2O3þFe2O3) con-
tents of them are 84.4% and 87.3%, respectively. However, the
composition of CFA is dominated by SiO2 (56.31%) and Al2O3
(23.21%), while that of the SCBA is dominated by SiO2 (76.16%). The
CaO content of the CFA is 9.73%, meaning that the CFA may have
limited hydraulic reactivity, apart from pozzolanic reactivity, when
being used as an SCM in Portland cement based materials. Its total
alkali content, measured by equivalent Na2O content (Na2Oeq ¼ %
Na2O þ 0.658 � %K2O) (ASTM C1778-19b, 2019), is at a relatively
low level (i.e., 0.74%). Summarizing the chemical composition, LOI
(i.e., 0.87%) and fineness, the CFA tested in this study appears to be a
high-quality class F fly ash (ASTM C618-19, 2019). The high SiO2
content of the SCBA, if proven to be mainly amorphous by XRD,
guarantees that this material can potentially show pozzolanic
reactivity. However, its low CaO content (i.e., 2.32%) indicate that
the hydraulic reactivity of the SCBA could be negligible. As
compared to the CFA, the SCBA has a high K2O content (i.e., 3.97%),
which makes its equivalent Na2O content be as high as 2.8%. That is
to say, as a potential SCM, the SCBA needs to be used at relatively
low replacement levels or with special treatment; otherwise, it may
expose the concrete to a relatively high risk of alkali-aggregate
reaction (ASTM C1778-19b, 2019). Another essential difference
between the two ashes is that the SCBA has a LOI of 2.46%, which is
almost tripled that of the CFA. The LOI may be governed by un-
burned carbon, which could interfere negatively with the perfor-
mance of concrete (especially fresh-state properties) and will be
further investigated in sections 3.4 and 3.5. Other minor oxides
(e.g., MgO, P2O5, SO3 and TiO2) and trace level elements (e.g., Sr, Zn,
Cr, and Cl) are not expected to significantly affect the performance
of the ashes as SCMs in cement-based materials.
3.3. X-ray diffraction (XRD) analysis

To identify and quantify phases in the SCBA and CFA, quantita-
tive XRD tests were implemented and the representative diffraction
peaks for each phase are labeled in Fig. 2. It can be seen that peaks
representing quartz (SiO2, ICSD 27831) andmullite (Al4.54Si1.46O9.73,
ICSD 66450) are easily identified in the CFA diffraction pattern,
which is consistent with most of class F ashes (Chancey et al., 2010;
Ib�a~nez et al., 2013; Yan et al., 2018; Singh and Subramaniam, 2016).
The main crystalline phases presenting in the SCBA diffraction
pattern are quartz (ICSD 27831) and anorthite (CaAl2Si2O8, ICSD
23922), and a very low amount of cristobalite (SiO2, ICSD 35536)
can also be detected. This indicates that Ca couldmore readily enter
the SieO/AleO tetrahedral lattice to form anorthite instead of
Fig. 2. XRD diffractograms of CFA and SCBA.



Fig. 3. XPS broad spectra of elements in raw SCBA and CFA.

Table 4
XPS surface chemical composition of the raw and ground ashes (wt%).

CFA Ground CFA Diff.(%) SCBA Ground SCBA Diff.(%)

C 1s 12.01 10.34 �13.91 5.26 8.03 52.7
N 1s 1.52 1.21 �20.39 e 0.07 e

O 1s 49.53 49.85 0.65 50.46 49.84 �1.23
Na 1s 1.14 0.69 �39.47 0.31 0.31 0
Mg 2s 0.31 0.59 90.32 1.38 1.28 �7.25
Al 2p 6.22 6.85 10.13 3.69 3.23 �12.47
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mullite during the formation of SCBA compared with CFA, but the
specific mechanism behind it needs to be further explored. More-
over, apart from the major phases labeled in Fig. 2, possible trace
phases are also given in Table 3. These phases may exist according
to existing literatures and the obtained XRD patterns, whereas their
existence cannot be determined for sure because of peaks over-
lapping or their limited amounts. In Fig. 2, humps within the 2q
range of 20�e40� are noticeable in both samples, which indicate
their high amorphous contents (Chancey et al., 2010). Given that
Rietveld analysis is a mature technique widely used to perform a
full-component quantitative phase analysis from the XRD pattern,
relative proportions of crystalline phases as well as amorphous
phases in the CFA and SCBA are acquired via Rietveld refinement
method and the obtained results are shown in Table 3.

