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Disclaimer 
 
This report was prepared as an account of work sponsored by an agency of the United States 

Government. Neither the United States Government nor any agency thereof, nor any of their 

employees, makes any warranty, express or implied, or assumes any legal liability or responsibility 

for the accuracy, completeness, or usefulness of any information, apparatus, product, or process 

disclosed, or represents that its use would not infringe privately owned rights. Reference here into 

any specific commercial product, process, or service by trade name, trademark, manufacturer, or 

otherwise does not necessarily constitute or imply its endorsement, recommendation, or favoring 

by the United States Government or any agency thereof. The views and opinions of authors 

expressed herein do not necessarily state or reflect those of the United States Government or any 

agency thereof. 
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are indicated by solid red circle and black star symbols, respectively, except the data 
at their own pH are shown by open symbols. 
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EXECUTIVE SUMMARY 

According to the U.S. Environmental Protection Agency, coal ash is a major contributor to 

U.S. industrial waste. Any use of fly ash, a primary component of coal combustion residuals (CCR) 

would have a significant impact on waste disposal if two conditions can be met: 1) fly ash residuals 

are cost-competitive with current materials; and, 2) contaminants in the coal ash can be 

encapsulated to eliminate problems related to leaching. 

The American Coal Ash Association (ACAA) reported that in 2022, 28.2 million tons (Mt) of 

fly ash were produced and 16.8 Mt of fly ash were utilized. Also, there are regional imbalances in 

the supply and demand, leading to either a local oversupply or a deficit of fly ash. The ACAA also 

estimates that nationally, the gap between the demand and supply of concrete-grade fly ash is about 

25%. 

Existing uses for fly ash shown as Market Ready/Mature Technologies suffer from low value. 

In these applications, transportation and beneficiation costs of off-spec materials are key barriers 

to effectively utilizing existing supply. However, emerging applications such as the market for 

polymer fillers, extenders, and toughening agents, estimated to be about $10 billion, command 

higher prices. The benefits of developing higher-value uses for fly ash are to (a) expand the 

economic viability of transportation to greater distances to overcome regional supply-demand 

imbalances, (b) incentivize technologies to size, beneficiate, and store fly ash, and (c) create non-

seasonal product demand. This project overcomes the barriers of previous research on the 

beneficial use of coal ash, by developing a new generation of biobased polymer-coated fly ash to 

eliminate user exposure to toxic elements. The project aims to characterize the polymer-modified 

fly ash to understand fundamental properties relevant to their performance as fillers in polymers.  

The objective of this project is to develop a technology to encapsulate coal fly ash particles in 

sulfurized vegetable oil, enhancing physical and mechanical properties of the fly ash as a filler 

material when applied in commercial products. This project significantly advances the knowledge 

base and technology for synthesizing coated fly ash particles for application in different polymer 

matrices to increase cross-linking, compatibility, air-entrainment and to decrease the leaching 

potential of metals of concern. Specifically, the project focuses on (a) collection, and 

characterization of fly ash material from coal power plants; (b) development of Sulfurized 

Vegetable Oil (SVO) modified (SuMo) fly ash and their detailed characterization; (c) evaluation 

of the mechanical properties of the SuMo fly ash incorporated plastic and rubber composites for 
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potential replacement of CaCO3 or carbon black as filler materials with SuMo fly ash in plastic 

and rubber composites; (d) leaching potential of SuMo fly ash and SuMo fly ash-incorporated 

plastic and rubber composites to determine the rate of release of trace metals.  

The major findings of this project are: i) Sulfurized Vegetable Oil coated fly ash (SuMo fly 

ash) was successfully prepared with a particle size of ≤ 45 micron which exhibited hydrophobicity 

of contact angle > 90º; ii) the coating reduces leaching of metals (e.g., B, Cr) from fly ash when 

exposed to water; iii) incorporation of SuMo fly ash increases thermal stability and yield strength 

of plastics; iv) SuMo coating helps disperse fly ash particles into cured rubbers, natural rubber; (v) 

SuMo fly ash-incorporated plastic/cured rubbers compounds protects against leaching of toxic 

elements. 
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1. INTRODUCTION 

The American Coal Ash Association (ACAA) reported that in 2022, 28.2 million tons (Mt) of 

fly ash were produced and 16.8 Mt of fly ash were utilized. Also, there are regional imbalances in 

the supply and demand, leading to either a local oversupply or a deficit of fly ash. The ACAA 

estimates that the gap between the demand and supply of concrete-grade fly ash is about 25% 

nationally. 

Existing uses for fly ash shown as Market Ready/Mature Technologies in Figure 1, are low 

value. In these applications, transportation and beneficiation costs of off-spec materials are key 

barriers to effectively 

utilizing existing supply 

(EPRI, 2016). However, 

emerging applications, 

such as the market for 

polymer fillers, ex-

tenders, and toughening 

agents, estimated to be 

about $10 billion, 

command higher prices. 

The benefits of developing higher value use for fly ash are to (a) expand the economic viability of 

transportation to greater distances to overcome regional supply-demand imbalances, (b) 

incentivize technologies to size, beneficiate, and store fly ash, and (c) create non-seasonal product 

demand. 

Rationale: We embark on the proposed strategy based on the following identified advantages 

and disadvantages of as-is fly ash relative to other inorganic fillers in the current market (Table 1). 

 

Table 1. Advantages and disadvantages of the proposed modified fly ash as filler compared to 
inorganic fillers. 
Advantages 

• Low cost relative to inorganic fillers 

• Aspect ratio close to spherical: not many natural materials have this characteristic; sphericity is 

advantageous in processing leading to a 30-70% less compounding time and tunable rheology 

• Density of fly ash is lower than calcium carbonate allowing for higher volumetric loading  

 
Figure 1. EPRI (2016) analysis of Market Ready and Mature 

Technologies for fly ash utilization 
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Disadvantages Route to Mitigation in This Proposal 

Color: grey to black Choose applications where color is not an issue, e.g., 

rubber tires, black plastics. 

Multimodal size distribution Use sized fractions. 

Presence of elements such as As, Se, Cd, Hg Size, separate, encapsulate, and then use as filler; 

smaller size fractions tend to be enriched in As, Se, etc.  

Presence of OH groups; dispersion in nonpolar 

polymer matrices requires coupling agents such as 

silanols; smaller particles tend to agglomerate and 

lower impact strength 

Fly ash surface modification to increase hydrophobicity 

and allow better adhesion  

Tendency to pick up moisture; 2-20% moisture 

content; forms voids in hot molded products 

Hydrophobic modification to lower moisture pickup 

Environmental Benefits: Beneficial use of modified fly ash as fillers in plastic, elastomers, 

and thermosets can produce positive environmental and economic benefits by reducing the use of 

virgin resources, lowering greenhouse gas emissions, and reducing the cost of coal ash disposal. 

Also, the reduced leaching potential of the surface-modified (SuMo) fly ash will help to transform 

a low-value landfill waste to an inert material with application in high-value products. The 

diversion of fly ash from landfills, ash ponds, and impoundments will also reduce the risk of 

groundwater contamination. 

Economic Benefits: Ground Calcium Carbonate (GCC) is the largest inorganic filler 

consumed in the market with about 10 million tons used by the plastics and paint sector. The 

market price of GCC is about $200/ton for untreated 3-7µm grades and about $300/ton for 1-3µm 

surface-treated grades. We expect the modified fly ash products to compete with CaCO3 in 

applications that are not color sensitive and can benefit from reduced density, higher hardness, and 

increased interaction with nonpolar matrices. The price point of the modified fly ash product is 

expected to be competitive with GCC in substituted products.  

The modified fly ash products are also expected to substitute partially for carbon black in 

rubber which is much more expensive than GCC. This market is large and growing. 
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2. COLLECTION, SIZING, AND CHARACTERIZATION OF FLY ASH 

MATERIAL 

2.1. Collection and Sizing 

Unclassified Class C and Class F fly ash were procured from Boral Resources. Class F fly ash 

was also collected from power plants burning Illinois coal to check for variations in elemental 

properties. 

Fly ash was dried at 101oC for 16 hours to remove any moisture using the ASTM method 

D2974.  

The dried fly ash was sieved through a series of meshes with a screen size of 75µm, 45µm, 

10µm, and 2µm. The results of the fraction in mass percentages are presented in Figure 2. There 

were no fractions less than 2µm and a tiny fraction (0.1-0.3%) less than 10µm. In all three Class 

F samples, the 45-75μm size fraction accounted for greater than 40% of the total fly ash mass. The 

10-45μm size fraction accounted for 30-35% of the fly ash samples and the fraction greater than 

75µm accounted for 18-23% of the fly ash samples. Class F fly ash of <3μm was also obtained 

from Boral Resources. The mass fraction of Class C fly ash is shown in Figure 3. 

 
Figure 2. Mass percentage of size fractions in unclassified Class F fly ash 
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Figure 3. Mass percentage of size fractions in unclassified Class C fly ash 

 

2.2. Physical properties of fly ash 

The physical properties of the size segregated fly ash fractions are listed in Table 2. 

