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Abstract 11 

 12 

Waste-to-Energy (WTE) facilities incinerate ~11% (~ 222 Mt) of global solid waste, generating 13 

bottom and fly ashes. Landfilling these ashes is costly, and risks releasing contaminants into the 14 

environment. Instead, using WTE ashes in secondary industrial applications can circumvent such 15 

environmental risks. However, their secondary use is restricted by their inconsistent mineralogy, 16 

which may vary due to fluctuating waste composition and combustion conditions. Therefore, there 17 

is a need for rapid and reliable monitoring of WTE fly ash mineralogy. Here, we evaluate the 18 

employment of Raman spectroscopy for that purpose. Our initial investigation of 12 unique WTE 19 

fly ashes resulted in excessive fluorescence, rendering key Raman peaks obscure. To address this 20 

issue, we report that a mere 2 minutes of photobleaching can significantly reduce this fluorescence, 21 

facilitating the detection of calcite, calcium sulfate, zincite, and carbon – phases previously 22 

undetectable in original spectra. These results show the potential of Raman spectroscopy for rapid 23 

monitoring of WTE fly ash mineralogy, which could be beneficial in diverting these ashes from 24 

landfill. 25 

 26 
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Environmental Implication 36 

Incineration for energy recovery is a key component of waste management. After incineration, 37 

hazardous heavy metals are concentrated in the waste-to-energy (WTE) fly ash residues. The WTE 38 

fly ash residues are generally landfilled, where they risk contaminating the natural environment. 39 

These risks can be avoided by diverting WTE fly ashes from landfills to composition-dependent 40 

upcycling avenues. In this study, we demonstrated Raman spectroscopy as a potential method to 41 

elucidate the mineralogical characteristics of WTE fly ashes in a rapid and reliable manner. 42 

Understanding the chemical characteristics of WTE fly ashes is essential to diverting them from 43 

landfills to composition-dependent upcycling pathways. 44 

  45 
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1. Introduction 46 

Global waste generation in 2015 stood at 1.99 Gt and is projected to increase to 3.53 Gt by 2050.1,2 47 

Such a significant increase in waste generation, especially in densely populated regions of the 48 

world, will likely make waste management increasingly reliant on Waste-to-Energy (WTE).3 49 

Incineration at WTE facilities reduces the weight and volume of solid waste by 70-80 % and 90 50 

%, respectively, while generating steam and electricity.4 The weight and volume of solid waste 51 

thus reduced is advantageous because of the limited availability of landfilling space in various 52 

parts of the US.5 However, the residual solid waste fraction left after incineration is in the form of 53 

complex WTE bottom and fly ashes. WTE bottom ashes contain significant proportions of ferrous 54 

and non-ferrous metals. Therefore, iron and aluminum are usually recovered from WTE bottom 55 

ashes through magnetic and eddy current separations.6 The WTE bottom ash fraction remaining 56 

after metal extraction is either landfilled or used as an aggregate, a supplementary cementitious 57 

material (SCM), or raw material for cement production.7–12 Unlike WTE bottom ashes, WTE fly 58 

ashes are concentrated with volatile metals, such as Cd, Pb, and Zn.13,14 These metals make WTE 59 

fly ashes hazardous. Therefore, from a management standpoint, WTE fly ashes are usually 60 

landfilled after chemical stabilization.15 However, recent studies have demonstrated that WTE fly 61 

ashes can be used as SCMs.16,17 When employed as SCMs, WTE fly ashes do not merely act as 62 

fillers; they may also influence the early-age mechanical behavior of 63 

concrete.[NO_PRINTED_FORM]18 For instance, ZnO in WTE fly ashes, if present, can retard 64 

cement hydration considerably and thus subsequently affect the mechanical properties of 65 

cementitious materials.19 These mechanical properties change depending on the chemical 66 

(elemental and mineralogical composition) and physical (particle size) characteristics of WTE fly 67 

ashes.20 Specifically, the chemical composition of WTE fly ashes is known to vary widely.21–23 As 68 
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a result, the properties of a cementitious material employing WTE fly ashes can show significant 69 

variation.  70 

 71 

The variability in WTE fly ash composition stems from irregular waste composition and 72 

combustion environment.4 These parameters affect the thermal and chemical characteristics of 73 

solid waste, influencing the elemental partitioning between WTE bottom and fly ashes.24–26 74 

Generally, elements such as S, Br, Cl, F, Cd, Hg, Pb, Sb, Sn, Cu, and Zn are preferentially 75 

partitioned to the flue gas because of evaporation. Advanced air pollution control systems 76 

comprising cyclones, electrostatic precipitators, bag filters, and semi-dry or wet scrubber systems 77 

remove preferentially partitioned elements by injecting an adsorbent, mostly lime, in the flue gas.4  78 

The added lime reacts with Cl and S present as HCl (g) and SO2 (g) in the flue gas. HCl (g) in the 79 

flue gas reacts with lime to form calcium chloride hydroxide (CaClOH) or calcium chloride 80 

(CaCl2).27–29 Similarly, the SO2 (g) in the flue gas reacts with lime to form gypsum (CaSO4.2H2O).4 81 

In addition to these principal reactions, reactions amongst other elements in the flue gas may occur. 82 

Such reactions result in the formation of minor phases, such as CuCO3, Cu(OH)2, CuO, CuS, 83 

CuCl2, Cu2O, ZnFe2O4, Zn4Si2O7, ZnAl2O4, ZnO, Zn(OH)2, ZnCl2, and Zn5(CO3)2(OH)2.30–34 84 

Finally, elements such as Si, Fe, Al, Na, and K can also be present in the flue gas because of 85 

entrainment. These elements may be present as inert minerals or react with other elements in the 86 

flue gas to form additional compounds, such as quartz (SiO2), gehlenite (Ca2Al(AlSi)O7), halite 87 

(NaCl), sylvite (KCl), and hydrocalumite (Ca2Al(OH)6Cl(H2O)2).20 In summary, the elements in 88 

the flue gas react amongst themselves or with injected lime to form numerous phases. These 89 

multiple phases formed during the air pollution control dictate the chemical properties of air 90 

pollution control residues, also referred to as WTE fly ashes. The chemical properties of WTE fly 91 
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ashes thus formed are likely time-dependent because waste composition may show temporal 92 

variation. Therefore, to establish WTE fly ashes as reliable SCMs or any other useful industrial 93 

byproduct, monitoring their chemical characteristics (both elemental and mineralogical) in real-94 

time would be advantageous for ash management. 95 

 96 

The elemental composition of WTE ashes is usually obtained from X-ray fluorescence (XRF), 97 

whereas the mineralogical characteristics are evaluated with powder X-ray diffraction (XRD).18 98 

With XRF, the elemental composition of WTE fly ashes can be obtained rapidly (within minutes), 99 

whereas the application of XRD for evaluating the mineralogical characteristics is not rapid.35 100 

Hence, there is a need to employ alternate characterization techniques to assess the mineralogical 101 

characteristics of WTE fly ashes rapidly. Raman spectroscopy could be a promising technique to 102 

fast monitor the mineralogical characteristics of WTE fly ashes. This technique exploits the 103 

molecular vibrational characteristics (changes in polarizability) to distinguish between different 104 

mineralogical species.36 Apart from being rapid, this technique can provide insights that 105 

complement the information obtained from X-ray diffraction. For example, overlaps between the 106 

