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Construction and demolition debris (CDD) fines are a common residue that is generated 

during the processing of CDD in a recycling facility. To mitigate the health risks associated with 

beneficially reusing CDD fines as either unrestricted fill or landfill cover, the concentrations of 

chemicals of major concern must be evaluated for risk. Four chemicals of most concern include 

arsenic, lead, sulfate and polycyclic aromatic hydrocarbons (PAH), which were characterized. To 

help better understand the potential risk of PAH, research on the sources and bioaccessibility of 

PAH from asphalt products were further conducted. 

One experiment focused on measuring the four specific chemicals along with several 

other heavy metals in four different size fractions of CDD fines (< 0.30 mm; 0.30 – 0.84 mm; 

0.84 – 4.8 mm; and 4.8 – 19 mm). Aluminum, arsenic and chromium concentrations were 

distributed evenly throughout all four size fractions. As for the remaining chemicals, most 

samples had lower concentrations in the 4.8 – 19 mm sample size range, with each chemical in 

this size range comprising less than 30% of the total mass. Another experiment focused on 

measuring PAH in different asphalt products mixed in clean sand in three different percentages 

(100%, 10%, and 1%). PAH concentrations were very low in most asphalt products, with the 
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exception of one reclaimed asphalt pavement (RAP) sample which had high PAH 

concentrations. Its pure sample even exceeded 20 times of industrial/ commercial FSCTL of 0.7 

mg/kg. Though PAH sources for asphalt products are petrogenic, diagnostic ratios determined in 

these samples did not show a clear petrogenic source for these materials. Thus, caution should be 

taken when using diagnostic ratios for source apportionment. In addition, PAH bioaccessibility 

of these asphalt products were relatively low as well, with less than 40 % for new shingles and 

less than 10% for the other asphalt products. It was therefore concluded that concentrations of 

harmful chemicals can be reduced by removing finer CDD particles and the PAH would likely 

not pose a carcinogenic threat to human health. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background and Problem Statement 

Construction and demolition debris (CDD) is a component of the waste steam that is 

generated during the construction and demolition of structures and other infrastructure 

(Townsend et al., 2004). Construction and demolition debris components mainly include wood, 

gypsum, asphalt (roofing and pavement), concrete, and small amounts of metal, plastic and 

paper. According to the United States (US) Environmental Protection Agency (EPA), total CDD 

generation in the US was 534 million tons in 2014 (US EPA, 2016). Much of this material is 

collected and sent to CDD recycling facilities, where it is separated into various components that 

are repurposed for other uses, such as recycled concrete aggregate, recycled asphalt pavement, 

mulch, boiler fuel, and fill material. CDD fines are produced when mixed CDD is processed 

using screens that have various opening sizes (depending on the screening objective). These fines 

contain small pieces of concrete, asphalt, wood, plastic, gypsum drywall, soil and other CDD 

components. Although these components are generally inert, CDD fines may contain chemicals 

that limit their use as a recycled material. Four main chemicals of concern are arsenic, lead, 

sulfate and polycyclic aromatic hydrocarbons (PAHs) (Jang and Townsend, 2001; Townsend et 

al., 2004). 

State environmental protection agencies usually have risk-based regulatory thresholds for 

arsenic, lead and PAH, although many states do not have clear regulatory thresholds for sulfate. 

These regulatory thresholds vary by state. Thresholds for PAH (referenced to benzo[a]pyrene 

equivalent) and lead are often of similar magnitude, while regulatory thresholds for arsenic vary 

from state often by orders of magnitude. For example, Florida’s residential soil cleanup target 

level (SCTLs) for arsenic is 2.1 mg/kg while Washington’s risk threshold for unrestricted land 
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use is 20 mg/kg (FDEP, 2005; Washington State Department of Ecology, 2014). Some states 

have higher arsenic risk thresholds as they consider arsenic background soil concentrations in 

setting their regulatory threshold.  

Sources of trace chemicals in CDD fines contaminants are from a combination of soils 

that have been exposed to CDD components and small pieces of the components themselves that 

are mixed into the fines. These components include treated wood lumber (e.g., chromated copper 

arsenate treated wood), lead-based paint, gypsum drywall, asphalt pavement and roofing 

materials, and other materials. Soil in the CDD fines may be contaminated by chemical spills on 

the construction or deconstruction site, exposure to chemicals leached from the CDD 

components, and vehicle emissions from roadside construction or deconstruction sites. Some 

chemicals, such as arsenic and lead, are naturally present in the soil. Past research has shown that 

arsenic and benzo[a]pyrene in CDD fines sometimes exceeded Florida SCTL, while for other 

chemicals, concentrations were below regulatory thresholds. Townsend et al., (2004) detected 

the average arsenic concentration out of 46 CDD samples to be 3.2 mg/kg, which exceeded the 

old residential FL SCTL (0.8 mg/kg); other research in 2001 also detected an average 

benzo[a]pyrene concentration of 55.1 mg/kg across 12 samples, which exceeded the old 

industrial FL SCTL (0.5 mg/kg) (Townsend et al., 2004; Jang and Townsend, 2001).   