Table 2. Physical properties of the size-segregated fly ash fractions 

Sample Size 
fraction 

Density 
(g/cc) 

Porosity 
(%) 

Specific 
gravity 

(Gs) 

Void 
ratio 
(e) 

Saturated 
liquid 

content, 
W (%) 

Hygroscopic 
moisture 

(%) 

Class F 
(Micron3 

Boral) 
3 µm 0.86 66.7 2.59 0.40 15.45 NA 

Class F 
(ILPP1) 

>75 µm 0.79 65.30 2.28 0.40 17.33 0.60 

45-75 µm 1.10 54.30 2.45 0.35 14.36 0.30 

10-45 µm 1.10 58.70 2.56 0.37 14.45 0.20 

Class F 
(ILPP2) 

>75 µm 1.10 50.70 2.24 0.34 15.02 0.30 

45-75 µm 1.00 58.30 2.45 0.37 15.03 0.40 

10-45 µm 0.84 66.80 2.54 0.40 15.77 0.40 

Class F 
(Boral) 

>75 µm 1.30 52.40 2.7 0.34 12.73 NA 

45-75 µm 1.20 55.80 2.66 0.36 13.46 NA 

10-45 µm 1.00 61.00 2.69 0.38 14.08 NA 

Class C 
(PP1) 

>75 µm 0.99 56.90 2.30 0.36 15.90 NA 

45-75 µm 1.08 59.10 2.64 0.37 14.07 NA 
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10-45 µm 1.18 51.00 2.41 0.34 14.01 NA 

Class C 
(Boral) 

>75 µm 1.17 53.70 2.53 0.35 13.81 NA 

45-75 µm 1.09 58.80 2.65 0.37 13.97 NA 

10-45 µm 1.14 56.60 2.63 0.36 13.74 NA 

 

2.3. Fly Ash Morphology  

Each of the size fractions was homogenized and made into a heap. The heap was divided into 

four quadrants. The sample from one quadrant was used for morphological and chemical analysis. 

Scanning Electron Microscope (SEM) analysis was conducted on the particles to study the particle 

morphology (Figure 4). Fly ash particles were well separated according to the expected size 

ranges, confirming the effectiveness of the size fractionation procedure in this study. The fly ash 

fraction of the finest size (<10µm) was noted to consist of primarily smooth spherical particles 

(Figures 4-6). Fly ash particles in size range of 10–45µm and higher included a significant number 

of irregularly shaped grains. These results are consistent with the previous studies (Kutchko and 

Kim 2006; Yüksel and Yürüm 2009, Zhu et al. 2013). 

 
Figure 4. SEM Images of size-segregated Boral unclassified Class C fly ash: a) fraction with 

particle size 10-45µm; b) fraction with particle size 45-75µm); c) fraction >75µm 
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Figure 5. SEM Images of size segregated Boral unclassified Class F fly ash: a) fraction with 
particle size <10µm; b) fraction with particle size 10-45µm; c) fraction with particle size 45-

75µm); d) fraction >75µm 
 

 
Figure 6. SEM Image of Boral Micron3 
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The fly ash sample from PP1 had a loss on ignition of 20% on particles larger than 75µm 

(Table 3). This indicates the presence of unburnt carbonaceous material in PP1. 

 

Table 3. Loss on ignition on the size segregated fly ash fractions 

Sample Size fraction Loss on ignition (%) 
  550 ℃ 750 ℃ 

Class F (Micron3 Boral) 3 µm 0.2 0.2 

Class F (ILPP1) 
75 µm 11.3 12.4 

45-75 µm 2.7 2.7 
10-45 µm 1.8 1.8 

Class F (ILPP2) 
75 µm 0 0.5 

45-75 µm 0 0.7 
10-45 µm 0 0.9 

Class F (Boral) 
75 µm 0.4 0.4 

45-75 µm 0.5 0.5 
10-45 µm 0.6 0.6 

Class C (PP1) 
75 µm 21.7 26.3 

45-75 µm 9.2 9.9 
10-45 µm 1.4 1.6 

Class C (Boral) 
75 µm 1.3 1.4 

45-75 µm 0.3 0.3 
10-45 µm 0.3 0.3 

 

2.4. Elemental Composition 

Major oxides were analyzed by X-Ray Fluorescence (XRF), and the results are tabulated in 

Table 4. Fly ash consists primarily of oxides of silicon, aluminum, iron, and calcium. Other 

elements such as potassium, sodium, and sulfur are also present to a lesser degree. When used as 

a mineral admixture in concrete, fly ash is classified as either Class C or Class F ash based on its 

chemical composition. Class C ashes are generally derived from sub-bituminous coals and consist 

primarily of calcium aluminosulfate glass and quartz, tricalcium aluminate, and free lime (CaO). 

Class C fly ash is also referred to as high calcium fly ash because it typically contains more than 

18% CaO. The results confirm that the Boral sample and the PP1 sample conform to the 

nomenclature. 
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Table 4. XRF analysis on the size segregated fly ash fractions 

Sample Size 
fraction Elemental oxides (%)  

  (i) (ii) (iii) (iv) (v) (vi) (i)+(ii)+(iii) 
  SiO2 Al2O3 Fe2O3 CaO K2O SO3  

Class F 
Micron3 Boral 3 µm 55.29 17.57 5.58 9.91 4.05 1.46 78.44 

Class F 
(ILPP1) 

75 µm 49.01 15.75 13.15 13.11 2.28 5.35 77.91 
45-75 µm 55.87 16.58 14.16 7.16 2.08 3.13 86.61 
10-45 µm 56.92 16.4 13.62 6.42 2.17 3.37 86.94 

Class F 
(ILPP2) 

75 µm 54.8 19.33 9.47 8.96 3.82 1.86 83.6 
45-75 µm 54.57 19.36 9.21 9.16 3.91 1.91 83.14 
10-45 µm 54.34 18.89 9.32 9.55 4.05 1.98 82.55 

Class F 
(Boral) 

75 µm 40.41 20.70 5.41 27.4 1.01 1.66 66.52 
45-75 µm 39.7 20.58 5.70 27.86 1.06 1.58 65.98 
10-45 µm 39.93 20.85 5.43 27.66 1.05 1.61 66.21 

Class C (PP1) 
75 µm 24.3 9.8 17.9 18.9 1.3 22.1 49 

45-75 µm 41.5 15.8 17.8 14.0 1.7 6.0 75.1 
10-45 µm 34.7 14.4 16.8 24.1 1.6 4.1 65.9 

Class C 
(Boral) 

75 µm 33.5 15.5 9.9 29.5 1.1 2.6 58.9 
45-75 µm 34.4 15.4 9.2 28.6 1.0 2.3 59 
10-45 µm 29.0 14.4 10.0 30.0 0.9 2.2 53.4 

 

2.5. Minor/Trace Elements by Inductively Coupled Plasma Mass Spectroscopy (ICP-
MS) 

 
Trace metal analyses were conducted by digesting the size-segregated fly ash sample and 

subsequently analyzed by ICP-MS. Mercury was analyzed using cold vapor atomic absorption 

(CVAA). These results are summarized in Tables 5 and 6. Highly leachable elements like Boron 

and Manganese were found in substantial concentrations. Mercury (Hg) was not detected in either 

of the Class C and F samples. 
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      Table 5. Trace metal analysis on the size segregated Class  
      C fly ash samples 

 
 

   Table 6. Trace metal analysis on the size segregated Class F fly 
    ash samples 
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3. DEVELOPMENT OF A SURFACE COATING TECHNIQUE TO GENERATE 
MODIFIED FLY ASH (SUMO) 

 
3.1. Synthesize Sulfurized Vegetable Oil Followed by Coating 

For the dry coating method – 1g of canola oil was sulfurized with (0.2g) sulfur at 165°C for 20 

minutes until all the sulfur was reacted with 

oil to form a dark brown thick viscous liquid. 

(See Figure 7) The fly ash (1g) was then 

manually mixed with 0.1g of sulfurized 

vegetable oil (SVO) without any solvent. This 

material was then cured at 165°C for 45 

minutes.  

For coating using solvent – 1g of canola 

oil was sulfurized with (0.2g) sulfur at 165°C 

for 20 minutes until all the sulfur was reacted 

with oil to form a dark brown thick viscous 

liquid. About 0.1g of sulfurized vegetable oil 

(SVO) was dissolved in toluene (5 mL). The fly ash (1g) was then slurried in this mixture and then 

vacuum evaporated until all the solvent was removed. This material was then cured at 165°C for 

45 minutes. Both the conductivity and the pH were substantially reduced on coating with sulfurized 

vegetable oil (SVO) with and without 

solvent. The conductivity, however, 

slightly increased at the end of 24 hours 

(Figure 8, y-axis; log scale) and remained 

constant for the next 24 hours. The error 

bars on the graphs indicate standard 

deviation from triplet runs. All of the 

experiments were repeated three times at 

least for reproducibility. This indicates 

that the coating is more stable. However, 

the particles were larger. SEM imaging (Figure 9) revealed that the particles had agglomerated to 

form large particles of about 0.5-1mm in size. 

Figure 7. SuMo fly ash generation by 
synthesizing sulfurized vegetable oil followed 

by coating 

Figure 8. Leaching of uncoated and coated SuMo 
fly ash samples 
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Figure 9. SEM image of SVO-coated fly ash 

 

3.2. Sulfurization of Vegetable Oil-Coated (SVO) Fly Ash 

For dry method fly ash was prewetted with canola oil without addition of any solvent and 

mixed well. (See Figure 10) The prewetted fly ash was then mixed with clear molten sulfur at 

165°C and then stirred until a dark brown color was obtained. This material was then cured at 

165°C for 45 minutes. The difference 

between the solvent and nonsolvent 

was that oil was dissolved into the 

solvent (Toluene) and then fly ash was 

mixed with this oil/solvent mixture 

and dried until solvent was completely 

evaporated. This material was then 

cured at 165°C for 45 minutes. Again, 

a similar observation was made as to 

that of the previous method. The 

coating reduced the leaching by an 

order of magnitude (Figure 11). The 

error bars on the graphs indicate 

standard deviation from triple runs. All the experiments were repeated three times at least for 

reproducibility. Initial conductivity was 1,000µs for uncoated fly ash but was less than 100 after 

coating. At the end of 24 hours the conductivity was about 200μs using both methods. However, 

Figure 10. SuMo fly ash generation by sulfurization 
of vegetable oil (SVO) coated fly ash 
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particle size was visually larger than the initial fly ash. The particles were agglomerated to form 

large particles of about 1mm in size (Figure 12). 