Bragg reflections of crystalline phases in the powder X-ray diffraction pattern of WTE fly ashes 107 

limit our ability to identify minor mineralogical species in WTE fly ashes. In such cases, the 108 

complementary information from Raman spectroscopy can help identify minor mineralogical 109 

species. 110 

 111 

In the recent past, Raman spectroscopy and imaging have been used to study various static and 112 

dynamic systems, such as microplastics, carcinogens, and cement.36–41  However, its application 113 

to WTE fly ashes is not straightforward. First, as part of the air pollution control, activated carbon 114 
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is injected to remove Hg, Cd, Tl, and As from the flue gas.4 The carbon thus injected becomes a 115 

component of the WTE fly ashes. The presence of such organic species is well known to cause 116 

fluorescence and obscure any meaningful interpretation of the Raman signal.42 Second, WTE fly 117 

ashes contain phases, such as CaClOH, for which the characteristic Raman peaks are unknown. In 118 

this article, we overcome these limitations by first successfully reducing fluorescence by 119 

photobleaching, i.e., premature irradiation to the laser. By systematically studying 12 unique WTE 120 

fly ashes, we show that a mere 2 minutes of photobleaching causes a significant reduction in 121 

fluorescence, enabling the identification of key mineral phases such as calcite, calcium sulfate, 122 

zincite, and carbon in WTE fly ashes. Second, we synthesize pure CaClOH and report its 123 

characteristic Raman peaks, which are useful in detecting and assigning this phase. Finally, we 124 

demonstrate that commonly occurring phases in WTE fly ashes – calcite, calcium sulfate, zincite, 125 

and calcium chloride hydroxide – are not susceptible to photobleaching-led photolysis. Thus, 126 

photobleaching can reduce background fluorescence in Raman spectra while not causing a 127 

significant reduction in the characteristic Raman peak intensity of key phases. These results 128 

suggest that Raman spectroscopy can successfully monitor the mineralogical characteristics of 129 

WTE fly ashes. 130 

 131 

2.  Materials and Methods 132 

2.1.  Materials 133 

This paper investigates 12 unique WTE fly ashes obtained at different times from a mass-burn 134 

waste-to-energy facility in the United States. The WTE facility employed lime for acid-gas 135 

abatement. Therefore, the WTE fly ashes in this study are rich in calcium. Furthermore, Raman 136 
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spectroscopy indicated the presence of calcite, calcium sulfate, and zincite in WTE fly ashes. A 137 

commonly occurring phase in WTE fly ashes whose characteristic Raman signals are unknown is 138 

calcium chloride hydroxide (CaClOH). These four phases may disintegrate when photobleached 139 

because of photolysis. So, the influence of photobleaching on these phases was evaluated further. 140 

For this purpose, reagent grade calcite (powder size ≤ 50µm, 98 %, Sigma Aldrich), zincite (Arcos 141 

Organics, ACS Reagent), and calcium sulfate (Drierite) were used. Finally, pure CaClOH was 142 

synthesized by modifying a previously reported protocol for synthesizing hydroxide halides;43,44 143 

specifically, equimolar amounts of calcium hydroxide (Arcos Organics, 98 % pure) and calcium 144 

chloride (Sigma Aldrich, 93 % pure) heated in a furnace at 337 °C for seven days yielded pure 145 

CaClOH. The furnace was intermittently flushed with Argon gas to minimize the carbonation of 146 

calcium hydroxide and calcium chloride hydroxide. 147 

2.2. Experimental Methods 148 

X-ray Fluorescence 149 

The elemental composition of WTE fly ashes was determined through X-Ray Fluorescence (XRF) 150 

on a Shimadzu EDX-7000 spectrometer employing a Rhodium anode as an X-ray source. The 151 

powdered WTE fly ash specimens (< 45 µm) were transferred to a sample cell covered with an 152 

ultralene film. After that, the XRF spectra were collected between 0-40 keV in the presence of 153 

Helium. The fluorescence spectra thus collected were processed to determine elemental 154 

concentrations based on the Fundamental Parameter algorithm.45 155 

X-ray Diffraction 156 
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The powder X-Ray Diffraction (XRD) patterns of pure phases and WTE fly ashes were collected 157 

on powder specimens finer than 45 µm on a Bruker D8 Advance diffractometer (40 kV and 40 158 

mA) with Cu Kα radiation (λ=1.5418 Å). The diffractometer operated in the Bragg-Brentano 159 

focusing configuration (θ - 2θ configuration). A detailed description of the diffractometer X-ray 160 

optics is described elsewhere.20 In this study, diffraction patterns were collected between 10° and 161 

70° 2θ at a step size and step time of 0.01° and 0.15 seconds, respectively. Finally, the minerals in 162 

pure phases and WTE fly ashes were identified by comparing the collected powder diffraction 163 

patterns with the diffraction patterns of pure phases in the International Center for Diffraction Data 164 

Powder Diffraction File database. 165 

Raman Spectroscopy 166 

All the Raman spectroscopy experiments were performed on the HORIBA MacroRAM 167 

spectrometer. The spectrometer directs a 785 nm excitation laser on the sample, and the photons 168 

thus emitted are collected in the backscattered direction and filtered using an edge filter. The 169 

backscattered photons collected are then dispersed with a fixed spectrograph (holographic grating 170 

with a grove density of 685 gr/mm) and detected with a thermoelectrically cooled (-50 °C) 171 

Syncerity near-IR back-illuminated CCD camera. This configuration allows Raman signal 172 

(Stokes) collection between 100 and 3400 cm-1. Several factors, such as particle size distribution, 173 

sample thickness, surface roughness, and apparent density, influence the Raman signal of 174 

powdered specimens.46–50 Therefore, for consistency, Raman spectra were acquired on tablets 175 

prepared from pellet pressing of powdered specimens finer than 45 µm in size. The tablet prepared 176 

through the pellet pressing process is circular (7 mm diameter) and has a smooth flat surface. An 177 

area ~ 90 × 140 µm in size on the tablet is exposed to the 785 nm excitation laser under variable 178 
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conditions. In this study, the Raman signal of each tablet specimen is collected by changing three 179 

parameters – the acquisition time, time of pre-exposure, and the laser power. 180 

 181 

For WTE fly ash specimens, the Raman signal was obtained with a fixed acquisition time of 6 182 

seconds, whereas the Raman signal of pure phases was collected with a fixed acquisition time of 183 

1 second. These acquisition times were selected through exploratory measurements to maximize 184 

the signal-to-noise ratio. The second laser parameter, i.e., the pre-exposure time, was varied to 185 

study photobleaching. Specifically, the Raman signal was collected after 0, 1, 2, 5, 10, 20, and 30 186 

minutes of pre-exposure. Finally, the effect of laser power on the Raman signal was studied by 187 

collecting Raman spectra at 10, 30, 50, 70, and 90 % laser power. The laser power scales linearly, 188 

and 100 % laser power corresponds to 450 mW. 189 

Raman Imaging 190 

Raman hyperspectral imaging was performed on a pellet (7 mm in diameter) prepared from a 191 

powdered ash specimen with a WITec Alpha 300 series SNOM microscope. The Raman 192 

hyperspectral data was collected with a 785 nm excitation laser using a 20x objective at an 193 

excitation power of 20 mW and a 600 g/mm grating coupled to a CCD camera. Specifically, 3600 194 

Raman spectra were collected on a 1 mm × 1 mm area (a grid of 80 by 80 points spaced 12.5 µm 195 

apart) with an integration time of 1 s/point. Under these selected conditions, hyperspectral data 196 

collection took ~2 hours. The collected hyperspectral data was further processed (Project FIVE 197 

software) using true component analysis with external reference spectra (from RRUFF database) 198 

to obtain the Raman phase maps. 199 

Thermogravimetric Analysis 200 
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Thermogravimetric analyses were performed on a Q50 thermogravimetric analyzer from TA 201 

instruments. 15-20 mg of powder specimens were heated from 20°C to 850°C at a heating rate of 202 