According to Table 3, both the SCBA and the CFA have large
percentages of amorphous phases, and the two percentages are
78.5% and 81% for SCBA ad CFA, respectively. Subtracting the
crystalline phases in Table 3 (i.e., SiO2 and Al4.54Si1.46O9.73) from the
chemical compositions shown in Table 2, the composition of the
amorphous phases of SCBA and CFA can be estimated. The calcu-
lations yield that the amorphous phase in the SCBA is dominated by
SiO2 (60.6% of the ash, or 77.2% of the amorphous phase) and Al2O3
(6% of the ash, or 7.6% of the amorphous phase), and that in the CFA
is also dominated by SiO2 (43.4% of the ash, or 53.6% of the amor-
phous phase) and Al2O3 (17.8% of the ash, or 22% of the amorphous
phase). In other word, if the two ashes are used as SCMs in cement-
based materials, the pozzolanic reaction of the CFA will form
considerable amounts of aluminate hydrate in addition to sec-
ondary CeSeH (Thomas et al., 2017; Massazza, 1998; Shi and Day,
2000), while the reaction products of SCBA will be mainly sec-
ondary CeSeH.
Si 2p 12.39 14.84 19.77 22.69 23.52 3.66
P 2p 0.11 0.39 255 1.54 0.94 �38.96
S 2p 9.44 7.83 �17.06 0.24 0.28 17
Cl 2p 0.21 0.3 42.86 0.1 0.11 10
K 2p 0.26 0.27 3.85 4.53 4.03 �11.04
Ca 2p 3.86 4 3.63 4.39 3.95 �10.02
Ti 2p 0.25 0.43 72 0.2 0.09 �55
Cr 2p 0.6 0.29 �51.67 0.41 0.38 �7.32
Mn2p 0.16 0.29 81.25 0.28 0.57 104
Fe 2p 1.58 1.74 10.13 3.88 2.87 �26.03
Zn 2p 0.35 0.07 �80 0.51 0.25 �50.98
Sr 3p 0.08 e e 0.09 0.24 167
3.4. XPS analysis

XRF is commonly used in semi-quantitative or quantitative
elemental analysis for inorganic minerals. Although the most
advanced XRF claims to be able to measure the amounts of carbon
and other light elements as well as low-concentration elements,
the sensitivity may not be satisfactory (Frey et al., 2011). In prin-
ciple, XRF has good sensitivity and accuracy onlywhen determining
contents of relatively heavy elements with high-enough concen-
tration (Reyes-Herrera et al., 2015). In this section, another
elemental analysis technical e XPS e is adopted to quantify the
major (e.g., Si and Al), minor (e.g., Mg and K), and trace elements
(e.g., Ti, Sr, Zn, Cr, and Cl) in the SCBA and CFA. The effect of particle
breaking on test results of XPS is investigated, and the results are
compared with that of XRF. The capacity of XPS in identifying the
surface element states or functional groups is also discussed.
3.4.1. Effect of particle grinding on XPS results
Based on XPS results, the bimodal binding energy difference

combined with the peak positions are used for presence confir-
mations and quantitative determinations of the major, minor and
trace elements in the SCBA and CFA (before and after grinding), as
shown in Fig. 3. The quantitative results are listed in Table 4.

Table 4 compares the XPS results of the two ashes before and
Table 3
Relative proportions of crystalline and amorphous phases in CFA and SCBA achieved by

Quartz Mullite Anorthite Amorphous Other possible phasesa

CFA 11.3 7.7 e 81 a-Fe2O3 (Ha et al., 2016), ettringite,
SCBA 14.4 e 7.1 78.5 Calcite (Dhengare et al., 2015; Souz

a It is estimated that the total amount of these trace phases does not exceed 5%.
after grinding, and the differences (measured byweight percentage
of the raw ash) induced by the grinding (or particle breaking) are
also listed. If an element distributes uniformly throughout (i.e.,
from the interior to the surface of) the particles, the obtained dif-
ference should be zero or very small. This type of elements include
O, Ca, Al and K in both ashes. A negative difference indicates that
the element is rich in the surface layer of the particles, especially
the first 20 nm as introduced in the introduction section. Such el-
ements, such as Na, S and C in the CFA and Fe and P in the SCBA, can
be diluted due to the breaking of particles. On the contrary, a
positive difference may indicate the element is lean in the surface
layer but relatively rich beneath the first 20 nm. Examples of this
category are Mn in both ashes and Mg in the CFA. Many of these
Rietveld method (wt%).

