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a b s t r a c t

Sulfur polymer concrete (SPC) is a thermoplastic composite concrete consisting of chemically modified
sulfur polymer and aggregates. This study focused on the characterization of a new SPC that has been
developed as a sustainable construction material. It is made from industrial by-product sulfur that is
modified with activated fillers of fly ash, petroleum refinery residual oil, and sand. Unlike conventional
sulfur polymer cements made using dicyclopentadiene as a chemical modifier, the use of inexpensive
industrial by-products enables the new SPC to cost-effectively produce sustainable, low-carbon, ther-
moplastic binder that can compete with conventional hydraulic cement concretes. A series of charac-
terization analyses was conducted including thermal analysis, X-ray diffraction, and spatially-resolved X-
ray absorption spectroscopy to confirm the polymerization of sulfur induced from the presence of the oil.
In addition, mechanical testing, internal pore structure analysis, and scanning electron microscope
studies evaluate the performance of this new SPC as a sustainable construction material with a reduced
environmental impact.

Published by Elsevier Ltd.
1. Introduction

Portland cement requires the heating of limestone in kilns at
temperatures of more than 1400 �C for hours to form clinker ma-
terials. Because of the fossil fuel burned to power the kilns and the
stoichiometric carbon dioxide emission from the conversion of
limestone to calcium oxide, the process generates about one ton of
carbon dioxide per each ton of cement and accounts for 5% of the
global anthropogenic generation of CO2 [1,2]. In contrast to tradi-
tional cement manufacturing, the production of sulfur based
cement does not rely on heavy energy input or direct carbon di-
oxide emission [3e5]. In addition, sulfur is in net surplus on a global
basis. Sulfur is the third most abundant chemical element in pe-
troleum at concentration of over 10 wt.% and its recovery from
petroleum and gas processing is mandated under environmental
restrictions [6]. Thus, large quantities of sulfur are available as by-
products of these processes [3]. Moreover, since sulfur itself is an
industrial by-product, significant amount of carbon dioxide
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emission can be reduced by using sulfur based concrete.
Sulfur based concrete is a thermoplastic composite of mineral

aggregates and sulfur. Early studies using elemental sulfur revealed
that it has serious durability problems such as under repetitive
cycles of freezing and thawing [7e10]. When sulfur and aggregate
are hot-mixed and cooled to cast sulfur concrete products, the
liquid sulfur binder initially crystallizes to monoclinic sulfur (Sb). As
it continues to cool, the material goes through a solid phase tran-
sition to orthorhombic sulfur (Sa), which causes the material to
shrink in volume. This reduction in volume creates internal stress
and causes durability problems, especially when exposed to freeze-
thaw cycling. Therefore, chemical modifiers that polymerize the
sulfur to reduce or eliminate the solid phase transition and thus
enhance the durability of sulfur based concrete have been previ-
ously studied [3,11,12]. This modified sulfur concrete is called sulfur
polymer concrete (SPC). It has been used as a construction material
due to its superior resistance to acid and salt environments. This
binder is also known to effectively stabilize/solidify contaminated
soils [13,14] or nuclear waste [4,15,16]. Unlike conventional hy-
draulic cement concretes, the SPC needs no water and can achieve
full strength in several days, compared with up to 28 days for
conventional portland cement based concretes.
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Several organic chemical modifiers have been developed to
effectively polymerize sulfur. The commonly used modifiers are
dicyclopentadiene (DCPD), a combination of DCPD, cyclo-
pentadiene and dipentene [10,17,18], olefinic polysulfide [9,19], and
5-ethylidene-2-norbornene (ENB) and/or 5-vinyl-2-norbornenen
(VNB) [3]. When processed with molten sulfur, unsaturated hy-
drocarbons in the organic modifiers break up liquid S8 rings and
react to form long chain polymers. The polymerized linear sulfur
chains improve durability. Although the modified concrete is
environmentally sustainable and durable, the high cost for these
organic modifiers has prevented it from being widely used in the
construction industry [11].