20°C/min in the presence of nitrogen (flow rate = 60 ml/min). The obtained curves are presented 203 

in Fig. S1 and S2. 204 

 205 

3. Results and Discussions 206 

3.1.  Elemental and Mineralogical Characterization of WTE Fly Ashes 207 

The elemental composition of WTE fly ashes investigated in this study (measured via XRF) is 208 

depicted in Fig. 1a and 1b. Ca and Cl are the major elements in these WTE fly ashes. The remaining 209 

elements that comprise the ash matrix in decreasing order of concentration are S, Zn, K, Si, Al, Fe, 210 

Ti, Br, and Pb. These elements have been previously observed in WTE fly ashes.51 Ca in these 211 

ashes comes from the lime used for flue gas deacidification, whereas the Cl in these ashes likely 212 

comes from the plastics and chloride salts in the kitchen waste, i.e., NaCl.52 The speciation of the 213 

elements in WTE fly ashes was investigated through powder-XRD. Diffraction patterns for all the 214 

12 WTE fly ashes investigated in this study are illustrated in Fig. 1 c. From powder-XRD, we find 215 

that Ca, Al, Cl, S, Si, K, and Na in the WTE fly ashes are present as hydrocalumite 216 

(Ca2Al(OH)6Cl(H2O)2), portlandite (Ca(OH)2), anhydrite (CaSO4), quartz (SiO2), calcium 217 

hydroxide chloride (CaClOH), calcite (CaCO3), sylvite (KCl), and halite (NaCl). The speciation 218 

of the remaining minor elements (Zn, Fe, Ti, Br, and Pb) could not be established through X-ray 219 

powder diffraction. This is likely because the concentration of mineralogical species containing 220 

these elements is low. The mineralogical species detected through powder-XRD here have been 221 

noted to exist in WTE fly ashes in previous studies.53,54 222 
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 223 

Fig. 1. Chemical composition of 12 unique WTE fly ashes analyzed in this study, where a and b show the 224 
elemental composition (weight %) of WTE fly ashes obtained via XRF, and c shows X-ray powder 225 
diffraction patterns. Phases corresponding to different diffraction peaks are indicated with the following 226 
abbreviations: Hc – Hydrocalumite (Ca2Al(OH)6Cl(H2O)2), Pt – Portlandite (Ca(OH)2), An – Calcium 227 
sulfate (Anhydrite, CaSO4), Qz – Quartz (SiO2), CCh – Calcium Chloride Hydroxide (CaClOH), Cc – 228 
Calcite (CaCO3), Sy – Sylvite (KCl), Ha – Halite (NaCl). 229 

 230 

 231 

 232 

 233 

 234 

 235 

 236 
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3.2. Photobleached Raman Spectra of WTE Fly Ashes 237 

Identified Phases: Review and Collection of Raman Spectra 238 

 239 

The Raman spectra of all the phases present in WTE fly ashes except calcium chloride hydroxide 240 

(identified via powder-XRD) are known. Hence, in this study, we synthesized pure calcium 241 

chloride hydroxide in the lab, and collected its Raman spectrum (discussed in section 3.3). The 242 

characteristic Raman peaks for all the phases identified through powder-XRD (including CaClOH) 243 

are tabulated in Table 1. All the identified phases have characteristic Raman peaks. Therefore, the 244 

phases identified through XRD should be, in principle, detectable via Raman spectroscopy. So, in 245 

the next step, we collect the Raman spectrum of waste-to-energy fly ashes and attempt to identify 246 

the Raman active phases in the WTE fly ashes. 247 
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Table. 1. Characteristic Raman peaks for phases identified in the WTE fly ashes investigated in this study. 248 
The most prominent peak for a given phase is highlighted in bold. 249 

Phases Raman Peaks (cm-1) Reference 

 

Hydrocalumite 271, 281, 296, 359, 397, 531, 

704, 712, 1078, 1086; 

Reference reporting the 

Raman spectra of 

Hydrocalumite was collected 

on an impure specimen, 

consisting of calcite as an 

impurity. 

 

Frost et al. 55 

Portlandite 252, 356, 680, 3620 Schmida et al. 56 

 

Calcium sulfate  

(Anhydrite) 

235, 420, 503, 630, 678, 1017, 

1129, 1160 

 

Ciobotă et al. 57 

Quartz 128, 205, 263, 354, 401, 463, 

697, 808, 1083, 1160, 1231 

Chukanov et al.58  

 

 

Calcium Chloride Hydroxide 142, 334, 669 This study 

 

Calcite 156, 283, 713, 1086, 1436, 

1749, 1903, 2707, 2835, 2906 

Edwards et al. 59 

 

 

Sylvite Absence of first order Raman 

spectra; Second order Raman 

spectra is possible at 168, 200, 

and 350 

 

Chukanov et al.58  

 

 

Halite Absence of first order Raman 

spectra; Second order Raman 

spectra is possible at 157, 176, 

201, and 290 

 

Chukanov et al.58  

Rutile 142, 242, 441, 611 Andò & Garzanti60 

 250 

Mitigating Fluorescence in WTE Fly Ashes via Photobleaching 251 

Initially, we selected four WTE fly ashes and collected their Raman spectra, which are depicted in 252 

Fig. 2. For each ash, the Raman spectra were collected at a single spot (a spot size of 90 × 140 µm) 253 
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selected randomly, which may not be representative of a given ash specimen. However, 254 

preliminary experiments on the WTE fly ash 1 specimen justified our selection of a single spot, 255 

wherein we collected Raman spectra at 10 different spots (Fig. S5). The characteristic Raman 256 

intensities show variation with spot location (Fig. S5). Nevertheless, we observe the occurrence of 257 

similar Raman peaks for major phases irrespective of the spot location. Based on these preliminary 258 

results, we collected the Raman spectrum for the remaining WTE fly ash specimens at a single 259 

spot with an acquisition time of six seconds. The Raman spectra of the selected four WTE fly ash 260 

specimens show excessive fluorescence (red-colored curves in Fig. 2), which obscures the 261 

characteristic Raman peaks. Excessive fluorescence in the Raman signal of WTE fly ash 262 

specimens may be caused by organic species present in WTE fly ashes.4,42  The observed 263 

fluorescence in the Raman spectrum has been reported to be reduced by photobleaching in various 264 

materials such as human skin tissue, rhodamine, bone tissue, human blood plasma, textiles, 265 

chlorophylls, and carotenoids.61–67 Hence, we attempt to reduce the fluorescence in the Raman 266 

spectrum of four WTE fly ashes by photobleaching, i.e., pre-illumination of the sample with a 267 

laser.   268 

 269 

Herein, we observe a significant reduction in fluorescence for four WTE fly ashes photobleached 270 

for 2, 5, 10, 20, and 30 minutes (Fig. 2). Because of reduced fluorescence, characteristic Raman 271 

peaks become apparent. All the observed characteristic Raman peaks occur before 2000 cm-1. So, 272 

for better visualization of the characteristic Raman peaks, the Raman spectra are plotted in the 273 

range 0-2000 cm-1 as depicted in Fig. 2. By observing the Raman spectrum of WTE fly ashes 274 

photobleached for different intervals of time, we conclude that 2 minutes of photobleaching 275 

suppresses the fluorescence adequately. Further increase in photobleaching time does not improve 276 
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the signal-to-noise ratio or add any further information to the Raman spectrum of WTE fly ashes 277 