This research investigates two distinct but related research issues with regard to CDD 

fines. First, concentrations of arsenic, lead, sulfate, and PAH in four different size fractions of 

CDD fines to determine if these contaminants are concentrated in particular fractions of the 

matrix. If this is the case, it may be possible to reduce concentrations of these contaminants from 

the CDD fines using a mechanical screening process, thereby expanding potential beneficial 
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reuse opportunities for this material. Second, a closer examination of PAH of asphalt materials in 

CDD fines is included. 

PAH compounds are occasionally found in CDD fines at concentrations above risk 

thresholds. A common belief in the CDD industry is the majority of PAH in CDD fines are small 

pieces of asphalt materials. Sources of asphalt would include asphalt shingles and asphalt 

pavement. If asphalt was present in CDD fines and subjected to the solvent extraction conditions 

in the PAH testing procedures, PAH would be detected. This in turn suggests that PAH from 

asphalt may not pose the risk suggested by the concentration alone because it may be bound in 

the asphalt matrix. These issues require investigation. 

1.2 Research Objectives 

The objectives of this research are as follows: 

 To determine trace chemical distribution in CDD fines as a function of particle size and 

to evaluate if concentrations in the bulk material can be reduced by removing certain 

particle size ranges through screening. 

 To analyze total extractable PAH concentrations and associated bioaccessibility of 

different asphalt products to assess whether these products can account for the range of 

PAH concentrations in CDD fines, whether the PAH concentrations resulting from these 

products are bioaccessible, and what is the potential PAH source. 

1.3 Research Approach 

In Chapter 2, 14 CDD fines samples provided by 12 recycling facilities around the US 

were examined. These samples were dried and sieved into four different size fractions (< 0.30 

mm; 0.30 – 0.84 mm; 0.84 – 4.8 mm and 4.8 – 19 mm). For each size fraction, volatile solids 

(VS) content was measured. Heavy metal concentrations were measured by digestion, and then 

analyzed by Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES). Polycyclic 

aromatic hydrocarbon concentrations were analyzed following the process of ultrasonic 

extraction, cleanup and gas-chromatography-mass spectrometry (GC-MS) analysis. Sulfate 
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concentration was extracted according to the method of Musson et al. (2008) and the leachate 

was analyzed by ion chromatography (IC). The percentage of total chemical mass in each size 

fraction was calculated to assess the particle size contributed to the largest percentage of each 

chemical. In addition to these chemical analysis, samples of larger than 19 mm were also 

obtained and the composition of this larger fraction was measured. 

In Chapter 3, 11 types asphalt products were characterized for PAH concentration and 

bioaccessibility. After size reduction, each asphalt product was mixed with different amounts of 

pure sand to form a 100-g composite sample of 100%, 10% and 1% asphalt mixture. Total 

extractable PAH concentrations were analyzed using the same method for PAH analysis as stated 

above while PAH bioaccessibility was analyzed according to the method used by Gomez-Eyles 

(2012). Five diagnostic ratios were then used to evaluate potential sources of PAH 

contamination. 

1.4 Organization of Thesis 

This thesis is organized into four chapters. The present chapter consists of the 

introduction and background, objectives, approaches and organization sections. Chapter 2 

discusses the research pertaining to the chemical analysis conducted for different size fractions 

of CDD fines. Chapter 3 presents the study on PAH of asphalt products. These PAH studies 

include total extractable PAHs, PAH bioaccessibility and PAH diagnostic ratios. Chapter 4 

provides a comprehensive conclusions of Chapter 2 and 3. Appendices A and B include 

additional information for Chapters 2 and 3, and a reference list is provided at the end of this 

thesis. 

 

  



 

19 

CHAPTER 2 

TRACE CHEMICAL PARTITIONING IN CONSTRUCTION AND DEMOLITION DEBRIS 

FINES: PROCESS AND MARKET IMPLICATIONS 

2.1. Introduction and Background 

Operators of construction and demolition debris (CDD) recycling facilities rely on 

screening as one processing step to separate and recover reusable commodities. A flow diagram 

showing the processing of mixed CDD is presented in Figure A-1. The screening operation 

normally occurs at the beginning of the recycling process in an effort to remove small-size 

materials such as soil and fine pieces of concrete, wood, asphalt and drywall. The CDD fines 

screened from the larger-sized CDD components represent a substantial portion of the material, 

often 20% of the mass or more. Screen sizes vary from facility to facility; a Massachusetts CDD 

recyclers study (2008) reported that screen sizes in that state ranged from 9.5 mm to 76 mm. The 

Florida Department of Environmental Protection (2011), which established regulations and best 

management practices for the beneficial reuse of CDD fines (which they call Recovered Screen 

Material), defines the material as being derived from the processing of CDD which passes 

through a final screen of size not greater than 19 mm. Typical beneficial use options are 

construction fill or landfill cover (Townsend et al., 2004). However, its use in these applications 

may be accompanied by potential environmental problems, such as groundwater and surface 

water contamination when used as an unrestricted fill, or odor problems when used as cover in a 

landfill.  