This paper describes the development and characterization of a
new modified SPC based on a patented process developed at
Brookhaven National Laboratory (BNL) [20]. Instead of the expen-
sive organic modifier, the process uses an industrial by-product of
petroleum distillation (i.e., light catalytic cracking oil) as a sulfur
modifier. Along with this modifier, another waste product, fly ash,
(e.g., from coal power plants) and sand are used to provide reactive
surface area and as physical filler materials in the SPC. Sincemost of
the main ingredients for the new SPC are industrial by-products
(i.e., sulfur, fly ash, and petroleum distillate), this low-cost solu-
tion is expected to expand the use of SPCs and significantly reduce
the environmental impact in the construction sector. This study has
focused on material characterization of the new SPC. Mechanical
and thermal testing, crystallographic analysis, and microscopic
analysis have been performed to evaluate the feasibility of using the
material for construction applications. In addition, spatially-
resolved X-ray absorption spectroscopy was firstly applied to
identify heterogeneously distributed modified sulfur in the devel-
oped SPC.
2. Experimental method

2.1. Characterization of light catalytic cracking oil

Characterization of the light catalytic cracking oil was conducted
by an independent laboratory according to ASTM Method D5554-
15 which is to determine the number of unsaturated hydrocar-
bons available for reaction with sulfur to confirm the potential for
polymerization [21]. The iodine value is a measure of the unsatu-
ration of fats and oils and is expressed in terms of the number of
centigrams of iodine absorbed per gram of sample as a result of the
procedure, i.e., the amount of iodine that completely reacts with
100 g of the fat/oil [21]. Analysis of two replicates each, for four
samples was conducted resulting in a mean iodine value of
51.9 ± 4.7. Furthermore, initial, final, and fractional distillation point
temperatures were measured according to ASTM D86-12 [22] and
summarized in Table 1.
Table 1
ASTM D86 characterization of used light catalytic cracking oil.

Parameter Temperature,�F

Initial boiling point 335.4
5% Recovery 433.3
10% Recovery 453.1
20% Recovery 482
30% Recovery 495.8
40% Recovery 507
50% Recovery 520.1
60% Recovery 534.8
70% Recovery 553.1
80% Recovery 576.6
90% Recovery 612.2
95% Recovery 641
Final boiling point 660.6
2.2. Material synthesis

SPC fabrication includes pre-treatment of the filler materials
(Type F fly ash from a coal-fired power plant and fine quartz
aggregate) with the light catalytic cracking oil followed by pro-
cessing with elemental sulfur to form the polymerized sulfur
mortar. A mix design proportion of 54 wt.% sand, 18 wt.% fly ash,
26 wt.% sulfur, and 2 wt.% organic modifier was selected (Table 2).
While fly ash is used in ordinary cement concrete for its pozzolanic
reactionwhich allows a reduction in the product's carbon footprint,
the fly ash in SPC (along with sand) is used to provide potential
reaction sites for polymerization and as a filler component in the
compositematerial. It has been also reported that the addition of fly
ash in SPC is beneficial for increasing the consistency and work-
ability of the mixture due to its round shape and appropriate size as
a filler material [11,23]. Fig. 1 shows scanning electron microscope
(SEM) images of the elemental sulfur and fly ash particles, depicting
irregular shapes of ground elemental sulfur particles and the size
(about 5 microns or smaller in diameter) and spherical shapes of
the fly ash particles. For the pre-treatment stage, the filler materials
and organic modifier were mixed and heated to a temperature of
170e180 �C for 12 h. The materials were combined with elemental
sulfur and processed through a cross-beater mill with a mesh size
of 1 mm to reduce particle size. The mixture was then heated and
mixed in a molten condition at 135e145 �C for 4e6 h and poured
intomolds for cooling. The average density of themortar specimens
was 2282 (±41) kg/m3.

2.3. Mechanical and thermal experiments

Mechanical and thermal experiments were performed to verify
sulfur polymerization and to ensure the integrity of the product for
construction applications. To evaluate themechanical performance,
compressive and three-points flexural tests were performed on
160 � 40 � 40 mm samples. The mechanical strength of the sam-
ples was determined under two conditions of 20 �C and 50 �C. For
each strength measurement, six samples were tested for a statis-
tical assessment. The results are summarized in Table 3.

Thermal properties of elemental sulfur and SPC were measured
using differential scanning calorimetry (DSC, PerkinElmer DSC
6000). To perform this test, a 30 mg sample was loaded in an Al
crucible and heated at a rate of 5 �C/min in a controlled environ-
ment with flowing inert nitrogen gas. A temperature range from 25
to 200 �C was selected. Since there were no major temperature
fluctuations below 90 �C, a temperature range of 90e180 �C in both
samples was used as shown in the DSC thermogram in Fig. 2.