 
Figure 11. Leaching of uncoated and coated SuMo fly ash samples 

 
Figure 12. SEM image of SVO coated fly ash 

 

3.3. Optimization of Conditions to Generate SuMo Fly Ash   

The development of the SuMo fly ash involved three stages: (1) Development of crosslinked 

polymer from S and Oil by inverse vulcanization; (2) Coating of the crosslinked polymer on the 

FA; and (3) Analysis of developed SuMo fly ash conforming to an idealized filler. Thermal 

homolysis of S-S bonds leads to radical ring-opening polymerization (Worthington et al., 2017). 

Subsequent trapping of the thiyl radical end groups of the sulfur polymers with a polyene resulted 
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in a cross-linked polysulfide polymer. The alkene functional groups in canola oil also provided the 

requisite points for cross-linking during inverse vulcanization (Worthington et al., 2017). Two 

parameters (i.e., S-to-Oil ratio, reaction condition (temperature) and curing conditions 

(temperature and time) were optimized to get an ideal polymer. In the first step, canola oil was 

reacted with elemental sulfur at 160°C for approximately 20-30 minutes until all the S dissolves 

and reacted to form a single-phase solution in the form of a flowable viscous polymer termed as 

sulfurized vegetable oil (SVO). The synthesis of SVO in the form of polysulfides by inverse 

vulcanization involved the melting of elemental sulfur and consequent heating of it above its floor 

temperature of 160ºC (Dixon, 1985). The S-Oil ratio was restricted to 15-100 ratio (by weight) for 

the current coating process as beyond this point the developed SuMo FA tended to be tacky and 

agglomerate. The S and oil reacted at 160ºC for approximately 15 minutes in an oil bath. The fly 

ash was initially washed with deionized water at L/S ratio of 5 two or three times to minimize the 

leaching potential before coating with SVO. The SVO upon curing tends to form rubbery 

hydrophobic polymer. The toughness of the cured polymer was assessed through a durometer 

(Ghosh and Karak, 2018) and the highest durometer reading at different curing conditions was 

chosen for curing the polymer on the fly ash. Based on initial trial tests, curing at 160ºC for 15 

hours resulted in a polymer with highest durometer reading.  

The SVO was coated on the fly ash with the intention that the produced SuMo (SO) fly ash 

would essentially be hydrophobic, have particles that would ideally retain the original spherical 

morphology of the fly ash as well as the small particle size (minimized agglomeration due to 

polymer). The coating involves a two-step simultaneous mixing-curing-crushing stages (Figure 

13). The first mixing was labelled as wet mixing wherein the washed fly ash was mixed with 15% 

SO (by weight of fly ash) using a solvent (toluene). The mixture was shaken in an orbital shaker 

for 16 hours to ensure that SVO engulfs the fly ash. After this mixing process, the excess toluene 

was evaporated by putting in a flume head and the wet fly ash was kept at 160ºC for 15 hours in 

an oven such that the encapsulated fly ash cures atop the fly ash. After the curing process, the 

samples were crushed in an in-house ball mill (Glen Mills GY-RO Mill 3/4HP Mill) for 5 seconds 

to break any agglomeration. Thereafter, the second mixing named as dry mixing involved mixing 

3 to 7% SO with the coated samples from wet mixing stage. This mixing was done in a planetary 

centrifugal bubble free mixer (Model: ARE-310; Thinky Corporation) wherein it was mixed 4 
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times at 2,000 RPM for 2 minutes in each cycle. The mixed samples were cured at 160ºC for 15 

hours followed by same crushing approach used in the wet mixing stage.  

 

 

 

 

 

 

 

 

 

 

 

Later, various other oils and fatty acids were explored to find out the optimum curing condition 

and S/Oil ratio based on polymer toughness (durometer reading) for different oil types. Details of 

the optimization results are listed in Table 7. There were no polymers formed for the Oleic acid 

and Base 44. 

 

   Table 7. Optimum curing conditions for polymer 

Oil type S/Oil ratio Curing temp Curing time (h) 

Canola 15/100 150 18 
Soybean 15/100 180 24 
Castor 15/100 150 18 

Linseed 15/100 180 24 
Oleic acid NA NA NA 
Base 44 NA NA NA 

 

The second stage of DOE was to find optimum coated fly ash for each oil based on economy 

(i.e., lowest SVO to fly ash ratio; 10%, 12.5% and 15%) provided they pass through three criteria 

(leaching reduction by 70%, hydrophobicity, and yield of particles lower than 45µm at 70% yield). 

See Table 8 for the optimum SVO/fly ash ratio with lowest conductivity values. 

Figure 13. SuMo fly ash generation by a two-step process 
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                 Table 8. Optimum sulfurized vegetable oil to fly ash ratio by weight for SuMo 
                 fly ash 

Oil type Class F (Micron3) Class C (Boral <45 µm) 

Canola 15% 15% 

Soybean 15% 15% 

Castor 12.5% 15% 

Linseed 15% 15% 

 

 Also, Class F fly ash responds better to the coating than Class C in terms of leaching 

suppression. 

 

3.4. Characterization of SuMo Fly Ash 

The produced SuMo fly ash exhibited hydrophobicity with a contact angle of 125° regardless 

of the coating conditions. This contact angle was also observed for the cured polymer (Figure 14). 

FE-SEM micrographs of fly 

ash indicate that all particles 

were spherical with particle 

size lower than 3µm 

(Figure 14). The hydro-

dynamic diameter observed 

from particle size analysis 

was 1.32µm, which is like 

those observed in the 

micrographs and reported in previous literature (Ren and Sancaktar, 2019). Figure 15 depicts 

that the SuMo fly ash also showed predominantly spherical particles with lower than 5µm. It 

appears that the overall constituents of finest spheres (say lower than 1µm) in SuMo fly ash were 

found to be lower than that of the uncoated fly ash. This may be due to the coating engulfing 

multiple fine spheres of less than 1µm into relatively bigger sized spheres (average hydrodynamic 

diameter was 2.34µm). The results indicate the milling process did not destroy the spherical 

particles into irregular shaped particles as reported by Ren and Sancaktar (2019) for the same fly 

Figure 14. SuMo fly ash hydrophobicity and contact angle 
measurement 
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ash. From the micrographs, it was evident that the SVO coating on the fly ash did not alter the 

spherical shape of the individual FA particles but moderately reduced the relatively well graded 

particle size distribution of fly ash particles into particles having a uniform particle size 

distribution. 

 Figure 16 presents 

the weight loss of 

SVO, uncoated FA and 

SuMo fly ash at 

different temperatures. 

The temperature range 

considered was below 

500°C as, for 

composite molding, 

the temperature was generally within 160-250°C. As expected, the fly ash was thermally stable 

within that range of interest 

with no appreciable weight 

loss. At higher temperatures, 

up to 750°C, only 0.2% 

degradation happens and 

volatiles of around 2.4% 

were observed at around 

900°C. The SuMo fly ash 

was stable thermally up to 

300°C with no weight loss 

observed. However, beyond 

350°C, there was an appreci-

able decrease in the material weight which is associated with the breakdown of the SVO. The SVO 

breaks down at 300°C and naturally the cured SVO will have higher thermal stability than the 

uncured SVO. 

Figure 17 presents the FTIR spectra in terms of the surface functional groups in FA and SuMo 

fly ash. Some of the major consequences of the coating of the cross-linked polysulfide polymer on 

Figure 15. SEM images of uncoated and SuMo fly ash 

Figure 16. TGA of uncoated and SuMo fly ash 
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the fly ash resulted in distinct peaks 

appearing at 964cm-1 attributed to 

formation of C-S bond (Nishal et 

al., 2013). The distinct peak in 

1740cm-1 observed in SuMo fly ash 

was attributed to the formation of 

non-conjugated ester unit due to the 

establishment of the polymer on the 

fly ash surface (IkhtiarBakti and 

Gareso, 2018). The distinct asym-

metric bending peaks at 1457cm-1 

clearly indicate the formation of C-

H groups. The distinct bands be-

tween 2930-2900cm-1 also indicate 

the presence of C-H groups exhibiting asymmetrical stretching.    

 Figure 18 presents the AFM image of fly ash and SuMo fly ash presented at the same scale 

of reference. The fly ash showed an intricate surface without any irregularities conforming to the 

spherical shape of individual particles. On the other hand, the SuMo fly ash was relatively irregular 

due to the coating. However, both sample surfaces are in nano scale and thus the coating should 

ideally not translate into changes in mechanical properties when integrated into the polymer 

matrix. To investigate whether the coating was established on the fly ash particles, EDS spectra of 

fly ash and SuMo fly ash were obtained (Figure 19). The elemental composition clearly indicates 

a sharp increase in C and S in 

the SuMo fly ash, which 

suggests that the polysulfide 

polymer has likely encap-

sulated the fly ash particle.   

The EC and pH of the 

leachate emanating from 

uncoated Micron3 fly ash after 

24-hour tumbling condition in 

Figure 17. FTIR spectra of uncoated and SuMo fly ash 

Figure 18. Atomic force microscopy (AFM) micrographs 
of uncoated and SuMo fly ash 
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deionized water were at 3,000 ±350 μS/m and 12.5 ±0.4, respectively. Fly ash consists of alkaline 

oxides present which 

can leach readily 

through diffusion and 

change the EC and pH 

of deionized water 

(Khosla et al., 1979; 

Roy and Berger, 2011).  