Several potentially hazardous substances may be encountered in typical CDD, especially 

resulting from the demolition of older structures. Construction and demolition debris components 

normally include Portland-cement concrete from foundations, floor slabs, walls and pavement; 

metals from building structural framework, fasteners and miscellaneous hardware; wood from 

structural framework, flooring, doors, and window frames; gypsum from wallboard; glass from 
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windows; and soil. Although the components described above are relatively inert and account for 

the majority of the waste stream mass, the CDD waste stream may also include building 

components coated with paints containing heavy metals and PCB; insulation, floor tiles and 

mastics containing asbestos; asphalt roofing and bitumastic weather-proofing products 

containing polycyclic aromatic hydrocarbon (PAH); wood debris containing arsenic, chromium 

and copper; electronic devices containing mercury and cadmium; and emergency lighting 

systems with batteries containing heavy metals. Even with conscientious efforts to remove these 

materials from the waste stream at the construction site and recycling facility, these materials can 

become part of the CDD waste stream to some degree and become a contamination source for 

the CDD fines. As this material is broken-up and crushed in the CDD recycling facility, gypsum 

particles from drywall and small pieces of coated debris, paint chips, broken insulation, and 

electronic components are mixed with soil and small aggregates in the waste stream to form 

CDD fines. Additionally, the soil itself can become a source of heavy metal contamination; 

specific heavy metal concentrations in CDD fines have been found to be elevated in areas where 

the same naturally-occurring heavy metals are elevated in soils (Townsend et al., 2004).  

PAHs are a group of fused benzene rings that consists of more than 100 chemicals. 

Among these PAHs, the US EPA has identified 16 priority PAHs within two groups: 

carcinogenic and non-carcinogenic, where nine are non-carcinogenic and seven of them are 

carcinogenic (Azah, 2011; Banger et al., 2010). Among carcinogenic PAHs, BaP is the most 

toxic compound. High molecular weight PAHs (containing > 4 benzene rings) tend to have 

greater hydrophobicity (logKow > 5) resulting in longer residence times in soils (Banger et al., 

2010) and most carcinogenic PAHs have high molecular weight. Potential PAH sources in CDD 

fines include pieces of asphalt products (pavement and roof shingles). For example, Legret et al. 
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(2005) found PAH concentrations of 4.3 mg/kg and 1.8 mg/kg in new and aged asphalt. PAH 

concentrations of 0.042 mg/kg and 0.96 mg/kg have also been detected in other construction 

materials such as concrete (Wahlstrom et al., 2000) and bricks. Another source of PAH may be 

soil, which is a major component of CDD fines. Organic matter in soils has a high affinity to 

PAH (Aichner et al., 2015), and may accumulate PAH from engine exhaust and spilled fuel and 

lubricants generated before and during the demolition process. PAH concentrations have been 

reported to be approximately 2000 mg/kg in diesel fuel (Dobbins et al., 2006; Schauer et al., 

1999; Williams et al., 1986). A study of roadside soils indicated an average PAH concentrations 

of 1.87 mg/kg from these sources (Banger et al., 2010). 

Wallboard contributes significant quantities of gypsum (CaSO4 •2H2O) to CDD fines, 

which can lead to a large amount of sulfate leaching (Jang and Townsend, 2001). When used as 

landfill cover, CDD fines have been found to cause odor problems. H2S can be formed in a 

landfill, where organic serves as an electron donor and SO4
2- serves as an electron acceptor (Sun 

and Barlaz, 2015; Montero et al., 2010). When CDD fines are used as general fill, the high 

gypsum concentrations can cause sulfate contamination problems. 

Arsenic in CDD fines can originate from Chromated Copper Arsenate (CCA) treated 

wood, where arsenic exists as As2O5 (Solo-Gabriele et al., 2002). Naturally occurring arsenic is 

also be present in soil (Ma et al., 1997), which is a major component of CDD fines. Chen et al. 

(2001) found an average arsenic upper baseline concentration of 7.02 mg/kg in soil. In many 

cases, naturally-occurring soil arsenic concentrations have been found to be above regulatory 

risk thresholds; usually because many states have very low thresholds for arsenic.  