(Fig. 2). Another strategy to reduce fluorescence is to use longer laser wavelengths but we are 278 

already employing 785 nm wavelength. However, on the flip side, longer wavelength lasers result 279 

in a lower signal-to-noise ratio and this fact has been recently demonstrated for common 280 

cementitious phases.50 281 
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 282 

Fig. 2. Raman spectra of WTE fly ashes before and after 0, 2, 5, 10, 20, and 30 minutes of photobleaching. 283 
All the Raman spectra in this figure were collected with an acquisition time of 6 seconds, and the laser 284 
power is fixed at 30 % (135 mW). The figures on the right magnify the area inside the blue rectangle of 285 
figures on the left. Cc denotes calcite, CS̄ denotes calcium sulfate, Zn denotes zincite, D and G represent 286 
the carbon bands. 287 
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Detection of Characteristic Raman Peaks Post Photobleaching 288 

The characteristic Raman peaks at 1083 cm-1 and 1013 cm-1, apparent after photobleaching, can 289 

be assigned to calcite and calcium sulfate, respectively. Here, we note that in the literature, 290 

hydrocalumite has been reported to show a characteristic Raman peak at 1083 cm-1.55 However, 291 

the 1083 cm-1 Raman peak attributed to hydrocalumite likely belongs to calcite (ν1(CO3)2- 292 

stretching), as the hydrocalumite characterized in the reference study consisted of calcite as an 293 

impurity. 59 Our 1083 cm-1 Raman peak assignment to calcite is further validated by the absence 294 

of the characteristic 531 cm-1 Raman peak belonging to hydrocalumite (Fig. 2 and Table 1). 295 

Additionally, t59he observed 1017 cm-1 Raman peak is attributed to the S-O symmetric stretching 296 

vibration in calcium sulfate.57,68 The characteristic Raman peaks for calcite and calcium sulfate 297 

with varying intensities were detected in all four WTE fly ashes. Apart from the characteristic 298 

Raman peaks of calcite and calcium sulfate, we notice an additional peak at 435 cm-1 for WTE Fly 299 

Ash 1 (Fig. 2). The peak at 435 cm-1 suggests the presence of zincite (ZnO) in WTE fly ashes.69 300 

The presence of zincite in WTE fly ashes has been observed before with X-ray absorption near 301 

edge structure (XANES).34 Note that the characteristic Bragg reflections for zincite were not 302 

identified in the powder-XRD patterns of WTE fly ashes likely because zincite is a minor 303 

constituent in the WTE fly ashes. These observations suggest that Raman spectroscopy can shed 304 

additional information on the mineralogy of WTE fly ashes after photobleaching. 305 

 306 

As hypothesized, the photobleached Raman spectrum indicated the presence of organic species, 307 

i.e., amorphous carbon, in WTE fly ashes. Specifically, in the photobleached Raman spectra, two 308 

characteristic Raman bands corresponding to the graphite ‘G’ and disordered ‘D’ bands of 309 

amorphous carbon are observed at 1350 cm-1 and 1600 cm-1, respectively (Fig. 2).70  These band 310 
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locations need not be consistent across different WTE fly ashes, possibly because they depend on 311 

thermal maturity for organic matter.71,72 For example, the D band position can vary between  312 

1257 cm-1 and 1435 cm-1, while the G band position can fluctuate between 1502 cm-1 and 1609 cm-313 

1. The unburnt carbon detected through Raman spectroscopy shows weak Bragg reflections in its 314 

powder diffraction pattern.73 Therefore, the existence of carbon is ordinarily not detected through 315 

XRD. However, in the case of Raman spectroscopy, the parameters obtained from the peak fitting 316 

of G and D bands (peak center and full width at half maximum) can reveal additional structural 317 

information about the unburnt carbon, which is critical for carbon-containing WTE fly ashes that 318 

may reduce the efficacy of air-entraining agents when upcycled in concrete.74,75 In summary, at 319 

30% laser power, we detected the presence of calcite, calcium sulfate, zincite, and amorphous 320 

carbon in the photobleached spectrum via Raman spectroscopy. WTE fly ashes exhibit similar 321 

Raman fluorescence to other industrial waste materials, such as slags.76 Hence, photobleaching 322 

may reveal additional mineralogical information for such complex systems. 323 

 324 

Challenges and Limitations in Phase Detection through Raman Spectroscopy 325 

Despite photobleaching, other Raman active phases, such as hydrocalumite, portlandite, quartz, 326 

calcium chloride hydroxide, sylvite, and halite detected through power XRD, remained undetected 327 

through Raman spectroscopy in these WTE ashes. This apparent absence of phases may be 328 

occurring because of several reasons. First, the undetected phases may be present at low 329 

concentrations unsuitable for detection via Raman spectroscopy. A way to detect these phases is 330 

to increase the laser power. After increasing the laser power to 50 %, we did not identify additional 331 

characteristic Raman peaks in the Raman spectrum of WTE fly ashes. As before, the organic 332 

species in WTE fly ashes caused a high degree of fluorescence at 50 % laser power. In this context, 333 
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the degree of fluorescence, calculated as the total spectral count expressed in counts.cm-1, is 334 

obtained directly from the raw spectra without subtracting the Raman peaks. This approach is 335 

predicated on the assumption that the contribution of Raman peaks to the total counts is negligible 336 

compared to the dominant fluorescence and background signals. Notably, during the initial 2 337 

minutes of photobleaching, this degree of fluorescence was substantially reduced at 50% laser 338 

power (Fig. 3). Photobleaching beyond 2 minutes reduced fluorescence, albeit at a slower rate. We 339 

did not attempt to increase the laser power further because the CCD camera systematically reached 340 

saturation at higher laser powers.  Second, some undetected phases, such as halite and sylvite, have 341 

cubic symmetry, and all the atoms forming halite and sylvite are located at inversion centers. Any 342 

possible displacement of atoms from the inversion centers would violate symmetry. Therefore, 343 

first-order Raman peaks for halite and sylvite are forbidden.58 But minerals such as halite and 344 

sylvite have weak second-order characteristic Raman peaks. However, these peaks are only seen 345 

with large signal accumulation time. In this paper, all the spectra were collected with an 346 

accumulation time of 6 seconds, which may have prevented the detection of halite and sylvite. 347 

Finally, some phases undetected through Raman spectroscopy may disintegrate when 348 

photobleached with laser radiation. This may prevent the detection of phases, such as calcium 349 

chloride hydroxide, that disintegrate when exposed to high temperatures (thermogravimetric 350 

curves of these phases are presented in Fig. S1). Similar disintegration may also occur with phases 351 

that were detected in the Raman spectra of four WTE fly ashes, i.e., calcite, calcium sulfate, and 352 

zincite (Fig. 2). Hence, the stability of these phases when photobleached for varying amounts of 353 

time must be evaluated. In the next section, we evaluate the stability of calcite, calcium sulfate, 354 

zincite, and calcium chloride hydroxide when photobleached. 355 
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 356 
Fig. 3. The effect of laser power and pre-exposure time on the degree of fluorescence of WTE fly ashes. The 357 
degree of fluorescence at 30 and 50 % laser power are calculated from the Raman spectra of WTE fly ashes 358 
obtained after 0, 2, 5, 10, 20, and 30 minutes of photobleaching. All the Raman spectra were collected with 359 
an acquisition time of 6 seconds. At 30 and 50 % laser power (LP), the CCD detector became saturated for 360 
2 and 4 unique WTE fly ash specimens, respectively. As a result, the degree of fluorescence at 30 and 50% 361 
LP in Fig. 3 is shown for 10 and 8 unique WTE fly ash specimens, respectively, out of the 12 specimens 362 
investigated in this article. 363 