The EC and pH of the 

SuMo fly ash under the 

same conditions of 

tumbling were at 550 

±150 μS/m and 8 ±0.5, 

respectively. Thus, the 

average range of per-

centage reduction in EC 

for SuMo fly ash as 

compared to uncoated 

fly ash was at 75-87%, indicating a significant decrease of alkaline oxides. A decrease in pH by 4 

units indicates that leachable calcium oxides did not diffuse into the water medium because of 

coatings. Figure 20 presents the elemental concentration of selected elements (including some 

contaminants of potential concern (COPCs) using ICP-MS. It can be observed that all elements in 

the leachate of SuMo fly ash were lower than that of uncoated fly ash or were below the detection 

limit. The leachate of uncoated fly ash was higher than the EPA regulatory limit for these 12 

elements. This drop to permissible limits after the fly ash was coated happened to all elements 

except for As. Major COPCs such as B, Cr, Pb, and Sr showed a decrease by more than one order. 

The observed decrease in EC, pH, and elemental leaching of COPCs for SuMo fly ash was 

expected to be further enhanced when the SuMo fly ash was integrated into the polymer matrix, 

which will further provide another layer against exposure to water.  

 

Figure 19. EDS spectra of uncoated and SuMo fly ash 
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Figure 20. Elemental concentration of leachate for uncoated fly ash and SuMo fly ash 
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4. SUITABILITY OF SUMO FLY ASH AS FILLER MATERIAL IN 
PLASTICS/CURED RUBBERS 

 
4.1 Replacement of CaCO3 Filler in Plastics 

Fly ash, SuMo fly ash and CaCO3 were compounded within the polypropylene (PP) and 

polyethylene (PE) matrix first in the form of pellets and then injection molded into test bars. The 

filler percentage weight with respect to polymer compounded was kept at 20% for comparison. 

LabTech twin-screw extruder was used to make pellets. The test bars were prepared using an 

Arburg 320 S Allrounder injection mold machine at the temperature range of 205°C with cycle 

time, cooling time, holding time, and shot size of 75s, 40s, 15s and 6.9cm, respectively.  

The CaCO3 filled PP and PE thermoplastics retained their white color. On the other hand, the 

unmodified fly ash and SuMo fly ash filled thermoplastics had dark yellow (Class F) /grey (Class 

C) and brown color, respectively (Figures 21-22). 

 

Figure 21. Unmodified Class F, SuMo Class F and CaCO3 incorporated 
PP and PE thermoplastics test bars 
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Figure 22. Unmodified Class C, SuMo Class C and CaCO3 incorporated 
PP and PE thermoplastics test bars 

 
Figures 23–26 show that surface coating of fly ash (SuMo fly ash) helps well dispersion of fly 

ash into the PP and PE thermoplastics as compared to the unmodified fly ash. 

 
Figure 23. SEM images of unmodified Class F, SuMo Class F and CaCO3 incorporated PE 

thermoplastics 
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Figure 24. SEM images of unmodified Class F, SuMo Class F and CaCO3 incorporated PP 

thermoplastics 
 

 
Figure 25. SEM images of unmodified Class C, SuMo Class C and CaCO3 incorporated PE 

thermoplastics 
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Figure 26. SEM images of unmodified Class C, SuMo Class C and CaCO3 incorporated PP 

Thermoplastics 
 

The thermal degradation of the virgin polymers PP, PE as well as the filler-based 

thermoplastics (PP + CaCO3, PP + fly ash, PP + SuMo fly ash, PE + CaCO3, PE + fly ash and PE 

+ SuMo fly ash) are shown in Figures 27-28. The onset temperature for virgin PP polymer was 

304oC. Among the PP test bars, SuMo fly ash-filled thermoplastics had the highest onset 

temperature of 389oC (SuMo class F) and 410oC (SuMo class C) conforming to a higher thermal 

stability. It indicates that surface modification of fly ash synergistically enhances the thermal 

stability of thermoplastics. In the case of PE, TGA trends for all thermoplastics were overall 

similar. The onset temperature for virgin PE and unmodified fly ash filled PE thermoplastics was 

close to 412oC. The SuMo fly ash filled PE polymer has an onset temperature of 430oC which 

conforms to the ones observed for CaCO3 filled PE thermoplastics.  
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Figure 27. Thermal stability of unmodified Class F, SuMo Class F and CaCO3 incorporated 

PE and PP thermoplastics 

 
Figure 28. Thermal stability of unmodified Class C, SuMo Class C and CaCO3 incorporated 

PE and PP thermoplastics 
 
The tensile test specimens were evaluated for tensile strength, tensile modulus, and elongation 

at break using a mechanical wedge action grip accessory on an Instron as per ASTM D638. The 

flexural testing (strength and modulus) was performed using a three‐point bending fixture on an 

Instron according to ASTM D790. The thermoplastics are given nomenclature in the form 

(Compounding polymer + Filler type). 

Figures 29-32 present the mechanical material properties of the compounded thermoplastics 

in terms of modulus (in tensile and flexural straining) and strength (at yield and ultimate). In the 

case of PE based thermoplastics, SuMo fly ash as fillers reduced the stiffness in flexural loading 

and increased in tensile loading (Class F) (Figure 29). A similar increase of 40% in tensile 

modulus for silane treated fly ash at (30% addition by volume in HDPE) was reported by Deepthi 

et al. (2010). The incorporation of SuMo fly ash as fillers increased the tensile yield strength of 
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PE and reduced the ultimate strength. This decrease in ultimate strength was consistent for all filler 

types, which would imply that the ultimate strength was largely governed by the PE content. 

The stiffness of PP + SuMo fly ash was lower than that of PP + fly ash predominantly because 

of the coating being rubbery in nature. Nevertheless, at the same percentage of silane treated fly 

ash filler in PP resulted in an increase in tensile modulus by 27% (Das et al., 2011), which was 

like that of SuMo fly ash (by 24%). The yield strength of PP + SuMo fly ash was the highest 

among all the thermoplastics. The yield strength for PP + SuMo fly ash thermoplastics exhibited 

an increase of 97% compared to unfilled PP thermoplastics (Figure 30). This indicates that under 

working conditions, the material strength was enhanced by SuMo fly ash incorporation. Moreover, 

the ultimate strength of SuMo fly ash-based PP thermoplastics was found to be exactly as that of 

CaCO3 based PP thermoplastics. PP incorporated with 5% weight of fly ash modified by 

carboxymethyl cellulose (CMC) and cetyltrimethylammonium bromide (CTAB) treatment 

resulted in an increase in tensile strength by 7-13% (Maurya et al., 2021).  

 
Figure 29. Modulus and Strength of unmodified Class F, SuMo Class F and CaCO3 

incorporated PE 
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Figure 30. Modulus and Strength of unmodified Class F, SuMo Class F and CaCO3 

incorporated PP 

 
Figure 31. Modulus and Strength of unmodified Class C, SuMo Class C and CaCO3 

incorporated PE 

 
Figure 32. Modulus and Strength of unmodified Class C, SuMo Class C and CaCO3 

incorporated PP 
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The ductility in terms of elongation at break reduced in PE and increased in PP (except SuMo 

Class C) for all filler type (Figures 33-34). The rubbery polymer coating would be able to dissipate 

strains without readily breaking. In literature (Sengupta et al., 2013), application of palmitic acid 

or silane coupling agents to surface modify fly ash did not improve the ductility of PP, rather 

resulted in brittle nature up to an application rate of 5% by weight. 

 
Figure 33. % Elongation of unmodified Class F, SuMo Class F and CaCO3 incorporated 

PE and PP 

 
Figure 34. % Elongation of unmodified Class C, SuMo Class C and CaCO3 incorporated 

PE and PP 
 

Figures 35-36 present the notch and not-notched impact strength of tested PE and PP 

thermoplastics with and without fillers. It was evident that not-notched PE thermoplastics 

generally improved for all filler types with no breakage observed. This means that most of the 

energy was dissipated majorly by the PE thermoplastics and incorporation of fillers had mild 

changes in energy absorption. However, notch impact strength was reduced by at least 40% for 

filler filled thermoplastics. In the case of fly ash-based filler, both fly ash and SuMo fly ash 

exhibited no appreciable change in notched strength (Figure 35). However, the dispersity reduced 
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considerably for SuMo fly ash-based PE thermoplastics. Maleic anhydride treated fly ash (at 10% 

filler application) coupled with natural banana fiber inclusion (at 3%) resultant in a decrease in 

impact strength by 77% (Satapathy and Kothapalli, 2018). In general, it showcases that filler 

application in PE reduces the energy absorption capacity of the compounded thermoplastics. In 

the case of CaCO3 filled PP thermoplastics, the impact strength for both notched and not-notched 

samples were lower than that of pure PP thermoplastics with complete failure. In actual product 

design, the notch effect (stress concentration) often cannot be avoided due to shape of the product 

and other factors. Thus, the notched impact strength of thermoplastics is generally viewed as more 

important. The highest notch impact strength was observed for SuMo fly ash filled PP with a 25% 

increase with respect to pure PP. Palmitic acid treated fly ash in PP at 5% (by weight) filler 

application rate resultant in a decrease in impact strength by 45% (Sengupta et al., 2013). In 

comparison to fly ash, the SuMo fly ash exhibited better dispersity (based on variability) within 

the PP matrix.  

 
Figure 35. Impact testing strengths of unmodified Class F, SuMo Class F and CaCO3 

incorporated PE and PP 

 
Figure 36. Impact testing strengths of unmodified Class C, SuMo Class C and CaCO3- 

incorporated PE and PP 
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4.2 Replacement of Carbon Black Filler in Crosslinked Rubbers 
 

Many Hevea natural rubber-based (HNR) vulcanized products are reinforced by carbon black 

(CB) or silica fillers (Salaeh and Nakason, 2012; Barana et al, 2019) to attain needed mechanical 

properties (Fan et al., 2020). Diluent non-reinforcing fillers, such as clay and calcium carbonate, 

are also used to lower the overall material cost but often reduce mechanical performance.  