maghemite, periclase, anatase (Chancey et al., 2010)
a et al., 2011), ferric oxide (Dhengare et al., 2015), microcline (Souza et al., 2011)
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elements follow opposite trends of changing due to grinding (i.e.,
being exposed to a larger extent), because of their different distri-
butions probably attributed to their process of formation. Carbon
serves as a good example to demonstrate this. In the formation
process of CFA, unburned carbon exists as nano/submicron parti-
cles in the flue gas, which then precipitate on the surface of
aluminosilicate glass grains during cooling (Drozhzhin et al., 2018;
_Zyrkowski et al., 2016; Zevenbergen et al., 1999; Kutchko and Kim,
2006); therefore, carbon is a surface-rich element in CFA (denoted
by a “-” difference in Table 4). During combustion of sugarcane
bagasse, although nano/submicron particles of unburned carbon
can also be formed and precipitate on aluminosilicate particles,
some micro-scale gains of insufficiently burned carbon particles
could form too in the forms of plain carbon or carbon-
aluminosilicate solid solutions. This hypothesis will be tested in
section 3.5 in the light of BSE/EDS. If validated, this theory also
explains why the SCBA appears to be more fragile than the CFA, as
explored in section 3.1.
3.4.2. Comparison between XPS surface analysis and XRF bulk
analysis

In this section, the elemental compositions of the SCBA and CFA
Fig. 4. Comparisons between the element proportions extracted from XRF and XPS
tests: (a) CFA samples; (b) SCBA samples.
determined by XPF and carbon content determined by LOI are
plotted in Fig. 4 along with the XPS results. The carbon contents
determined by XPS of the two ashes are both significantly higher
than that determined by XRF/LOI, further confirming the surface
enrichment of carbon in the ashes (all CFA particles and part of
SCBA particles, according to section 3.4.1). With such significant
overestimation of carbon, the other elements should tend to be
underestimated by XPS, as demonstrated by most of the elements
in CFA [see Fig. 4(a)]. The exceptions, such as S, N and Na, are other
surface-rich elements in CFA, which is consistent with Table 4
(illustrated by the “-” differences of these elements). As shown in
Fig. 4(b), there are more exceptions in the SCBA, including Fe, Ca, K,
P, andMg. This is not out of expectation because all of them have “-”
differences in Table 4, indicating that these elements probably have
characteristics of enrichment at the surface layer of the SCBA grains.
It should be noted that these conclusions are based on the
assumption that the ash samples have been mixed well and par-
ticles in each sample have similar distributions of chemical com-
positions. To further substantiate these claims, more detailed
discussion based on SEM/BSE and EDS observations will be pre-
sented in Section 3.5.
3.4.3. Chemical states of carbon, potassium and oxygen on surface
of ash grains

Chemical states analysis and surface functional groups identi-
fication are complementary to elemental characterization based on
XPS. Since carbon is the most predominant surface-rich element,
high-resolution scans are implemented to identify its states and C-
involving surface functional groups. Because of the potential
overlapping of K2p and C1s and the association of oxygen with
carbon in forming functional groups, the states of surface potas-
sium and oxygen are also analyzed based on deconvolution. The
fitting results are displayed in Fig. 5 and Fig. 6.

Fig. 5 shows high-resolution scans over the nominal C1s and
K2p regions (i.e., 281e299 eV) for the two ashes and the corre-
sponding deconvolution fittings. The characteristic peaks of
selected function groups and bonds generate well-fitting curves,
which enables the interpretation of the overlap between the C1s
and K2p peaks. It can be seen that the K2p peak exhibits great
asymmetry probably due to its formation of various functional
groups and bonds with carbon and other elements/groups. The
curves are fitted as previously described in Section 2.5 to extract
information on the carbon and potassium bonding as well as
Fig. 5. High-resolution scan results for C1s and K2p for the SCBA and CFA.