 364 

3.3. The Effect of Photobleaching on Pure Phases 365 

Apart from reducing fluorescence, photobleaching may also result in sample degradation, i.e., the 366 

structural breakdown of phases present in WTE fly ashes.63,65 Therefore, it is essential to 367 

understand the effect of photobleaching on minerals commonly found in WTE fly ashes. For this 368 

purpose, we evaluated the effect of photobleaching on commercially available minerals (calcite, 369 

calcium sulfate, and zincite) and calcium chloride hydroxide prepared in the laboratory. The 370 
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powder-XRD patterns for minerals (calcite, calcium sulfate, zincite, and calcium chloride 371 

hydroxide) used for evaluating the effect of photobleaching on the Raman spectra are depicted in 372 

Fig. S3. Further, the powder-XRD patterns of these minerals were compared with the standard 373 

patterns from the International Center for Diffraction Data Powder Diffraction File database (Fig. 374 

S3). These comparisons suggest that the calcite, zincite, and calcium chloride hydroxide used in 375 

our study were of high purity. In contrast, the used calcium sulfate is a combination of anhydrite, 376 

hemihydrate, and gypsum. 377 

Impact of Photobleaching Duration on Raman Spectra of Pure Phases 378 

The Raman spectra of calcite, calcium sulfate, zincite, and calcium chloride hydroxide 379 

photobleached for different periods at 90 % laser power are illustrated in Fig. 4. A high laser power 380 

of 90 % was selected to evaluate the photobleaching stability. The photobleached Raman spectra 381 

of calcite, calcium sulfate, zincite, and calcium chloride hydroxide suggest that these minerals do 382 

not disintegrate when photobleached. However, the fluorescence associated with calcite, calcium 383 

sulfate, and calcium chloride hydroxide is observed to reduce with photobleaching (Fig. 5). Only 384 

marginal reduction is observed in the case of zincite (ZnO), suggesting that photobleaching has no 385 

significant impact on the Raman spectra of zincite. Therefore, these results support that 2 minutes 386 

is an adequate photobleaching time for WTE ashes comprising these minerals (see section 3.2). In 387 

the past, photobleaching has been used to mitigate fluorescence for different systems, including 388 

human skin tissue, paints, blood plasma, urine, plant toxins, bone tissue, and textiles.62,64,66,67,77–81 389 

The optimal photobleaching time for these systems ranged between seconds and hours. For 390 

instance, the Raman spectrum without excessive fluorescence is obtained after 20 seconds of 391 

photobleaching for human skin tissue,66,79 whereas for plant toxins, a significant reduction in 392 

fluorescence was noted after 11 hours of photobleaching.77  393 
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 394 
Fig. 4.  The effect of the photobleaching period on the Raman spectra of calcite, calcium sulfate, calcium 395 
chloride hydroxide, and zincite. All the Raman spectra were collected with a laser power of 90% 396 
(acquisition time = 1 second). 397 
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 398 
Fig. 5. The relative degree of fluorescence (normalized to the initial degree of fluorescence) versus pre-399 
exposure time for calcite, calcium sulfate, calcium chloride hydroxide, and zincite(1s acquisition time). The 400 
solid medium line represents the average, while the shaded areas represent the maximum and the minimum 401 
degree of fluorescence for the different laser powers: 10, 30, 50, 70, and 90%. For each of these pure 402 
phases, the effect of laser power and time of pre-exposure on fluorescence is depicted in Fig. S4. The error 403 
bars represent the standard error of the mean for relative degree of fluorescence (across different laser 404 
powers). . 405 

 406 

Impact of Laser Power on Photobleaching and Raman Peak Intensity for Pure Phases 407 

The photobleaching duration reduces with an increase in laser power.62 Hence, increased laser 408 

power can further reduce the photobleaching duration. However, the laser power can only be 409 

increased to a limited extent because, at higher laser power, the CCD detector may reach saturation. 410 

For instance, on pure phases (calcite, calcium sulfate, calcium chloride hydroxide, and zincite), a 411 

laser power of 90 % did not saturate the CCD detector (Fig. 6). So, Raman spectra could be 412 

collected at high laser power. However, the CCD detector reached saturation when laser power 413 
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exceeded 50 % for WTE fly ashes (see section 3.2). Therefore, the Raman spectra of WTE fly 414 

ashes must be collected at laser powers lower than 50 %. At reduced laser power, the characteristic 415 

Raman peak intensity of Raman active phases will likely decrease. We observe a similar decrease 416 

in the intensity of characteristic Raman peaks (after 30 minutes of photobleaching) with laser 417 

power for pure phases (Fig. 6), i.e., independent of the photobleaching duration, the intensity of 418 

characteristic Raman peaks scales linearly with laser power (Fig. 7). In summary, photobleaching 419 

reduced the fluorescence in the Raman spectra of pure phases. Additionally, we find that when 420 

photobleached, these pure phases (calcite, calcium sulfate, calcium chloride hydroxide, and 421 

zincite) are stable and do not disintegrate. These results suggest that Raman spectroscopy coupled 422 

with a few minutes of photobleaching does not alter the mineralogy of WTE fly ashes. Earlier, we 423 

demonstrated that photobleaching reduced background fluorescence for four selected fly ash 424 

specimens (section 3.2). With the evidence that the pure phases are stable under photobleaching, 425 

we further evaluated the effect of photobleaching on the Raman spectra of eight additional WTE 426 

fly ashes, which are discussed in the next section.  427 

 428 
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 429 
Fig. 6. The effect of laser power (LP) on the Raman spectra of calcite, calcium sulfate, calcium chloride 430 
hydroxide, and zincite. All the Raman spectra were collected after photobleaching for 30 minutes 431 
(acquisition time = 1 second). 432 
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 433 
Fig. 7.  The relationship between the intensity of most prominent Raman characteristic peaks and laser 434 
power (100% corresponds to 450 mW) for calcite, calcium sulfate, calcium chloride hydroxide, and zincite. 435 
Note that the most prominent Raman peaks for calcite, calcium sulfate, calcium chloride hydroxide, and 436 
zincite occur at 1082 cm-1, 1011 cm-1, 669 cm-1, and 435 cm-1. The pure phases were photobleached for 437 
different periods at each laser power. So, for every phase, multiple data points at each laser power 438 
correspond to different photobleaching intervals (0, 1, 2, 5, 10, 20, and 30 minutes). The error bars 439 
represent standard error of the mean for max peak intensity (across different photobleaching intervals).  440 
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 441 

3.4. Photobleaching on Additional WTE Fly Ashes 442 

Our initial investigation into the effect of photobleaching on four selected WTE fly ashes showed 443 

a significant reduction in background fluorescence, which enabled the detection of calcite, calcium 444 

sulfate, zincite, and carbon in the fly ash specimens without any sample degradation (see section 445 

3.2 and 3.3). Here, for further validation, we investigated the effect of photobleaching on eight 446 

additional fly ash specimens. The Raman spectra of these eight specimens with the four previous 447 

specimens are shown in Fig. 8. As before, for these twelve specimens, we note that without 448 

photobleaching, background fluorescence masks the characteristic Raman peaks (Fig. 8a). After 449 

photobleaching, the background fluorescence for all twelve specimens reduces considerably, 450 

allowing the characteristic Raman peaks to appear (Fig. 8 b).  451 

 452 

Further treatment of the photobleached Raman spectra through a Savitzky-Golay filter (noise 453 

suppression), followed by background subtraction and normalization, enables clear identification 454 

of characteristic Raman peaks for the most prominent peaks of calcite and calcium sulfate (Fig. 8 455 

c). The MATLAB program for processing the photobleached Raman spectra is shared in the 456 

supplementary material. After processing, the characteristic Raman peaks at 1083 cm-1 and 1013 457 

cm-1 indicate the presence of calcite and calcium sulfate, respectively. In summary, our 458 

investigation on eight additional specimens validates using photobleaching for analyzing WTE fly 459 

ashes with Raman spectroscopy. When coupled with photobleaching, we demonstrate that Raman 460 

spectroscopy can shed additional information about the mineralogy of WTE fly ash specimens. 461 