In the past decade, substitute fillers for CB in rubber compounds have been explored. They 

included eggshell, limestone dust, peanut shell powder, rice husk and fly ash (Barrera and 

Cornish, 2016, 2019, 2022; Barrera et al., 2018; Fan et al., 2020; Ren and Cornish, 2019). 

Among them, fly ash (FA) is abundantly available in most developing countries and exists as 

legacy waste in developed countries. FA particles are suitably sized for use as rubber filler, are 

spherically shaped like carbon black, and FA composites have similar stiffness to CB composites 

(Sombatsompop et al., 2004; Thongsang and Sombatsompop, 2005; Ren and Sancaktar, 2019).  

Hevea (Technical Specified Rubber TSR-10) conforming to ASTM D7050-04 (2019) was 

obtained from Hexpol Pvt. Ltd (Middlefield, OH). Compounding chemicals and carbon black-

N234 (mean particle size: 2µm) were also procured from Hexpol.  

The compounding process of fillers in Hevea NR-based elastomers adopted in this study has 

been described (Barrera and Cornish, 2016; Ren et al., 2020). A total filler loading of 50phr 

(parts per hundred rubber) was selected for the compounding process. A total of 14 different 

natural rubber composites were made. The detailed composition and additives used to compound 

are shown in Tables 9 and 10. A two-step mixing procedure was employed by Hexpol to ensure 

that all ingredients were dispersed thoroughly in the compound. In the first (non-productive) step, 

the NR and mixer were warmed by first masticating HNR alone for 2 minutes; half portions of the 

CB and FA or SuMo were added and mixed for 3 minutes; this was followed by addition of 

naphthenic oil and the other half of the CB and FA or SuMo. Then 6PPD, ZnO and stearic acid (in 

compounds where SuMo FA was not used) were added and mixed at 30 rpm for 60 sec using an 

internal mixer at Hexpol (Burton, OH). The sulfur and TBBS were then added and mixed for 2 

minutes to initiate the vulcanization process. These mixtures were dumped, and the mix 

temperature recorded. The mixtures were then processed on a two-roll mill for 5-7 passes to further 

mix the compounds. The samples were later cured in a mold at 160°C for 12 minutes on a heated 

press (Rubber City Machinery, Akron, OH) under 16 metric tons of pressure according to ASTM 

D3182. The resulting 3mm thick rubber sheets were used for materials testing. Hexpol conducted 
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the testing for Shore A hardness, ultimate tensile stress, and ultimate elongation on-site. Crosslink 

density of the compounded elastomers was calculated from swelling data using the Flory-Rehner 

and Kraus equations and compared with CLD obtained from tensile data using the Mooney-Rivlin 

equation.   

Statistical analyses were conducted on each measured parameter to assess the significance 

level of effects two-way analysis of variance (ANOVA) for estimating statistical significance level 

values. A significance value of p <0.05 was used as a measurement of statistically significant 

differences. Mean values were plotted for the majority of the measured properties. 

 

   Table 9. Detailed composition of the elastomer composites 

 
 

Table 10. High-level composition of the fourteen elastomer composites 

 
The ESEM micrographs of tear surfaces of cured NR compounds indicated that the 100% CB 

control was quite homogeneous and that the CB particles appeared attached to the rubber matrix 
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(Figures 37-38). Unmodified fly ash did not fully incorporate into composites (not well dispersed). 

The SuMo fly ash particles were well dispersed with no agglomeration. 

 

 

Figure 37. ESEM images of unmodified Class F and CB incorporated elastomers  
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Figure 38. ESEM images of SuMo Class F and CB incorporated elastomers 

 

Figures 39-41 show the stress-strain plot for uncoated Class F, SuMo Class F, and SuMo 

Class C incorporated elastomers. For uncoated Class F incorporated elastomers, tensile strength 

decreased as ash wt% increased, elongation to break was similar among all samples, 10 wt% may 

be an acceptable replacement level (Figure 39). For SuMo Class F incorporated elastomers, tensile 

stress at break was reduced by 10 wt% and 20 wt% SuMo fly ash than by unmodified fly ash 

(Figure 40). Sumo Class C fly ash gave similar results to SuMo Class F fly ash. Surface 

modifications allow more fly ash to be added to the composites (up to 20 wt%) than possible with 

unmodified fly ash (10 wt%) (Figure 41).  
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Figure 39. Stress-strain Plots of Compounds Containing unmodified Class F fly ash 

 
Figure 40. Stress-strain Plots of Compounds Containing SuMo Class F fly ash 
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Figure 41. Stress-strain Plots of Compounds Containing SuMo Class C fly ash 

The crosslink density plot is shown in Figure 42. Chemical crosslink densities (CLD) were 

calculated from swelling data using the Flory-Rehner equation. Crosslink density declined with 

replacement of carbon black by modified fly ash composites. Both SuMo fly ash-maintained 

crosslink density up to 20wt% carbon black replacement. 

 
Figure 42. Crosslink Densities of Compounds Containing fly ash 
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The shore hardness plot is depicted in Figure 43. Shore hardness declined as the amount of fly 

ash increased. SuMo Class F composite maintained hardness the best up to 20 wt% replacement. 

 
Figure 43. Shore Hardness of Compounds Containing fly ash 

See Table 11 for the glass transition temperature results for the unmodified Class F, SuMo 

Class F and SuMo Class C fly ash elastomer composites. It demonstrates that the incorporation of 

fly ash (unmodified or modified) has no significant impact on the glass transition temperature. 

  

Table 11. Glass Transition Temperature of elastomer composites 
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5. ENVIRONMENTAL CHARACTERIZATION OF SUMO FLY ASH AND FINAL 
PRODUCTS 

 
The SuMo Fly Ash and the upcycled (surface coated) elastomers and plastics were ground for 

screening-level and leaching assessment of a series of following inorganic constituents of potential 

concern (COPC), including mercury (Hg), arsenic (As), cadmium (Cd), chromium (Cr), boron (B), 

lead (Pb), and selenium (Se). 

5.1 Leaching 
 

The surface modification approach was applied, SuMo, as a method to reduce the leachability 

of hazardous components of fly ash and thus increasing its potential as filler in high-value 

applications in various industries. SuMo features a sustainable and water-repellent polysulfide 

polymer coating on fly ash surface, produced by inverse vulcanization, wherein waste sulfur and 

waste oil derivatives are reacted near their melting points (Chalker et al., 2019). This study 

evaluates the leachability of this eco-friendly and hydrophobic fly ash under variable pH 

conditions. 

Uncoated and synthesized SuMo particles (subtask 3.3) and ground upcycled products were 

probed as per the Leaching Environmental Assessment Framework. The tests allow the 

determination of leaching of metals and COPC under a wide range of environmentally relevant 

conditions such as pH (Method 1313). Method 1313 allowed the comparison of the leaching 

potential of uncoated (control) and hydrophobically coated SuMo fly ash as well as the 

determination of the effectiveness of the coating methods (subtasks 3.1/3.2). Finally, the leaching 

potential of end-of-life materials were determined using finely ground SuMo-incorporated 

plastics/elastomers using Method 1313. 

As pH conditions have been identified as a crucial factor influencing elemental species and 

leaching extent in fly ash, pH-dependent leaching tests were conducted following the Leaching 

Environmental Assessment Framework (LEAF) methods established by the United States 

Environmental Protection Agency (EPA). The selected fly ash samples were randomly mixed from 

different containers to account for potential variability arising from distinct production batches. 

Prior to initiating any leaching assessment studies, laboratory utensils were cleaned with ethanol, 

rinsed with deionized (DI) water, and then dried in a furnace. All batch leaching tests were 

conducted at an L:S ratio of 10mL/g unless described otherwise. Varied aliquots of 2M nitric acid 

(HNO3) or 1M potassium hydroxide (KOH) were added to containers to suspend fly ash and to 
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achieve the desired endpoint pH. The fly ash suspension samples were then thoroughly mixed 

using an orbital shaker at a speed of 100±20 rpm over a 24-hour period. 

When harvesting samples, the fly ash suspension samples were allowed to settle, and the 

supernatant was filtered through a 0.2µm membrane filter. From each extraction, a portion of the 

filtrate sample was collected for the measurement of pH, oxidation–reduction potential (ORP), and 

electrical conductivity (EC), serving as quick indicators of leaching extents. EC was considered as 

an initial gauge of leaching extents due to its correlation with the amount of ions/cations in water. 

Additionally, pH measurements could assess the leaching of CaO from fly ash (Khosla et al., 

1979). EC was determined using the Oakton™ CON 6+ Portable Conductivity Meter, while pH 

measurements were performed using the PH700 Benchtop pH Meter Kit. The remaining filtrate 

samples were stored in trace element-free falcon tubes at 4°C for subsequent elemental analysis. 

To minimize interference from any organic matter and convert leached metals into free metal 

forms, all filtrate samples underwent digestion following the EPA Methods 3010. Elemental 

analysis was conducted using a Varian Vista-MPX Ion Coupled Plasma-Optical Emission 

Spectrometry (ICP-OES) system. 