Fig. 6. High-resolution O1s XPS spectra of the SCBA and CFA.
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functional groups. The assignments of C1s and K2p peaks have been
well-referenced in the database and literatures (Vander Wal et al.,
2011; Subramanian et al., 2013; Naumkin et al., 2012). As illus-
trated in Fig. 5, seven carbon peaks observed at the binding energy
regions of 283, 284.5, 285.4, 286.4, 287.4, 288.6 and 290 eV are
corresponding to carbide, sp2, sp3, CeO, C]O (carbonyl), COO
(carboxyl) and pep* transitions, respectively. Five potassium peaks
pinned at the locations of 293.0, 293.8, 294.9, 296.5 and 297.8 eV
can be assigned to different matters as shown in Table 5. A
conclusion can be drawn that the potassium in SCBA has two major
chemical states. One is to bind with carbon and occupy a tetrahe-
dral or octahedral position of graphite intercalation compounds
(GIC), and the other is to combine with oxygen and form phos-
phates, sulfates, as well as oxides. The former state has a general
form of KxC, which is typically formed by the intercalation of po-
tassium atoms into the graphite layer (Murakami et al., 1990). If
intercalating particles e potassium atoms in this case e form co-
valent bonds with graphite, the conjugated sp2 system of graphite
is destroyed, usually forming sp3 Estrade-Szwarckopf, 2004. These
analyses can be mutually confirmed by the peak fitting results of
the C1s spectra as shown in Fig. 5. As compared with SCBA, the CFA
contains much less potassium, which is consistent with Table 4 and
Fig. 4, and the majority of potasssium is in the forms of dissolvable
salts (e.g., phosphate and sulfate) and/or oxide. Furthermore, the
major forms of carbon in the CFA could also be graphite (or GIC), as
proven by the dominant sp2 and sp3 peaks in Fig. 5, but the overall
carbon content is lower. The discrepancy of content and states of
carbon and potassium between SCBA and CFA could be intimately
related to their different formation processes (e.g., sugarcane, as a
vegetable product, contains much more potassium and hydrocar-
bon than coal), which is out of scope of the present study. The
analysis of chemical states of carbon and potassium provides a
reference for potential removal of these matters for quality control
Table 5
Binding energy and parameters used for fitting K2p signals (Naumkin et al., 2012).

Binding energy (eV) Assignment/Formula

K1 293.0 actinolite/(K,Ca)2 [Mg4.3Fe0.7][Si7.
K2SO4, K3PO4

K2 293.8 KxC/K1.4C60, K2.0C60, K2.7C60, K2.8C
K3 294.9 KxC/K1.4C60, K2.0C60, K2.7C60, K2.8C
K4 296.5 KxC/K0.8C60, K1.4C60, K2.0C60, K2.7C
K5 297.8 KxC/K0.8C60, K1.4C60, K2.0C60, K2.7C
of SCBA, as an SCM (e.g., to prevent alkali-aggregate reaction
induced by excess potassium).

Fig. 6 presents the O1s XPS spectra of the two samples. The O1s
binding energy peak can be decomposed into five different oxygen
environments. The peak at around 532.0 eV is assigned to Si/AleO
(Deng et al., 2016; Joyce et al., 2006; Naumkin et al., 2012), whose
proportion is the highest (approximately 50%). This is reasonable
since SiO2/Al2O3 are the major components of the glass phase of
both ashes. The peak at around 531.0 eV contains SOx and POx
(Agredo et al., 2014; Naumkin et al., 2012), part of which are
associated with potassium as discussed above. In addition, the
peaks at about 530eV, 532.8eV and 533.8 eV correspond to metal
oxides (Fu et al., 2018), C]O (Naumkin et al., 2012; Pereira et al.,
2014)and (OeC]O)eO (Deng et al., 2016; Naumkin et al., 2012;
Pereira et al., 2014), respectively. The major difference between the
two ashes that can be seen from the O1s spectra is that the SCBA
contains much more C]O and (OeC]O)eO groups, because of the
organic origin of SCBA.

3.5. SEM, BSE and EDS investigation

3.5.1. Grain morphology
The morphologies of the SCBA and CFA grains are depicted in

Fig. 7. It can be seen that the particle sizes of both ashes are from
submicron to more than 20 mm, consistent with Fig. 1. The majority
of the CFA are well-rounded spherical particles (Xu and Shi, 2018),
while most SCBA particles are in irregular shapes (i.e., prismatic,
fibrous, etc.) with different sizes. This difference can be attributed
to the relatively low combustion temperature reached in the
burning process of SCBA, which may not be high enough to melt as
much melted inorganic matters as in CFA (Kutchko and Kim, 2006).
As suggested by the grainmorphology, when being used as an SCM,
the SCBA may not be able to improve the rheological performance
of fresh state cement-based materials as CFA, because of the lack of
ball-bearing effect (Neville, 2011).