The chemical composition of SPC and rawmaterial of fly ashwas
analyzed by X-ray fluorescence (XRF, Rigaku NEX CG EDXRF
Analyzer). Finely ground SPC was combined with a spectroblend
binder andmixed with a mixer mill for a period of 5 min to ensure a
homogenous mixture. An analytical pellet was formed by pressing
the powder for 1 min. A total measurement time of 20 min was
selected to get a stable XRF signal from the samples. The measured
elemental composition of SPC and fly ash is summarized in Table 4.

2.4. Microstructural characterization

A series of microstructural characterization studies was
Table 2
Mixture proportion of sulfur polymer concrete.

Oxide Sulfur Sand Fly ash Organic modifier Total

wt.% 26 54 18 2 100



Fig. 1. SEM images of (a) ground elemental sulfur and (b) fly ash.

Table 3
Mechanical testing results.

20 �C 50 �C

Avg. Compressive Strength (MPa) 62.3 (3.8) 59.6 (4.5)
Avg. Flexural Strength (MPa) 8.1 (1.1) 8.0 (2.0)

Fig. 2. Thermal properties of elemental sulfur and sulfur polymer concrete.
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performed on the final product of SPC. First, mineralogical analysis
for the identification and quantification of crystal phases in
elemental sulfur, fly ash and SPC was achieved by quantitative X-
ray diffraction (XRD). To prepare the material for this test,
elemental sulfur and SPC were finely ground. For the quantification
of amorphous content in the concrete and fly ash, each sample was
mixed with 10 wt.% of an internal reference material of ZnO (NIST
SRM 674b). The mixed sample was then scanned on the Rigaku
Miniflex with a range of 10 � 2q � 60� using Cu radiation and a
0.033� step size. The crystalline phases in the XRD pattern were
identified by first subtracting the background from the raw data
and then comparing Bragg peak positions and relative intensities to
those from reference patterns found in the ICSD PDF database. The
structures of the identified phases were used to refine the phase
fractions present in the crystalline portion of the sample. Fig. 3 and
Table 5 show the refined XRD results and measured crystalline
fractions for the sample. A detailed discussion on phase quantifi-
cation will follow in the Result and Discussion section.

Micro-computed tomography (CT), which is the process of using
X-rays to non-destructively image the internal structure of a sam-
ple, was applied to construct a series of 2D slices as well as 3D
volumetric images of SPC. A concrete sample of 25 mm diameter
and 50 mm height was analyzed using the SkyScan 1173 (Bruker,
Germany). Obtained 2D images have a size of 1998 by 1998 pixels
and a 12.5 mm/pixel resolution. Identification of pores (black) was
possible from the sulfur matrix (grey) as shown in Fig. 4. To
differentiate pores, a threshold value of 40/256 was selected by
visual inspection. Then small pores of a size of 2� 2� 2 voxels (i.e.,
100 mm3) have been removed considering the noise of collected
images which might affect the accuracy of following image-
processing analysis. After that, binary 0 (black) and 1 (white) ma-
trix is constructed and processed using AVIZO Fire image process-
ing software (VSG, France). Fig. 5(a) shows reconstructed 3D
volumetric images of SPC (grey) and segmented pores (blue). The
segmented pores were also graphically visualized based on its
volume (Fig. 5 (b)). Using image processing technique (previously
conducted for SEM images [24]), distributions of pore surface area
and pore volume could be calculated (Fig. 6). Furthermore, themass
properties of the pores were calculated by the inertia tensor
method [25,26]. A 3 by 3 matrix (M) was formulated as the mo-
ments of inertia (MXX, MXY, …, MZZ) of a considered 3D pore in the
x, y, z coordinate system (Eqn. (1)).

M ¼
0
@MXX MXY MXZ

MYX MYY MYZ
MZX MZY MZZ

1
A (1)

Eigenvalues and eigenvectors of the matrix M are equal to the
principal moments (I11 > I22 > I33) and principal reactions,
respectively. Then, the degree of anisotropy of each pores can be
calculated from Eqn. (2).

Degree of anisotropy ¼ 1�
�
Min:Eigen value
Max:Eigen value

�
(2)

This histogram of computed anisotropy is shown in Fig. 7(a). In
addition, the ratios of the principal moments of each pores (I33/I11
vs. I22/I11) are provided in Fig. 7(b).