To evaluate the effectiveness of SuMo in reducing the leaching potential of fly ash, leaching 

experiments were conducted with coated Micron3 samples under pH 4-12, and the results were 

compared with those of uncoated samples. SuMo fly ash exhibited a stronger acid neutralization 

capacity (ANC) compared to the uncoated sample (Figure 44A). The natural eluate of the uncoated 

fly ash suspension with deionized (DI) water was alkaline as indicated by equation (1), showing a 

pH of 11.8 with no acid addition (open circle in Figure 44A). This alkalinity, contributed by 

carbonate species in fly ash (Table 4), imparts a pH buffering capacity or ANC (Komonweeraket 

et al., 2015). With acid addition ranging from 0.3meq/g to 13meq/g, the eluate pH of uncoated fly 

ash slowly decreased from pH 10.2 to pH 2.3 due to carbonate neutralization. In comparison, the 

pH of the natural eluate of SuMo fly ash was 9.1 (open star in Figure 44A), lower than that of the 

uncoated fly ash leachate. With the same acid addition as the uncoated sample, the pH of SuMo 

fly ash suspension dropped from 8.3 to 2, indicating a higher concentration of H+ compared to the 

uncoated sample. The acid addition altered eluate pH of coated sample more efficiently because 

of lack presence of OH- due to a reduced interaction between fly ash component, i.e., carbonate 

oxide, and water (based on equation 1). 

𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐻𝐻2𝑂𝑂 → 𝐶𝐶𝐶𝐶2+ +  2𝑂𝑂𝑂𝑂−                      (1) 
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Besides the leaching process, leachate pH was also a crucial factor influencing oxidation-

reduction condition (ORP) of the leachate. Positive ORP values, indicative of oxidizing conditions, 

were associated with acidic conditions. Consistent with other studies (Zhang et al., 2016), the 

eluate ORP of both samples exhibited a linear decrease with increasing pH, attaining a reducing 

condition under alkaline conditions (Figure 44B). Importantly, coating did not alter the 

relationship between eluate pH and ORP. 

The pH-dependent eluate electrical conductivity (EC) serves as a rapid measurement of 

leaching potential of fly ash, as leachate EC is influenced by the amount of diffused elements. As 

depicted in Figure 44C, when plotting eluate EC against pH, both original and coated samples 

exhibited slight variations within the range of 1.6-24 mS/cm at eluate pH 4.0-11.8. Both eluate EC 

increased at extreme acidic conditions, reaching 86.9 and 52.9mS/cm, and at alkaline conditions, 

reaching 21.2 and 18.1mS/cm, respectively, indicative of enhanced leaching conditions. 

Importantly, the EC-pH curve of the original fly ash consistently remained above that of the SuMo 

Figure 44. pH and electric conductivity (EC) behavior of fly ash leaching suspension: A) 
acid neutralization capacity (ANC) curve, B) pH-dependent oxidation-reduction potential 

(ORP), and C) pH-dependent eluate EC for uncoated and SuMo-coated Micron3 fly ash. The 
open symbols refer to the eluate pH, EC, and ORP readings of leaching samples with no acid 

or base addition 
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sample (Figure 44C). This implies that for eluate samples with the same pH (or the same H+ 

concentration), the leachate from the latter sample had a lower ionic strength due to fewer diffused 

elements. As EC is considered non-specific and does not measure any unique species, the leaching 

behavior of coated and original Micron3 samples was further characterized by examining various 

elements of potential concern in the eluate.  

 
Figure 45. pH-dependent elemental concentration of leachate of original and SuMo coated 

fly ash for elements that follow a cationic pattern. The eluate concentrations of uncoated and 
coated samples are indicated by solid red circle and black star symbols, respectively, except the 

data at their own pH are shown by open symbols. The black dash line indicates the possible 
maximum elemental concentration calculated based on their total content on fly ash, and the 

blue line indicates the maximum contaminant level in drinking water regulated by EPA. 
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Figure 46. pH-dependent elemental concentration of leachate of original and SuMo-coated 
fly ash for Strontium, Lead, and Sulfur. The eluate concentrations of uncoated- and coated- 

samples are indicated by solid red circle and black star symbols, respectively, except the data at 
their own pH are shown by open symbols. The black dash line indicates the possible maximum 

elemental concentration calculated based on their total content on fly ash 
 

The leaching experiment examined alkali/alkaline earth metals, transition metals, and 

metalloids, each with diverse elemental properties. The pH-dependent liquid-to-solid partitioning 

(LSP) behaviors of the elements revealed three main patterns (Figure 45 and Figure 46): (i) a 

cationic pattern for B, Ba, Be, Ca, Cd, Co, Li, Mg, Mn, Ni, Si, Sr, and Zn, where eluate 

concentration decreases monotonically with increasing pH; (ii) an oxyanionic pattern for As and 

Mo, with eluate concentration increasing under alkaline conditions; and (iii) an amphoteric pattern 

for Cr leaching from coated fly ash samples.  

 
Figure 47. Three types of leaching pattern as a function of pH.  

(Modified after Komonweeraket et al., 2015) 
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A conceptual illustration of these pH-dependent leaching patterns is provided in Figure 47. 

Additionally, S, Hg, and Cr (from the uncoated sample) showed constant levels of leaching across 

the entire pH range. The observed pH-dependent leaching patterns were ascribed to the speciation 

of the leached elements, influenced by processes such as precipitation, complexation, exchange 

mechanisms, crystallization, and redox potential. 

Boron (B), known for its high leaching potential due to surface association, demonstrated up 

to 65% leaching in previous studies (Cox et al., 1978; James et al., 1982; Sear et al., 2003; Ward 

et al., 2003). In this investigation, the leachate concentration of B at the natural pH (pH 11.8) of 

the uncoated sample was 21,166µg/L, indicating 20% of B in Micron3 was water-extractable 

(Figure 45). As the leachate pH decreased to pH 10, 7, and 4, B in leachate rose to 33,079µg/L, 

81,489µg/L, and 93,534µg/L, respectively, equivalenting 32, 78, and 90% of total B being 

mobilized. This cationic leaching pattern of B was also observed in previous studies (Cox et al., 

1978; Iwashita et al., 2005, Zhao et al., 2020), and was attributed to ligand exchange mechanisms 

and coprecipitation with CaCO3 under alkaline conditions (Mahasti et al., 2022). For SuMo 

Micron3, the LSP of B as a function of pH also followed a cationic pattern but remained below 

that of the uncoated sample (Figure 45), meaning less B was released or produced relative to the 

uncoated sample. While the water-extractable B of the coated sample remained similar to the 

uncoated one, the eluate concentration dropped to 19,591µg/L, 51,526µg/L, and 65,115µg/L at pH 

10, 7, and 4, respectively, corresponding to a 1.4-1.7-fold decrease in leaching. These observations 

suggest that SuMo can inhibit the high leaching potential of labile element such as B in fly ash.  

Similar to B, various alkali/alkaline earth metals, metalloids, and transition metals exhibited a 

cationic leaching pattern, wherein the leachate concentration decreased monotonically as pH 

increased. Among these elements, Ca was notably abundant in the uncoated Micron3, accounting 

for 7.08% of total chemicals, and played a significant role in influencing leachate geochemical 

properties. At the natural pH (11.8), the leachate concentration of Ca was 175,048µg/L, 

constituting 0.2% of the total Ca. However, as the pH decreased to 10, 7, and 4, the leachate 

concentration of Ca increased to 945,640µg/L, 2,553,339µg/L, and 4,863,844µg/L, respectively. 

This inverse correlation between leachate pH and Ca concentration can be attributed to the atomic 

feature of Ca and geochemical changes in the sample. As an alkaline earth metal with two electrons 

in its outer shell, Ca was easily ionized, particularly at low pH when the redox potential increased 
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(Figure 44B). Additionally, under neutral or alkaline conditions, Ca, along with other major 

elements of fly ash, formed mineral precipitates, including carbonates (calcite/aragonite with Ca 

and dolomite/magnesite with Mg) and sulfate (anhydrite with SO4
2-) (Garavaglia and 

Caramuscio, 1994; Van der Sloot et al., 1996; Fruchter et al., 1990; Mudd et al., 2004; Tian et 

al., 2018).  

These undissolved minerals could immobilize various fly ash-associated elements like Cu and 

Zn via co-precipitation and adsorption (Jiao et al., 2016), leading to an overall reduction in 

mobilized elements and a decreased electrical conductivity (EC) in the eluate. When the mineral 

precipitates dissolved at low pH, the leachate concentration increased, resulting in the overall 

negative relationship between eluate pH and eluate concentration. In this study, such pH-

dependent cationic leaching behavior applied to all studied alkali/alkaline earth metals (Li, Be, 

Mg, Ca, Sr, Ba), selected transition metals (Mn, Co, Ni, Zn, Cd), and two metalloids (B and Si), 

consistent with other studies (Lee et al. 2022; Guimaraes et al., 2016; Kim et al., 2003; Moreno 

et al., 2005; Ward et al., 2003; Kukier et al., 2003; Zhang et al., 2016; Zhao et al., 2020). 

Although all exhibited cationic leaching behavior, little leaching occurred at pH 8.5-12 for Co, Ni, 

Cd, Li, Be, Mn, and Mg due to their strong associations with alkaline minerals (Neupane et al., 

2013), whereas abundant leaching occurred for major elements such as Ca, Si, and B under the 

same conditions. These trace elements (Co, Ni, Cd, Mn, Li, Be, and Mg) thus may not have adverse 

impacts on groundwater unless exposed to acidic conditions. Some studies also observed Mg and 

Mn as highly mobilized elements in fly ash leaching tests (Neupane et al., 2013), likely due to 

high variability in fly ash fractions to which elements were associated. The persistent increase in 

Ca, Si, and B concentration with increasing acidity in leachate indicates continuous dissolution of 

carbonate, sulfate, and aluminosilicate glass phase in fly ash (Neupane et al., 2013; Wang et al., 

2004; Cetin and Aydilek, 2013). Along with the increased dissolution of these metal-bearing 

mineral phases and increased competition between H+ and metal cations for adsorption sites, 

decreased sorption or association of dissolved Cd, Mg, Co, Sr, and other trace elements by the fly 

ash matrix occurred at lower pH levels of 1.5-6 (Wang et al., 2007; Izquierdo and Querol, 2012; 

Langmuir, 1997). 