3.5.2. Intra-grain structure and element distribution
Fig. 8 shows the polished cross-sections of several SCBA grains

and the corresponding element distributions obtained from EDS
analysis. It can be seen that the SCBA consists of solid grains and
porous grains. The solid grains are dominated by silicon and oxy-
gen, so they should be the amorphous SiO2 phase as shown in
sections 3.2 and 3.3. In Fig. 7(c) and (d), one can easily find some
porous and fragile particles, to which the big porous grain in Fig. 8
belongs. These particles should be where carbon is rich. The
brightest areas in the C-mapping are attributed to epoxy, apart
fromwhich carbon is also rich in the porous grain. The porous grain
also contains aluminium, silicon, potassium and oxygen, and, thus,
it appears to represent a solid solution of silicoaluminate glass,
unburned carbon (likely graphite as shown in section 3.4), and
minor element (e.g., potassium). The mappings are consistent with
the XPS results in section 3.4 e the porous grains rich in carbon is
more likely to break during the grinding process, resulting in a
relatively large amount of carbon being exposed on the surface of
Remarks

2Al0.8O22](OH)2 Ca, Mg, Fe, K combined with [Si/AlO4] tetrahedron,
Phosphate and Sulfate

60 Kþ ions occupying octahedral sites (K2p3/2)
60 Kþ ions occupying tetrahedral sites (K2p3/2)
60 Kþ ions occupying octahedral sites (K2p1/2)
60 Kþ ions occupying tetrahedral sites (K2p1/2)



Fig. 7. Morphologies of the ash grains: (a, b) CFA and (c, d) SCBA.

Fig. 8. SEM image of SCBA grains and corresponding element mappings based on EDS.
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the particle after grinding (see Table 4 and Fig. 4).
Fig. 9 presents the polished cross section of an individual CFA

particle and corresponding EDS mappings of four elements. It can
be seen that Ca, Si and Al are uniformly distributed through the
grain, and no obvious signals of carbon can be observed in the
particle. If carbon is rich on the surface, it may be difficult to judge
based on these mappings since the carbon signal out of the grain
has been dominated by epoxy. Moreover, there is a drawback of
relatively low resolution for the elementary mappings, which may
miss small enrichment tendency. Thereby, an EDS line scanning is
conducted to semi-quantitatively characterize the distribution of
elements along the white line shown in Fig. 10. It shows a clear
tendency of surface carbon enrichment, while Al, Si, and Ca show
an internal enrichment tendency which is consistent with the
mapping results in Fig. 9. This is also in accordance with the XPS
and XRF analysis results discussed in Section 3.3.
Fig. 10. Distribution of elements in a CFA grain obtained EDS line scanning.
3.6. Discussion on utilization prospects of SCBA

A SCBA and a typical class F CFA are characterized thoroughly
and compared in this study. Assuming that the chemical variation
of sugarcane bagasse is small, the variation of chemical composi-
tion of SCBA should be small too, at least not larger than the vari-
ation of CFA produced from coals. Fig. 11 summarizes the chemical
compositions of seven SCBA samples and seven class F CFA samples
e each includes six randomly selected from the open literature and
the one tested in this study. The coefficients of variation (COVs) of
major compositions of SCBA, in comparison with CFA, are Na2O
(0.57 vs 0.89), MgO (0.38 vs 0.45), Al2O3 (0.44 vs 0.11), SiO2 (0.11 vs
0.10), CaO (0.33 vs 0.67), Fe2O3 (0.37 vs 0.40), and K2O (0.38 vs
0.44), respectively. It can be seen that the variations of most com-
ponents of SCBA are smaller than that of CFA, meaning that SCBA
can be a more stable material than CFA in the aspect of quality
control. The comparison also shows that the CFA and SCBA tested in
this study can represent these two types of ashes, and, therefore,
the discussions and conclusions drawn from this research are
generallymeaningful instead of valid only for these two specific ash
samples.