 462 
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 463 
Fig. 8. Raman spectra of the 12 studied WTE fly ashes: (a) Original Raman spectra without photobleaching. 464 
(b) Spectra after 30 min of photobleaching. (c) Spectra after 30 min of photobleaching, noise, and 465 
background removal. Cc denotes calcite, CS̄ denotes calcium sulfate. All the Raman spectra in this figure 466 
were collected with an acquisition time of 6 seconds, and the laser power is fixed at 30 % (135 mW). 467 
 468 

3.5. Photobleaching Mechanisms in WTE Fly Ashes 469 

In this article, we demonstrated that photobleaching can reduce fluorescence in the Raman spectra 470 

of WTE fly ash specimens, enabling the identification of mineralogical species. We consider that 471 

the observed decrease in fluorescence results from three possible mechanisms. The first 472 

mechanism is based on previous investigations that studied the commonly occurring 473 

photobleaching phenomenon in fluorescence microscopy-based techniques, such as confocal laser-474 

scanning microscopy.83,84 In fluorescence microscopy-based techniques, specimens with 475 

fluorescent probes (for example, dyes or stable fluorophores) are irradiated with a laser, and the 476 

resulting fluorescence signal is used for imaging biological (organic) specimens. The exposure of 477 
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the fluorophore to a laser source can reduce or permanently extinguish its ability to fluoresce.82–87 478 

This reduction in fluorescence is caused by the fluorophore molecules excited to high-energy states 479 

by laser exposure. For example, as a result of laser exposure, fluorophore molecules can be excited 480 

from ground energy level (S) to singlet-excited energy level (S*) and excited triplet state (T*).60 481 

Excited fluorophore molecules can react with molecular oxygen, if present, and generate reactive 482 

oxygen species (peroxides, hydroxyl radicals, superoxide anion, and singlet oxygen) that can 483 

oxidize organic fluorophores and eliminate its capability to fluoresce. In the absence of molecular 484 

oxygen, fluorophores in excited states have increased reactivity in electron transfer reactions, 485 

which leads to the formation of non-fluorescent radical species, extinguishing their capability to 486 

fluoresce permanently.60,88 Organic species occur in WTE fly ashes, which may have the capability 487 

to fluoresce. As discussed, these organic species may be able to fluoresce like fluorophores on 488 

laser exposure, resulting in the photobleaching observed in our experiments. 489 

 490 

The second pathway that can cause the observed photobleaching is  photochemical processes, such 491 

as photoionization and bond fission.88 Excited fluorophore molecules (excited because of laser 492 

exposure) will relax from high-energy states and release energy, which may cause localized 493 

heating. The released heat may not dissipate rapidly and accumulate, possibly resulting in the 494 

thermal destruction of species responsible for causing fluorescence in the Raman spectrum of WTE 495 

fly ashes. Finally, the third suggested mechanism is based on the observation that the fluorescence 496 

in the Raman spectrum of inorganic mineralogical species (pure phases) decreases after 497 

photobleaching (see section 3.3). Unlike organic fluorophores, inorganic materials are much more 498 

photostable – they likely do not react with reactive oxygen species, form radical species, and 499 

undergo thermal destruction. Therefore, the observed photobleaching in inorganic materials must 500 
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occur via an alternative pathway. We suggest that due to localized heating, inorganic materials 501 

(pure phases) undergo expansion, reducing the porosity of the area interacting with the laser 502 

source. The reduction in porosity means that the area occupied by air voids in the pellet specimen 503 

in contact with the laser diminishes, resulting in a reduced extent of mismatch between the 504 

refractive index at the void and ash particle interface. As a result of a decreased extent of mismatch 505 

in the refractive index at the interface, there is reduced scattering of the incident laser, resulting in 506 

the reduced background (fluorescence) in the Raman spectrum of inorganic materials.66 A 507 

schematic depicting the third mechanism is shown in the supplementary information (Fig. S6). 508 

Since WTE fly ashes are comprised of organic and inorganic species, all three mechanisms may 509 

be responsible for the photobleaching phenomenon.           510 

 511 

3.6. Complementarity of Raman Spectroscopy to X-ray Diffraction and X-ray 512 

Fluorescence 513 

A detailed understanding of WTE ash composition (elemental and mineralogical) is essential for 514 

finding composition-compatible end uses for ash upcycling. The most widely used analytical 515 

technique for determining the elemental composition of WTE ashes is X-ray fluorescence (XRF). 516 

In XRF, an analytical sample is irradiated with X-rays, which generates fluorescent X-rays in the 517 

sample.35 These fluorescent X-rays are measured and subsequently used for quantifying the 518 

elemental concentration. The elemental concentration obtained from XRF is often expressed in 519 

terms of the weight percentages of the oxides of the elements present in a sample.89 This practice 520 

of expressing elemental concentrations as equivalent oxide concentrations is made under the 521 

assumption that the elements in a given sample are directly bonded to oxygen. However, such 522 

assumptions are not necessarily accurate. For example, Zn in WTE fly ashes can exist in multiple 523 
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speciations, such as Zn4Si2O7(OH)2.H2O, ZnFe2O4, ZnAl2O4, ZnO, Zn(OH)2, Zn5(CO3)2(OH)6, 524 

and ZnCl2.34 Therefore, alternative characterization methods for understanding elemental 525 

speciation are necessary. Typically, the speciation of different elements in WTE fly ashes is 526 

determined through powder X-ray diffraction. However, this technique has two limitations. First, 527 

it cannot characterize WTE fly ashes in real-time. Second, the speciation of minor elements, i.e.,  528 

Zn, Ti, Br, and Pb ( < 5 weight % concentration, Fig. 1b), is not often resolved with powder X-ray 529 

diffraction due to significant overlaps in the powder X-ray diffraction pattern of WTE fly ashes.     530 

 531 
Fig. 9. Raman hyperspectral phase maps of mineralogical species present in WTE fly ash 12: (a) Combined 532 
and individual phase maps. (b) Experimental and reference Raman spectra of mineralogical species 533 
identified in WTE fly ash 12 specimen. Note that the experimental Raman spectra (bottom spectrum in each 534 
subplot) were obtained after true component analysis, whereas the depicted reference Raman spectra (top 535 
spectrum in each subplot) are from the RRUFF database. The RRUFF reference id for calcite, anhydrite, 536 
quartz, and rutile shown in Fig. 9b are R040170, R040061, R040031, and R060493. In the combined map, 537 
pink pixels have multiple phases. 538 
 539 
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These two limitations of powder X-ray diffraction can be overcome to some extent with Raman 540 

spectroscopy. We observed in our study that a mere two minutes of photobleaching allows a 541 

significant reduction in fluorescence, enabling the identification of elemental speciation in real-542 

time (see section 3.2). Additionally, we resolved the speciation of minor elements such as Zn with 543 

Raman spectroscopy. In Raman spectroscopy, the characteristic Raman peaks represent molecular 544 

vibrational characteristics (changes in polarizability) – a distinct attribute for each mineral species 545 

in WTE fly ashes.36 Some mineral species in low concentration are not identifiable with powder 546 