Similar to the uncoated sample, the LSP of Ca as a function of pH also exhibited a cationic 

pattern, and notably, it was lower than that of the uncoated fly ash (Figure 45), signifying less 

Ca2+ released or produced relative to the uncoated sample. Notably, the eluate concentration of Ca 
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for the coated sample at natural pH (9.1) was 575,951µg/L, 2 times higher than that of the uncoated 

control (175,048µg/L) at natural pH (11.8). This difference was likely a result of facilitated 

carbonate dissolution driven by geochemical conditions created by the polysulfide polymer layers. 

The observed lower natural pH for the coated fly ash leachate relative to the uncoated control 

indicated a larger quantity of H+ at equilibrium, making the reaction of limestone/lime and water 

(equations 1&2) energetically favorable for producing Ca2+. 

𝐶𝐶𝐶𝐶2+ + 𝐻𝐻𝐻𝐻𝐻𝐻3  ↔ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3 ↓  + 𝐻𝐻+                 (2) 

Crucially, our results indicate that when acid was introduced to the uncoated fly ash sample, 

resulting in a final eluate pH of 9.1 (equivalent to a similar quantity of H+ when SuMo fly ash 

leachate was at natural pH), the Ca concentration increased to 1,105,570µg/L, representing a 1.9-

fold increase compared to the SuMo sample (Figure 45). Based on reactions 1&2, with the same 

amount of H+ and OH-, the observed increased Ca concentration for uncoated control can be 

attributed to more available CaO and CaCO3, likely due to the absence of hydrophobic polysulfide 

coating. This pattern of reduced leaching at the same pH condition for the SuMo sample was also 

observed for alkali/alkaline earth metals, transient metals, and metalloids that followed the cationic 

leaching pattern, as shown in Figure 45. With coating, the eluate concentration of these elements 

decreased by up to 88-fold, with a particularly large reduction of more than 5-fold occurring for 

Zn, Ni, Mg, Si, Cd, and Co under acid-neutral conditions. The reduced leaching potential by SuMo 

was not as significant for Co, Ni, and Mn at pH 4 as it was at neutral pH, possibly due to their 

strong association with the ferric fraction of fly ash, which is less stable under low pH conditions 

(Kukier et al., 2003). 

Cr, Mo, and As all exhibited an oxyanionic leaching pattern for the uncoated control sample, 

with increased leaching under alkaline conditions. Taking Cr as an example, the eluate 

concentration for Cr of the uncoated control sample at natural pH (11.8) was 1,151µg/L. As pH 

dropped, Cr concentration in leachate remained within 880-1,560µg/L until pH reached 6. The Cr 

in leachate decreased to 680µg/L and 485µg/L at pH 6 and 4, respectively. Similar to our 

observations, Dubikova et al. (2006) reported a pH-dependent leaching pattern of Cr, reaching a 

low eluate concentration at near-neutral pH and a leachability plateau from pH 8 to 12. The high 

leachability of Cr at alkaline conditions was believed to be due to the dominance of mobile 

oxyanionic species, such as CrO4
2- (Zhao et al., 2020; Shoji et al., 2002). As a carcinogenic 

substance, the leachate concentration of Cr from Micron3 was constantly beyond the drinking 
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water MCL level (of 100µg/L). The increasing concentration of oxyanions at low pH was due to 

increased protonation of oxyanionic species that resulted in low affinity for the surface (Dijkstra 

et al., 2006) and facilitated dissolution of fly ash aluminosilicate particles that incorporated Cr 

(Neupane et al., 2013). Mo and As from the uncoated fly ash both exhibited a similar oxyanionic 

leaching pattern, with Mo in leachate decreasing from 1,028 to 26µg/L as pH decreased from 11.8 

to 4, and As decreasing from 529 to 25µg/L as pH decreased to 6.  

For the SuMo Micron3, the LSP (liquid-to-solid partitioning) of Cr as a function of pH was 

completely below that for the uncoated Micron3, indicating a decreased leaching of Cr from fly 

ash due to polysulfide polymer coating. When the coated fly ash leachate condition was alkaline, 

including the eluate own pH (9.1), the Cr in eluate was within 102-255µg/L, 3.7-12.3 time lower 

than those of uncoated Micron3 eluate at the same conditions. As the eluate pH decreased to 6, Cr 

in coated Micron3 eluate gradually decreased to 11µg/L and conversely increased to 178µg/L when 

pH further decreased to 3. Cr in SuMo Micron3 overall exhibited an amphoteric leaching behavior, 

with the least leaching occurring at neutral conditions (pH 6). Such amphoteric LSP trend was 

observed frequently in previous studies (Zhao et al. 2020). Also, results indicate the coating 

effectively decreased the Cr leaching, with the highest reduction by 55-60-fold at eluate pH 

conditions of 6-7. At this neutral condition, coating effectively decreased the eluate concentration 

of Cr from being above the drinking MCL level (100µg/L) to below. The decreased leaching of Cr 

suggests the effectiveness of polysulfide polymer coating in reducing the available Cr for leaching, 

whereas the different Cr leaching behaviors of coated and uncoated Micron3 suggest a different set 

of Cr species, or different precipitates that can affect Cr mobility was present owning to the 

presence of coating material. Zhao et. al (2020) made a similar observation, in which the majority 

of elements were found to have similar pH dependent LSP trends among the different ash samples, 

but Cr tended to have different LSP behavior due to different valence states in fly ash.  

Nonetheless, distinct leaching behaviors between coated and uncoated Micron3 were not 

observed for Mo and As. The similarities in leaching behavior between the coated and uncoated 

samples are likely due to shared controlling mechanisms, such as solubility and sorption, and 

common factors like leachate pH and redox potential (Komonweeraket et al., 2015). Mo is known 

to concentrate on the fly ash surface (Querol et al., 1995), with a large percentage (>51%) of Mo 

in Micron3 observed to be water-extractable (Figure 45), and high leachability of Mo was noted 

across different fly ash samples and studies (Neupane et al., 2013). The significant reduction in 
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Mo solubility from pH 6 to 4 was likely caused by increased sorption of ferric oxyhydroxides (pH 

3 to 4) and aluminum oxyhydroxides (pH 4 to 5) (Jones et al., 1995). For the oxyanionic 

contaminant As, previous studies employing geochemical modeling analysis have shown that the 

sorption-controlled leaching mechanism was mainly responsible for its leaching pattern (Zhang et 

al., 2016). Under alkaline conditions when the surface of fly ash was negatively charged, the 

sorption of oxyanions such as AsO4
3-, which also have a negative charge, was not preferred, 

leading to high eluate concentration (Cornelis et al., 2008, Lee et al., 2022). As eluate pH 

increased, the adsorption of As became more significant (Komonweeraket et al., 2015; Zhang et 

al., 2016), resulting in a decrease in eluate concentration at neutral and low pH by more than two 

orders of magnitude. In this study, the eluate concentration of As was below the detection limit of 

20 µg/L as long as the eluate pH was below 6. Importantly, both Mo and As showed a reduced 

leaching potential by 1.5-2.6-fold at neutral-alkaline conditions for SuMo Micron3 relative to the 

uncoated ones (Figure 45).  

In contrast to the previously discussed elements, despite the Micron3 sample containing 60 

mg/kg Pb (Tables 5 and 6), the leached amount across the entire tested pH range was less than 

0.3%, falling below the detection limit (Figure 46). This aligns with previous studies indicating 

that Pb is highly insoluble and virtually immobile (usually less than 1%, often less than 0.1%) in 

both acidic and alkaline fly ash samples (Izquierdo and Querol, 2012). Pb mobilization in the 

leachate of coal combustion by-products was controlled by the precipitation of phosphate minerals 

over the pH 4-12 (Dubikova et al., 2006) and C-S-H gels formed during the hydration process of 

fly ash (Li et al., 2020). Abundant sulfur was detected in the leachate of the original Micron3 

(214,330-494,747 µg/L) at all pH levels, exhibiting a leaching pattern unaffected by pH and similar 

to previous studies (Kosson et al., 2009). Importantly, our results indicated a similar level of S was 

leached from the SuMo Micron3 (Figure 46), suggesting limited dissolution of the polysulfide 

polymer coating by water. 

 
5.2 Mercury (Hg) Volatilization Study 

Leaching and volatilization experiments were carried out to evaluate the effectiveness of SuMo 

in reducing the diffusion and volatilization of mercury (Hg) as compared to the uncoated fly ash 

obtained from the sampled power plant (referred to as unclassified Class F fly ash). The leaching 

experiment followed the aforementioned EPA method, and Hg volatilization was evaluated at 
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room temperature, 73°C, 163°C, and 200°C. Changes in the total Hg content within unclassified 

Class F fly ash resulting from the heating treatment were employed as an indicator of Hg 

volatilization, addressing the challenges associated with collecting and characterizing vaporized 

Hg under high-temperature conditions. Leaching and volatilization experiments were carried out 

to evaluate the effectiveness of SuMo in reducing the diffusion and volatilization of mercury (Hg) 

compared to the uncoated fly ash obtained from the sampled power plant (referred to as 

unclassified Class F fly ash). The Hg leaching experiment followed the procedure for the previous 

leaching experiment, with the suspensions filtered using Supor® Membrane filters of 0.2 µm pore 

size. The filtrate was preserved in 5% (v/v) BrCl and stored in a 4ºC refrigerator until analysis. Hg 

analysis was performed using a modified EPA method 1631, involving pre-reduction with 

NH2OH·HCl to eliminate excess BrCl, reduction of Hg(II) to volatile Hg(0) with SnCl2, trapping, 

and thermo-desorption with an automated MERX purge and trap system (Brooks Rand 

Instruments, Seattle, WA), followed by detection on a cold-vapor atomic fluorescence 

spectrometer (CVAFS) (Zhang et al., 2021). The detection limit was approximately ~0.25pg/ml 

of Hg.   