The present study has shown the prospective of SCBA to be used
as an SCM in portland cement-based materials. First of all, it does
not contain spherical particles that provide the ball-bearing effect,
so it may not be able to improve the workability of cement-based
materials as effectively as CFA. The unburned carbon content of
SCBA can be high, and the carbon exists in two forms e nano/
submicron carbon particles and micro-scale solid-solution grains
which are porous and fragile. These particles may negatively
interfere performance of cement-based materials including work-
ability and mechanical performance. Furthermore, SCBA can have a
very high glass content comparable to that of class F CFA. However,
the glass content of SCBA is dominated by amorphous silica, which
is different from CFA that is dominated by amorphous silica and
alumina. Therefore, using SCBA as an SCM may result in formation
of more secondary CeSeH than using CFA that generates both
secondary CeSeH and aluminate hydrates. In addition, because of
Fig. 9. SEM image of a CFA grain and
the vegetable origin of SCBA, it containsmuchmore potassium than
CFA, in the forms of solid solution, dissolvable salts and oxides. The
high potassium content implies a high risk of alkali-aggregate re-
action and the resultant expansion and damage. To sum up, the fine
grain size and high glass content of SCBA make it a promising SCM
to compensate local demand in sugarcane-producing regions; but it
has two drawbacks, that is, potentially high contents of carbon and
potassium. Considering the states of carbon and potassium in SCBA,
this waste ash can be upgraded by largely removing the adverse
matters (Agredo et al., 2014; Souza et al., 2011); and for this pur-
pose, washing, a simple but effectivemethod that has been adopted
in upgrading municipal solid waste incineration ashes (Lam et al.,
2010), can be employed. In the future, the SCBA may also be clas-
sified based on their physicochemical characteristics, similar to the
classification of CFA, for its high-efficiency use in cement and
concrete industry.

This paper focuses on the prospect of SCBA to be used as an SCM,
in terms of composition. In our on-going research, we have been
analyzing the pozzolanic reactivity of SCBA and its effects on fresh-/
hardened-state properties of cement-based materials. If the reac-
tivity is unsatisfactory, approaches such as grinding and re-
calcination can be employed to improve the reactivity (Cordeiro
et al., 2009, 2018; Souza et al., 2014). These studies will also be
benchmarked to class F CFA. The same strategy (as in this paper) of
broadly comparing with published datawill be employed to discuss
the results in a future publication.

Given the chemical composition and physical properties of the
SCBA, it may find other value-added applications, such as partially
replacement of feedstock for cement production (Amin, 2010; Amin
and Ali, 2009), production of activated carbon for pollution control
element mappings based on EDS.



Fig. 11. Compositional variations of SCBA and CFA (Singh and Subramaniam, 2016;
Imran and Khan, 2018; Agredo et al., 2014; Joyce et al., 2006; Siddique, 2003; Oh et al.,
2014; Malek et al., 2005; Arenas-Piedrahita et al., 2016; de Medeiros et al., 2015; Shafiq
et al., 2014): (a) CFA (class F); and (b) SCBA.
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(Subramanian et al., 2013; Mendes et al., 2015; Batra et al., 2008),
synthesis of silica nanoparticles (Rovani et al., 2018), and propor-
tion of seedling growth media (Webber et al., 2016). These appli-
cations are not discussed in detail in this paper.
4. Conclusions

Through a thorough comparison of SCBA and CFA in the light of
literature survey and characterization, the prospective of SCBA as a
potential SCM to compensate local demand in concrete industry is
discussed. The following conclusions can be drawn from this study:

(1) SCBA has fine particle size, high glass content, and relatively
stable chemical composition, which means that SCBA is
potentially an effective SCM to partially replace portland
cement for making concrete.

(2) The glass content of SCBA is dominated by amorphous silica
instead of both silica and alumina like in CFA. That is to say,
SCBA, when being used as an SCM, tends to result in more
secondary CeSeH in the hydration products assembly,
instead of both secondary CeSeH and calcium aluminate
hydrates in the case of CFA.

(3) Unlike CFA, SCBA contains no spherically shaped silicoalu-
minate glass grains that can provide ball-bearing effect. In
addition, there are a large amount of porous grains in SCBA.
Therefore, SCBA may not improve the fresh-state perfor-
mance of cement-based materials when being used as an
SCM; it is more likely to interfere the workability.

(4) As compared to CFA, SCBA contains more unburned carbon
and potassium due to its nature of a vegetable ash formed
under a lower combustion temperature. Unlike in CFAwhere
carbon is only rich on the surface, carbon in SCBA also
broadly exists in some porous grains in the form of graphite.
Potassium can exist in the forms of soluble (sulfate and
phosphate) salts, oxide, and solid solutions (e.g., with sili-
coaluminate glass and unburned carbon).

(5) The high carbon and potassium contents of SCBA are
potentially detrimental to the fresh-state performance (e.g.,
workability) and hardened-state properties (e.g., strength
and dimension stability compromised due to alkali-
aggregate reaction). However, due to the format of exis-
tence of the carbon and potassium (i.e., light graphite and
dissolvable salts/oxide), these detrimental effects can be
mitigated through economically feasible upgrading methods
(e.g., washing).
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