X-ray diffraction. However, these low-concentration mineral species may have strong Raman 547 

scattering capability, which may enable their identification with Raman spectroscopy. An example 548 

of this is Zincite (ZnO) – a mineral phase that we could not detect with powder X-ray diffraction, 549 

but Raman spectroscopy suggested its presence (see section 3.2, Fig. 2). On the contrary, some 550 

mineral species are not Raman active or their Raman scattering capability is inherently weak (at a 551 

given concentration). Hence, they are not detected through Raman spectroscopy. For example, we 552 

could detect the presence of hydrocalumite, portlandite, quartz, calcium chloride hydroxide, 553 

sylvite, and halite through X-ray diffraction (see section 3.1). However, these phases could not be 554 

detected through Raman spectroscopy (see section 3.2). 555 

 556 

Some of the limitations of Raman spectroscopy can be overcome with Raman hyperspectral 557 

imaging. With Raman hyperspectral imaging, samples can be probed at a sub-micrometer 558 

resolution.90 At sub-micrometer resolution, mineralogical species undetected through Raman 559 

spectroscopy due to their low concentrations (with respect to the bulk) can be identified because 560 

these species are typically heterogeneously distributed within a sample and are locally abundant 561 

on a given spot at the sub-micrometer scale. In this study, we selected one WTE fly ash specimen 562 
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and investigated its mineralogy through Raman hyperspectral imaging with a spot size of 0.95 µm. 563 

With Raman hyperspectral imaging, we were able to identify the presence of calcite, anhydrite, 564 

quartz, rutile, and carbon in WTE fly ash 12 (Fig. 9). These results from Raman hyperspectral 565 

imaging agree with our findings with Raman spectroscopy (see section 3.2), wherein we observed 566 

the presence of calcite, anhydrite, and carbon. Additionally, we note that with Raman hyperspectral 567 

imaging, we identified phases like quartz and rutile, the latter being confirmed with its broad peaks 568 

at 447 and 611 cm-1 (Fig. 9). Although these peaks were present in the initial Raman spectroscopy 569 

(Fig. 2), their subtle and broad nature did not draw our attention. However, a retrospective 570 

examination of (Fig. 2), post-photobleaching, made these peaks more discernible, revealing the 571 

presence of rutile and confirming our findings through Raman hyperspectral imaging. However, 572 

we emphasize that Raman hyperspectral imaging of a single ash specimen (1 mm × 1 mm area) 573 

took approximately 2 hours, whereas phase identification with Raman spectroscopy merely took 574 

2 minutes. Despite being time intensive, Raman hyperspectral imaging can also help uncover the 575 

mineralogy of toxic elements (Pb and Cd) in WTE fly ashes. For example, Pb and Cd in WTE fly 576 

ashes are reported to exist in the form of Raman active mineral species, such as CdSO4, CdO, PbO, 577 

PbCl2, and PbS.91–96 In summary, Raman spectroscopy can provide mineral phase information 578 

complementary to X-ray diffraction and X-ray fluorescence in real-time.  579 

 580 

4. Conclusions 581 

The chemical characteristics of waste-to-energy (WTE) ashes depend on several factors, including 582 

the input waste composition and the incineration conditions at the WTE facility. These factors can 583 

vary widely; as a result, the chemical characteristics of WTE fly ashes can show significant 584 

variation. The variability in composition makes WTE fly ashes unsuitable for any single upcycling 585 
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application. Therefore, there is a need for a method that can rapidly characterize the mineralogy 586 

of these ashes. In this study, we evaluated the possibility of employing Raman spectroscopy to 587 

elucidate the mineralogical characteristics of WTE fly ashes. Our results indicated that the WTE 588 

fly ashes show excessive fluorescence when probed through typical Raman spectroscopy, 589 

obscuring any meaningful interpretation of the Raman spectra. To resolve this issue, we reported 590 

that the excessive fluorescence arising in WTE fly ashes could be overcome by a few minutes of 591 

photobleaching, i.e., by exposing ash specimens to laser radiation before data collection. The 592 

photobleached Raman spectra suggested the presence of calcite, calcium sulfate, zincite, and 593 

amorphous carbon (graphitic and disordered bands) in WTE fly ashes. Most importantly, the 594 

fluorescence in the Raman spectrum of WTE fly ashes was reduced to an acceptable degree after 595 

mere 2 minutes of photobleaching, suggesting that Raman spectroscopy can be a useful method to 596 

monitor the mineralogical characteristics of WTE fly ashes in a rapid fashion. Finally, we 597 

evaluated the photobleaching stability for four key phases – calcite, calcium sulfate, zincite, and 598 

calcium chloride hydroxide. Our investigations demonstrated that these phases are stable against 599 

photobleaching, and the fluorescence in the Raman spectra of these phases reduces when 600 

photobleached for ~5 minutes. These results signify the utility of Raman spectroscopy in 601 

monitoring the mineralogical characteristics of WTE fly ashes rapidly and reliably. In the future, 602 

the ability to characterize ashes (e.g., in real-time at a WTE facility) could help divert them from 603 

landfills to composition-dependent upcycling pathways. 604 

 605 

 606 
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Table 

Table. 1. Elemental composition (weight %) of WTE fly ashes from XRF. The ashes are listed by decreasing 

calcium concentration. 

WTE 
Fly 
Ash 

Ca Cl S Zn K Si Al Fe Ti Br Pb Other 

1 65.1 20.5 4.8 3.2 1.9 1.3 0.0 0.9 0.4 0.7 0.5 0.6 
2 61.8 20.1 5.6 3.8 2.3 1.9 0.0 1.0 0.6 0.8 0.5 1.5 
3 61.4 20.3 5.4 3.7 2.4 2.0 1.0 1.1 0.7 0.7 0.5 0.7 
4 60.1 24.3 4.8 3.3 1.9 1.3 1.0 0.9 0.4 0.7 0.5 0.6 
5 60.1 20.5 5.8 3.8 2.3 2.4 1.1 1.1 0.8 0.7 0.5 0.8 
6 55.6 25.4 5.9 4.2 2.1 1.6 1.2 1.1 0.5 0.9 0.6 0.8 
7 50.6 26.9 7.9 4.3 3.1 2.5 0.0 1.4 0.9 0.8 0.5 1.1 
8 49.3 27.7 7.4 4.3 3.2 2.6 1.1 1.2 0.8 0.7 0.4 1.4 
9 47.5 27.7 6.7 4.6 3.0 2.9 2.4 1.4 0.8 0.9 0.6 1.6 

10 46.8 28.6 8.8 5.0 2.8 2.4 1.2 1.3 0.7 0.8 0.5 1.0 
11 46.7 29.1 7.8 4.4 3.4 2.7 1.2 1.3 0.8 0.7 0.4 1.4 
12 46.7 28.8 8.0 4.1 4.3 3.0 0.9 1.3 0.8 0.6 0.4 0.9 
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Figures 

 
Fig. S1. Thermogravimetric curves for calcite, calcium sulfate, calcium chloride hydroxide, and zincite. 

 
Fig. S2. Thermogravimetric curve for WTE Fly Ash 1. 
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Fig. S3.  X-ray powder diffraction patterns of calcite, calcium sulfate (gypsum), calcium chloride hydroxide, 

and zincite used for evaluating the effect of photobleaching on the Raman spectra. In each subplot, the top 

pattern represents the diffraction pattern measured in the laboratory, whereas the bottom patterns show 

standard diffraction patterns from the International Center for Diffraction Data Powder Diffraction File 

database. The standard PDF diffraction patterns for calcite, calcium sulfate (Gypsum), calcium chloride 

hydroxide, and zincite are PDF 00-066-0867, PDF 04-007-6682, PDF 04-013-0465, and PDF 04-003-

2106, respectively. 
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Fig. S4.  The effect of photobleaching in reducing fluorescence at different laser powers for calcite, calcium 

sulfate, calcium chloride hydroxide, and zincite. Degree of fluorescence for calcite, calcium sulfate, 

calcium chloride hydroxide, and zincite are defined for their most prominent characteristic Raman peaks. 