For the Hg volatilization experiment, a series of 40 mL vials were prepared, each containing 

100 mg of original or SuMo fly ash samples. The experiment comprised eight duplicate groups, 

including four groups of original unclassified Class F fly ash samples and four groups for SuMo 

samples. In each group, 100 mg of fly ash samples were placed in open vials, which were then 

exposed to respective temperature conditions (25°C, 73°C, 163°C, and 200°C) for 30 minutes in a 

muffle furnace equipped with an elephant trunk ventilation system. After heating, the samples 

were cooled in a well-ventilated area, and septa and caps were placed on the vials to prevent any 

loss of fly ash or Hg. The vials were stored at room temperature for subsequent analysis. To 

determine the total Hg content in each sample, a digestion process was applied. The digestion 

process involved mixing 5mL of aqua regia (a mixture of concentrated HNO3 and HCl in a 1:3 v/v 

ratio) with 100mg fly ash samples in 40mL vials. This mixture was allowed to sit for 72 hours. 

Subsequently, 35mL of deionized (DI) water was added, and the solid particles were removed 

using 0.2µm membrane filters. The Hg in the filtrate was analyzed as described above. It is worth 

noting that all the filters, syringes, and vials used for Hg analysis have been tested and confirmed 

to retain Hg at non-detectable levels.  
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The efficacy of SuMo in mitigating the leaching and volatilization potential of mercury (Hg) 

from a selected fraction (10-45 µm) of unclassified Class F fly ash was further evaluated. The total 

Hg content in the untreated unclassified Class F fly ash sample was 60.02±1.54µg/kg. In the 

absence of coating, 1-12ng/L Hg was observed in the solution (Figure 47A) after leaching at pH 

4-11, accounting for less than 0.2% of Hg in the fly ash samples. Hg leaching was generally more 

pronounced under lower pH conditions than that at its own pH, with the highest leaching occurring 

at pH 5.6. However, with the SuMo application, the Hg concentration in the leachate ranged from 

0.7-1.8ng/L, corresponding to a 1-17-fold decrease compared to the uncoated samples (Figure 

48A). Similar to the Micron3 sample, SuMo unclassified Class F fly ash had a lower natural eluate 

pH (7.6) than the uncoated one. Hg in the leachate of the coated unclassified Class F sample at 

natural pH was 0.7ng/L, similar to that without coating. More importantly, Hg in the leachate of 

the coated unclassified Class F fly ash was consistently lower than in the uncoated sample at each 

leaching pH condition, indicating reduced availability of Hg for leaching through coating, 

particularly at acidic and neutral conditions. 

Fly ash utilization as fillers in plastic composites involves an injection molding process, 

wherein high temperatures of up to 200°C for <2 minutes can be expected. Given that Hg 

associated with fly ash could potentially volatilize during multiple heating conditions, the 

effectiveness of SuMo in mitigating Hg volatilization was further explored under various 

temperatures for extended time. While no Hg volatilization occurred at room temperature, 

approximately 19% of the Hg in unclassified Class F fly ash volatized at 73°C after 30 minutes. 

This percentage gradually increased to 21% at 163°C and 25% at 200°C, as depicted in Figure 

48B. Conversely, for SuMo unclassified Class F fly ash samples, the volatilized Hg at 73°C and 

163°C were close to zero, closely matched that without any heating treatment. This suggests that 

Hg volatilization from fly ash under injection molding conditions can be inhibited by the 

polysulfide polymer coating, in contrast to untreated fly ash samples, which exhibited up to 21% 

Hg volatilization under the same heating conditions. However, as the heating temperature was 

raised to 200°C, Hg volatilization was observed with the coated sample (up to 28%), similar to the 

uncoated ones, suggesting the coating may degrade under higher-temperature conditions of 200°C. 

This aligns with previous TGA results, indicating the breakdown of coating material at 200-350°C 

(Figure 16), and highlights the correlation between effective coating and inhibited Hg 

volatilization under relatively low temperatures.  
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Figure 48. A) Hg leaching and B&C) Hg volatilization behavior of 
uncoated and SuMo-coated Boral fly ash. The eluate concentrations 
of uncoated and coated samples are indicated by solid red circle and 
black star symbols, respectively, except the data at their own pH are 

shown by open symbols 
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5.3 Beneficial Use 
 

An environmental characterization of SuMo fly ash was conducted using the U.S. EPA's Beneficial Uses Methodology (L/S ratio= 

10, leachate collected after 24 hours). As shown in Table 12, the incidence of trace elements was recorded when using SuMo fly ash as 

additives in elastomer, polypropylene or polyethylene, and leaching of all the COPC was below MCL. 

 

Table 12. A comparison of the occurrence of contaminants of interest in materials infused with the following.  
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6. PROCESS FLOW DEVELOPMENT 
 

 
 

A detailed process flow sheet can be found in the Appendix A 
 
 
 
 
 
 

Product Carbon Footprint (kg CO2e/ton) 

CaCO3 8.86 

Carbon Black 1724 - 4763 

SuMo Fly ash 1567 

 
 
 
  

Commercial filler price: (CaCO
3
): 0.2 – 0.3 $/lb 

Commercial filler price: (Carbon Black): 0.45 $/lb 
SuMo fly ash as a filler price: 0.28 – 0.45 $/lb 
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SUMMARY RESULTS 

 
• Sulfurized Vegetable Oil-coated fly ash (SuMo fly ash) was successfully prepared with 

a particle size of ≤45 micron which exhibited hydrophobicity of contact angle >90º. 

• The coating reduces leaching of metals (e.g., B, Cr) from fly ash when exposed to water. 

• Incorporation of SuMo fly ash increases thermal stability and yield strength of plastics. 

• SuMo coating helps disperse fly ash particles into the elastomer, natural rubber. 

• SuMo fly ash incorporated plastic/elastomer compounds protects against leaching of toxic 

elements. 

• SuMo fly ash price as a filler material is comparable to those for conventional 

filler materials. 
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APPENDIX A: Details of sub-task 5.3 
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Fly ash pre-washing step: 
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Synthesis of SuMo fly ash 
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Overall Heat and Material Balance and Costing 
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A. TECHNOLOGY READINESS LEVEL 
 

TRL of the Technology at the beginning and end of the project 

The project technology at the beginning of the project was at TRL-2. The scientific principles 

behind the technology are well known and shown to be applicable to the process under 

consideration. Results of the project work performed by us and presented in the Project final report 

have been promising and determined to be a plausible approach.  

In the project we addressed the following questions: 

(a) What is the minimum quantity of VO/FA and sulfur needed to minimize leaching of 

constituents of potential concern (COPCs) below EPA threshold levels? 

(b) How do the properties of SuMo fly ash differ from untreated unmodified fly ash? 

(c) What are the chemical interactions between the modified fly ash and different polymeric 

matrices (thermoplastics, elastomers, and thermosets) 

(d) What is the effect of modified fly ash size and size range on polymer composite 

performance? Does modification allow a greater particle size range to be used than possible 

with unmodified fly ash? 

(e) What coating techniques are most cost-effective for scale-up? 

The project technology is now at TRL-4, with the answers to all the above questions, which 

are included in the final report. 

Target Commercial Application  

SuMo fly ash developed and matured in this project, addresses the need to increase the 

beneficial utilization of coal combustion residuals (CCR), thereby minimizing the volume of CCR 

landfills while protecting the environment and the health and safety of the public. More 

specifically, this project will innovate, develop, and subsequently deploy next-generation fly ash 
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beneficiation materials with improved cost and performance by creating hydrophobic fly ash with 

minimum leaching potential and validation as high-value fillers in polymeric products. By creating 

a high-value product, SuMo fly ash overcame some of the inherent barriers to fly ash utilization, 

such as regional and seasonal imbalances in supply and demand, and transportation and 

beneficiation costs. SuMo fly ash offers the following benefits over conventional fly ash: (a) 

reduced leaching potential (b) higher value, so increased revenue from its sale (c) savings and 

better performance as fillers in polymers with improved strength, durability, and workability, (d) 

satisfying criteria laid out in the EPA beneficial use rule, (d) no additional environmental impacts 

due to incorporation of SuMo fly ash.  

The SuMo fly ash incorporated plastics and elastomers also showed better structural properties 

as compared to those for the regular commercial fillers (e.g., CaCO3 for plastics and Carbon Black 

for elastomers).   

In the U.S. in 2022, 28.2 million tons (Mt) of fly ash were produced. 16.8 Mt of fly ash were 

utilized (no plastic/elastomer filler application). At the same year, in North America, 3.92 Mt 

calcium carbonate (CaCO3) were produced. At that same year, in the U.S., 1.6 Mt Carbon Black 

reinforcing fillers were produced (globally 14.5 Mt, at a value of $16.5B). Most of the Calcium 

Carbonate filler market and part of the Carbon Black filler market can be replaced by SuMo fly 

ash fillers. Based on the project results, fly ash utilization can be increased from ~60% to 75%. 

 
B. POST-PROJECT PLANS 

The process flow sheet and heat and material balance developed under sub-task 5.3 will serve 

as the basis for further process optimization to refine the process further (upon availability of future 

funding). Based on this, an integrated set-up for SuMo fly ash preparation will be designed and 

built to reach TRL-5 (upon availability of new funding). 
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