A thin section (200 mm) of SPC was prepared for SEM analysis.
Fully cured sample was cut, polished, and epoxy-impregnated un-
der vacuum condition. Before SEM measurement, gold was coated
on the surface of the sample. A JEOL JEM2100F with SDD EDX de-
tector was used for SEM-energy-dispersive X-ray spectroscopy
(SEM-EDS) analysis. 10.0 keV and 5 mm working distance were
selected for secondary electron (SE) imaging. Along with the thin
section sample SEM-EDS analysis, images of fly ash and elemental
sulfur were obtained using a high-resolution field-emission SEM
(Hitachi HD2700C, Fig. 1). Each material was dispersed on carbon
tape and 5.0 keV of voltage and 10 mm of working distance were



Table 4
Elemental composition (wt.%) of sulfur polymer concrete.

Na Mg Al Si P S K Ca Ti Fe L.E.a Total

Fly ash 0.35 0.37 13.23 23.75 0.08 0.24 1.93 1.84 0.74 7.45 49.98 100
Sulfur polymer concrete 0.18 0.15 1.62 15.71 0.12 24.29 0.27 0.33 0.11 0.55 56.57 100

a Note: L.E. indicates light elements including oxygen and carbon.

Fig. 3. Quantitative X-ray diffraction of (a) elemental sulfur, (b) fly ash, and (c) sulfur polymer concrete. ZnO powder was used for internal standard.
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chosen for optimized imaging.
The X-ray absorption near edge (XANES) spectrum provides a

sensitive probe of electronic structure and chemical form. Sulfur K-
edge XANES spectroscopy has been used to study sulfur speciation
in various systems including coal, asphalt, and heavy oils [6,27e30].
While it has become a well-established method to characterize a



Table 5
Phase calculation from quantitative X-ray diffraction.

Identified phases ICSD# Measured
weight (%)

Calculated
weight (%)

Fly ash SPC Fly ash SPC

Sulfur (S) 98-003-8147 0.0 25(1) 0.0 23.1(5)
Silicon oxide-alpha (SiO2) 98-003-9830 20.1(4) 58.5(8) 8.1(1) 54.1(1)
Mullite (Al6Si2O13) 98-009-9329 45(2) 3.0(5) 18.0(5) 2.7(4)
Hematite (Fe2O3) 98-002-2505 6(1) 0.5(5) 2.4(4) 0.5(5)
Magnetite (Fe3O4) 98-003-5001 0.8(2) 0.3(3) 0.3(1) 0.3(3)
Corundum (Al2O3) 98-005-6085 0.6(3) 0.2(3) 0.2(1) 0.2(2)
Zinc oxide (ZnO) 98-009-4004 27.7(5) 12.0(2) e e

Amorphous content N.A. e e 70.9(7) 18(1)

Fig. 4. 2D reconstructed slice images from micro-CT experiment; (a) raw image and (b) pore segmented image with a threshold value of 40/256.

Fig. 5. 3D reconstructed volumetric images; (a) pore segmentation and (b) pore visualization based on computed volume. The sample dimension is 25 mm diameter and 50 mm
height.
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local environment of sulfur (i.e., coordination number and inter-
atomic distance), the XANES technique has not been used in general
for construction materials due to its heterogeneous nature [31e33].
In this study, a spatially-resolved XANES experiment was per-
formed to verify the polymerization of sulfur and detect any
changes of the local atomic environment of sulfur from the reaction
by a catalytic cracking oil modifier. In addition, the spatially-
resolved sulfur spectra were compared with the XANES spectrum
of elemental sulfur. The sulfur K-edge XANES were recorded in the
X15B beamline at the National Synchrotron Light Source (NSLS) of
Brookhaven National Laboratory. X15B was equipped with a Si(111)
monochromator, with an energy resolution of 0.2 eV at the sulfur K-
edge. The XANES spectra were acquired in fluorescence mode and
the sulfur K-edge fluorescence was isolated from the detector
spectrum. The entire sample environment was purged at 1 atm
with helium gas. The spectra for both elemental sulfur and SPC
were collected by scanning incident energy from 2450 to 2526 eV,
with a step size of 0.2 eV and an exposing time of 0.1 s for each step.
X-ray fluorescence microscopy method was applied for observing
heterogeneous sulfur distribution and selecting several spot posi-
tions for XANES measurement. Ten measurements on an identical
position were repeated to achieve one averaged XANES spectrum.
3. Results and discussion

3.1. Reactivity, mechanical and thermal characteristics

The number of unsaturated hydrocarbons in the light catalytic
cracking oil was determined by the ASTM D5554-15 [21]. The ob-
tained iodine value of 51.9 ± 4.7. The higher the iodine value, the
higher percentage of unsaturated hydrocarbons available for reac-
tion with sulfur. This data could suggest the possibility of using the
oil for sulfur polymerization and be further used to evaluate or
compare the performance with other chemical activators.