The most prominent characteristic Raman peaks for calcite, calcium sulfate, calcium chloride hydroxide, 

and zincite occur at 1082 cm-1, 1011 cm-1, 669 cm-1, and 435 cm-1. 
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Fig. S5. Raman spectra of WTE fly ash 1 specimen at 10 different spots: (a) Original Raman spectra without 

photobleaching. (b) Raman spectra after 30 minutes of photobleaching. (c) Raman spectra shown in Figure 

S5b after noise and background removal. Cc denotes calcite and CS̄ denotes calcium sulfate. All the Raman 

spectra in this figure were collected with an acquisition time of 6 seconds, and the laser power is fixed at 

30% (135 mW). 
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Fig. S6. A schematic illustrating the changes in the morphology of ash particles after photobleaching. The 

prolonged laser exposure during photobleaching causes localized heating, leading to an increase in particle 

size. As a result of increased particle size after photobleaching, less void area (porosity) remains in contact 

with the laser spot, reducing the extent of mismatch between the refractive indices at the void and ash 

particle interface. The reduction in the mismatch between the refractive indices at the interface results in 

less laser scattering, reducing the background (fluorescence) in the Raman spectrum of ash particles.  
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Matlab Code: 

This MATLAB code analyzes Raman spectroscopy data from 12 datasets, each representing 

different Waste-to-Energy (WTE) ashes. The analysis includes data loading, noise removal, 

background estimation, and background correction. The script loads the data for each dataset and 

then selects a range of data (based on wavenumbers) for analysis. After that, the script removes 

noise from the data using a Savitzky-Golay filter, estimates the background signal via preliminary 

smoothing and piecewise cubic interpolation, and corrects the original signal by subtracting the 

estimated background. It also identifies valid local minima below the preliminary smoothed 

background. The processed data is then plotted and saved in three graphs: (1) the original vs. noise-

removed spectrum, (2) the noise-removed spectrum vs. estimated background, and (3) the 

background-corrected spectrum. These graphs are saved as PNG files. Lastly, the script stores the 

background-corrected spectrum in the cell array for further use. 

 

 
% Load the data for the 12 WTE ashes 
datasets = {'FA1830_30', 'FA1833_30', 'FA1834_30', 'FA1835_30', 'FA1836_30', 'FA1837_30', ... 
    'FA1838_30', 'FA1840_30', 'FA1841_30', 'FA1842_30', 'FA1844_30', 'FA1846_30'}; 
 
wte_ashes = cell(1, length(datasets)); 
 
start_wavenumber = 1500; % Enter your desired starting wavenumber here 
end_wavenumber = 500; % Enter your desired ending wavenumber here 
 
for i = 1:length(datasets) 
    % Load the dataset 
    data = load(datasets{i}); 
     
    % Get the wavenumbers and intensities 
    variable_name = [datasets{i}, '_30'];  % Use the correct variable name 
    wavenumbers = data.(variable_name)(:, 1); 
    intensities = data.(variable_name)(:, 2); 
     
    % Find the indices corresponding to the start and end wavenumbers 
    start_index = find(wavenumbers <= start_wavenumber, 1, 'first'); 
    end_index = find(wavenumbers >= end_wavenumber, 1, 'last'); 
     
    % Store the truncated wavenumbers and intensities in the cell array 
    wte_ashes{i}.wavenumbers = wavenumbers(start_index:end_index); 
    wte_ashes{i}.intensities = intensities(start_index:end_index); 
end 
 
num_datasets = length(wte_ashes); 
 
for i = 1:num_datasets 
    wavenumbers = wte_ashes{i}.wavenumbers; 
    intensities = wte_ashes{i}.intensities; 
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    % Perform noise removal using Savitzky-Golay filter 
    frame_length = 9; 
    poly_order = 2; 
    noise_removed_intensities = sgolayfilt(intensities, poly_order, frame_length); 
     
    % Preliminary smoothing to estimate background 
    prelim_span = 50; % This should be larger than your expected peak width 
    prelim_smoothed_intensities = smooth(wavenumbers, noise_removed_intensities, prelim_span, 'loess'); 
     
    % Find local minima points 
    [minima, minima_idx] = findpeaks(-noise_removed_intensities);  
    minima = -minima;  % Convert back to positive values 
     
    % Use only minima that are below the preliminary smoothed background 
    valid_minima_idx = minima < prelim_smoothed_intensities(minima_idx); 
    minima = minima(valid_minima_idx); 
    minima_idx = minima_idx(valid_minima_idx); 
     
    % Perform piecewise cubic interpolation to estimate background 
    interpolated_background = interp1(wavenumbers(minima_idx), minima, wavenumbers, 'pchip', 'extrap'); 
     
    % If any point of the interpolated background is above the data, replace it with the data point 
    interpolated_background = min(interpolated_background, noise_removed_intensities); 
     
    % Subtract the interpolated background from the data to get the background-corrected spectrum 
    background_corrected = noise_removed_intensities - interpolated_background; 
     
    % Define vertical shifts for the plots 
    shift1 = 0.2 * max(intensities); 
    shift3 = 0.5 * max(noise_removed_intensities); 
     
    % Create a new figure for this dataset 
    figure; 
     
    % 1st Plot - Original spectrum and Noise Removed spectrum 
    subplot(1, 3, 1); 
    plot(wavenumbers, intensities, 'k', 'DisplayName', 'Original Spectrum'); 
    hold on; 
    plot(wavenumbers, noise_removed_intensities + shift1, 'b', 'DisplayName', 'Noise Removed Spectrum'); 
    xlabel('Raman Shift (cm^{-1})'); 
    ylabel('Intensity (a.u.)'); 
    title(['Original Spectrum & Noise Removed Spectrum (', datasets{i}, ')']); 
    legend('show'); 
    hold off; 
    pbaspect([3 2 1]); 
     
    % 2nd Plot - Noise removed and Background corrected 
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    subplot(1, 3, 2); 
    plot(wavenumbers, noise_removed_intensities, 'k', 'DisplayName', 'Noise Removed Spectrum'); 
    hold on; 
    plot(wavenumbers, interpolated_background, 'r', 'DisplayName', 'Estimated Background'); 
    xlabel('Raman Shift (cm^{-1})'); 
    title(['Noise Removed Spectrum & Estimated Background (', datasets{i}, ')']); 
    legend('show'); 
    hold off; 
    pbaspect([3 2 1]); 
     
    % 3rd Plot - Background Corrected Spectrum 
    subplot(1, 3, 3); 
    plot(wavenumbers, background_corrected, 'k', 'DisplayName', 'Background Corrected Spectrum'); 
    xlabel('Raman Shift (cm^{-1})'); 
    ylabel('Intensity (a.u.)'); 
    title(['Background Corrected Spectrum (', datasets{i}, ')']); 
    legend('show'); 
    pbaspect([3 2 1]); 
     
    % Save the figure 
    saveas(gcf, ['Raman_Spectrum_', datasets{i}, '.png']); 
     
    % Store the background-corrected spectrum in the cell array 
     wte_ashes{i}.background_corrected = background_corrected; 
 
    % Full screen 
    set(gcf, 'Position', get(0, 'Screensize')); 
     
end 
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