Fig. 6. Cumulative distributions of (a) pore surface area and (b) pore volume.

Fig. 7. Histograms of (a) pore anisotropy and (b) distribution of I22/I11 and I33/I11.
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Table 2 shows the results of compressive and flexural mechan-
ical testing. Mean compressive strength for the six replicate spec-
imens are 62.3 ± 3.8 MPa and 59.6 ± 4.5 MPa at ambient (20 �C) and
elevated temperature (50 �C), respectively. The measured strength
is above requirements for most construction applications and is
significantly greater than typical hydraulic cement mortars. No
significant degradation of strength was observed at elevated tem-
perature condition.

The stable form of sulfur at ambient temperature is ortho-
rhombic (Sa) and the other main allotropes are monoclinic (Sb) and
polymeric sulfur (S∞) [6]. The Sa and Sb consist of S8 rings and S∞
has long chains up to 106 atoms long [34,35]. In addition, Sl refers to
the sulfur state below 159 �C, which consists of S8 molecules, while
Sm indicates an equilibrium mixture of S∞ and S8 molecules, which
can be obtained above 159 �C. In this study, the DSC was used to
study the thermal behavior (i.e., phase transition of allotropic form
of sulfur) of both elemental sulfur and SPC. Fig. 2 shows the results
of the DSC analyses. In the case of elemental sulfur (red line), the
first peak at 108.9 �C indicates Sa to Sb transition. The second major
peak at 118.9 �C and the last peak at 165 �C show the Sb to Sg
transition and Sg to Sm transition, respectively. The presence of
polymeric sulfur was observable in the SPC. The significant reduc-
tion of the first peak is evidence that the solid phase transition is
being suppressed due to sulfur polymerization [36]. In addition, the
fusion of Sa as observed by DSC was at a lower temperature
(102.0 �C) than the elemental sulfur case (108.9 �C). The lower in-
tensity of the third peak may be additional evidence of polymeri-
zation or an indication of a small quantity of unreacted sulfur
presented in SPC sample. The slow, continual rising of the ther-
mogram for the SPC is probably due to an unknown artifact that
resided in the Al crucible. As mentioned previously, appropriately
modified sulfur concrete does not go through allotropic trans-
formation upon solidification [4,13]. Hence, it has less shrinkage
upon cooling. Current DSC experiment confirms that the unstable
solid phase transition at 108.9 �C is evident in elemental sulfur. In
contrast, almost no endotherm for the Sa transition was found in
the SPC.



Fig. 8. Microscopic images from SEM measurement.
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3.2. Crystallographic analysis

XRF analysis was performed to determine the elemental
composition of the SPC and a raw material of fly ash (Table 4). The
converted elemental sulfur amount is 24.29 wt.%, which is close to
the amount of elemental sulfur in the mix design (i.e. 26 wt.%). The
low amount of Ca in fly ash indicates that used fly ash is fly ash type
F. The large amount of Si in SPC is from fine aggregate (i.e., quartz).
Undetected elements including oxygen are quantified as light ele-
ments (L.E.) in Table 4.

The XRD pattern of elemental sulfur matches with the sulfur
reference of ICSD# 98-003-8147 as shown in Fig. 3(a). Since the
obtained elemental sulfur is industrial by-product, some degree of
misfit of peaks is expected. The observed peaks in the fly ash match
the reference patterns for silicon oxide (SiO2, 98-003-9830), mullite
(Al6Si2O13, 98009-9329), hematite (Fe2O3, 98-002-2505), magne-
tite (Fe3O4, 98-003-5001), and corundum (Al2O3, 98-005-6085).
The reference structures for the identified phases were used to
refine the relative phase fractions in the crystalline portion of fly
ash and SPC. Zero shift, phase scale factors, background, and peak
profile parameters were refined using X'pert HighScore Plus soft-
ware [32]. The resulting fits of the calculated intensity from each
phase to the corresponding observed data are shown in Fig. 3 and
Table 5. The fits are relatively good with c2 ¼ 3.5, 1.1, and 4.7 for
elemental sulfur, fly ash, and SPC, respectively. As a next step,
crystal structure refinement has been performed for elemental
sulfur and sulfur crystal in SPC using the same software. The refined
crystal structure of the elemental sulfur is orthorhombic (space
group 70, a ¼ b ¼ g ¼ 90�, a ¼ 10.45(7) Å, b ¼ 12.85(9) Å,
c ¼ 24.46(1) Å). The crystal structure of sulfur in SPC was refined as
a ¼ 10.46(5) Å, b ¼ 12.86(6) Å, and c ¼ 24.48(1) Å.
The refined phase fractions in the crystalline portion of each

sample are summarized in Table 5. Initially, an internal standard
material of ZnO (10% wt.) was mixed with ground SPC and fly ash,
respectively to quantify amorphous content. Considering the
amorphous content, the concentration of each phases in the sample
was calculated based on standard quantitative analysis method
[37]. The calculated concentrations are averaged from three time
measurements on each samples (Table 5). Quantitative XRD
refinement result of 23.1(5) wt.% of sulfur is close with its amount
in initial mix design (26%). In addition,18 wt.% of amorphous phase,
which was found as 70.9(7) wt.% in fly ash, was detected. If there is
no reaction between amorphous phase in fly ash and sulfur related
phase transformation, the amorphous phase in SPC should be close
to 12%. The increase amount of amorphous phase can be explained
by the addition of organic modifier and crystallographic modifica-
tion of sulfur by polymerization. It has been reported that mono-
clinic sulfur phase can exist in modified sulfur concrete, which has
less residual stresses upon cooling [3]. In this study, monoclinic
crystal system of sulfur was not observed. However, the refinement
of lattice parameters reveals that all three length lattice parameters
of sulfur in SPC systemwere slightly increased compared to those in
elemental sulfur. Similar peak shifting was observed in previous
SPC study and explained as the change of grain size during sulfur
polymerization [4]. The increased lattice parameters can be a direct
evidence of sulfur polymerization by the ring-opening mechanism
of sulfur atoms. Although we confirmed the change of lattice pa-
rameters of sulfur due to the modification as similar to previous
study, additional ex-situ or in-situ XRD study on sulfur at different
temperatures can further elucidate this complex thermal behavior.
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3.3. Microscopy analysis

From the micro-meter CT experiment, the total porosity was
calculated as 4.9% and dominant pore diameters (in terms of the
number) ranged from 20 to 100 mm. However, it was found out that
pores larger than 100 mm diameter mostly contribute to the total
volumetric porosity in the tested sample (Fig. 6). The anisotropy
analysis suggests that, although large pores in Fig. 5 seem to have
round shapes, the large number of pores have non-circular shapes.
If all pores are perfectly circular, the degree of anisotropy will be
zero and all data points in Fig. 7(b) will reside at (1,1). The relatively
spread distributions of I33/I11 and I22/I11 also confirms this trend.

Fig. 8 (a) to (f) show collected SEM images. In general, the
microstructure shows a considerable degree of packing with quartz
(irregular large particles) and fly ash particles (round particles)
bound together with sulfur. As expected from mix design propor-
tion (Table 2), fine aggregates are dominant phases in the micro-
structure of SPC. The result of SEM-EDS analysis (not shown here)
found fine aggregates and fly ash particles in Fig. 8(b) and (c). A
previous SEM study on SPC showed uniformly distributed sulfur
matrix [3,4,11]. We found out that some region is well covered with
modified sulfur (Fig. 8(f)) while the modified sulfur phases are
Fig. 9. X-ray absorption near-edge spectroscopy (XANES) results; (a) mapping area, (b) X-ray
(purple), (c) normalized absorbance, and (d) first derivative absorbance.
somehow separated and attached partially on the surface of bulk
materials (Fig. 8(d) and (e)). Thus, it can be inferred that suitable
covering of quartz and fly ash particles with modified sulfur can be
an important factor to determine discrete void formation and a
homogeneously robust microstructure. The uncovered quartz and
fly ash can serve as a weak interfacial transition zone for SPC. The
full covering may be achieved by increasing the amount of sulfur in
the mix design or by changing the mixing conditions (i.e., mixing
speed and temperature).
3.4. XANES analysis

Spatially-resolved x-ray absorption near edge structure (XANES)
spectroscopy at the sulfur K-edge was applied to the elemental
sulfur and firstly to the SPC. The XANES technique has been widely
used to characterize sulfur species because it is nondestructive and
very sensitive to the electronic structure that allows it to reveal
oxidation state and local symmetry of absorbing site [6,28,29,38].
Nevertheless, the direct speciation and quantification of polymer-
ized sulfur have not been elucidated yet. On the other hand, syn-
chrotron based experiments are becoming popular to investigate
the multi-scale structure of construction materials [39,40]. Since
absorption stack patterns of sulfur polymer concrete (spot #1-6) and elemental sulfur
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the size of the sulfur polymer matrix in concrete varies from a few
to several tenths of micrometers (Fig. 9), spatially-resolved spec-
troscopy is necessary. For the first time, this study applies the
spatially-resolved XANES spectroscopy for SPC.

Measured average spectra were corrected by subtracting the
linear pre-edge background. Then, they were normalized to a post-
edge step height of unity. Fig. 9(a) shows X-ray fluorescence map
and spot locations for the XANES spectra. In the map, the high
sulfur concentration area is dark whereas low sulfur concentration
area is white. The spot positions of #1 and #2 result in small peaks
compared to clear sulfur K-edge spectra in the other spots
(Fig. 9(b)). Fig. 9(c) compares the XANES spectra in SPC (spot #3-6)
with that of elemental sulfur. All peaks were then normalized to
their maximum peak heights of unity for the purpose of compari-
son. No changes of the absorption edge position (2471.9 eV) indi-
cate that the oxidation state of elemental sulfur (i.e., 0) has not been
changed during polymerization. In addition, the spectrawere found
to be similar, indicating that they have similar atomic environ-
ments. Most importantly, the determination of sulfur polymeriza-
tion was accomplished by observing the peak intensities. Fig. 9(c)
and (d) confirm that the intensity of pre-edge shoulder was
increased in the order of spot# 3 > 6 > 5 > 4 > elemental sulfur. This
increase of peak intensity was interpreted as the evidence of sulfur
polymerization [41]. Furthermore, the XRF contrast map of Fig. 9(a)
supports this observation as a high sulfur concentration area (Spot
#3 and 6) and should have more polymerized sulfur than the
others. Although the sulfur polymerization induced from the light
catalytic cracking oil was qualitatively confirmed by XANES spec-
troscopy, further quantitative analysis (e.g., degree of sulfur poly-
merization) is still challenging due to the heterogeneous nature of
the sample and the similarity of peak shapes. The sample, being
relatively thick (200 mm) and high concentration, also suffer from
self-absorption effects that limit quantitative XANES analysis.

4. Conclusions

In this study, a new SPC using industrial by-products of sulfur,
fly ash, and light catalytic cracking oil and fine aggregate was
characterized. Since the developed SPC relies on an inexpensive
chemical modifier (i.e., also a by-product from oil refineries), this
material can be a practical and cost-effective solution for a sus-
tainable construction material.

It was confirmed that sulfur polymerization induced from the
light catalytic cracking oil under high temperature has satisfactory
binding capacity to hold fly ash and fine aggregate. The measured
mechanical properties exceeded those for most construction ap-
plications. The DSC experiments on elemental sulfur and SPC
indicate a reduced endothermic reaction of Sa and thus a successful
polymerization reaction. The XRD experiment revealed that the
length lattice parameters of sulfur (i.e., a, b, and c) were slightly
stretched due to the polymerization.

X-ray CT, a non-invasive 3-dimensional image technique, pro-
vided total porosity of 4.9%. Although pore diameters ranging be-
tween 20 and 100 mm are the most abundant, pores larger than
100 mm diameter mostly contributes to the total volumetric
porosity in SPC system. Furthermore, as opposed to the visual in-
spection of pores, large number of pores has non-circular shapes in
SPC system. In addition, spatially-resolved XANES spectroscopy
qualitatively revealed the polymerization in the developed SPC.
Furthermore, the current experiment demonstrates that spatially-
resolved XANES spectroscopy is a viable characterization tech-
nique to identify the non-uniformly distributed sulfur polymeri-
zation in sulfur polymer cement materials.

A series of performed experiments herein successfully charac-
terized a new possible sustainable concrete which has low carbon
footprint and environmental impact. The results in this study will
be used for further optimization of this new SPC. Additional dura-
bility testing including freeze-thaw cycling is planned to evaluate
the long-term durability.
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