A common source of lead in CDD is lead-based paint, which is defined by the US EPA as 

“paint or other surface coatings that contain lead equal to or in excess of 1.0 mg/cm2 or more 
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than 0.5% by weight” (FR, 1996). Turner et al. (2016) determined the average concentration of 

lead to be 29300 mg/kg in exterior lead-based paints. Lead concentrations may be elevated in 

soils close to structures with lead-based paint or other lead containing materials. Another source 

of lead may be petroleum-contaminated soils, which has been found to contain lead in 

concentrations that range from 1.0 – 10900 mg/kg (Mielke et al., 1983). Low lead concentrations 

have also been detected in recycled asphalt  product (7 mg/kg; Legret et al., 2005), new asphalt 

(3 mg/kg; Legret et al., 2005), and natural aggregates (5 mg/kg; Legret et al., 2005), as wells as 

concrete and bricks (10 mg/kg, Wahlstrom et al., 2000).   

Several research into the chemical composition of CDD fines has been performed in the 

past. Townsend, et al. (2004) evaluated samples from 13 Florida CDD processing facilities for 

total and leachable concentrations of 11 different metals. Only arsenic exceeded both residential 

and industrial soil target cleanup levels (SCTL) in some samples, while other metals (nickel, 

chromium and copper) occasionally exceeded residential SCTLs. Jang and Townsend (2001) 

studied total PAH concentrations in 47 CDD fines samples from 12 recycling facilities and found 

that acenaphthene, pyrene, fluoranthene and phenanthrene were commonly detected. 

Benzo[a]pyrene was only detected once in that study, but the concentration was reported as 550 

times higher than Florida Residential SCTL. They also performed sulfate leaching tests on CDD 

fines samples collected from 13 CDD recycling facilities throughout Florida and reported the 

gypsum content in their samples ranged from 1.5% - 9.1% by mass. Musson et al. (2008) 

reported CDD fines to have sulfate content of 0.6% - 21.2%. Montero et al. (2010) reported that 

gypsum in CDD fines is mainly distributed in finer fractions with a relatively higher density 

range of 1.59-2.28 g/cm3. Sun and Barlaz (2015) tested on three samples of CDD fines and found 

the sulfate content to be 16.3% - 24.0%.  
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Although previous research on chemicals in CDD fines has been performed, little 

research has been conducted on trace chemicals in different size fractions. In this research, the 

distribution of problematic chemicals in CDD fines of different size fractions, which 

distinguished CDD fines particles roughly into gravel-size material, sandy-size material and 

silty-size material, was examined with a goal of assessing the potential for target size 

fractionation to produce recycled products (e.g., fill material) posing less risk. Samples of CDD 

fines from across the US were collected, separated into distinct size fractions, and analyzed for 

several different constituents. Chemicals focused upon after screening include arsenic, lead, 

PAH, and sulfate because these chemicals were most commonly found to exceed risk thresholds 

or generated bad odor in the past. 

2.2 Methods and Materials 

2.2.1 Experimental Approach 

CDD debris fines were collected and shipped from 12 recycling facilities distributed 

throughout the United States; fourteen samples were provided in total. Table 2-1 shows the 

original region for each sample. Each facility was provided directions for collecting and 

transporting the samples. 

Composite samples at each facility were obtained by taking two full shovel scoops from 

20 subsample locations on the CDD fines stockpiles. The top 150 mm of fines was removed at 

each subsample location before obtaining individual subsamples. The 40 subsamples were then 

thoroughly mixed on a tarp, and placed into two 19 L HDPE buckets. These buckets were 

shipped to the laboratory for analysis. 

Before analysis, each composite sample was emptied onto a tarp and mixed again to 

promote sample homogeneity. Four kilograms of each composite sample were air-dried 
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overnight and screened using 25 mm, 19 mm, 4.8 mm, 0.84 mm and 0.30 mm screens to create 

the following sample fractions: 

 Greater-than-25mm fraction 

 25mm-to-19mm fraction 

 19mm-to-4.8mm fraction 

 4.8mm-to-0.84mm fraction 

 0.84mm-to-0.30mm fraction 

 Less-than-0.30mm fraction 

These fractions were first weighed to determine the distribution of sample mass. The 

greater-than-25mm and the 25mm-to-19mm fractions were visually characterized to determine 

material composition, but were not analyzed for chemical composition. The remaining sample 

fractions fall within the size range most commonly referred to as CDD fines and were analyzed 

for total heavy metal concentration (mg/kg), total PAH concentration (mg/kg), gypsum content 

(%), and volatile solids content (%). 

2.2.2 Fines Processing and Characterization 

The material composition of the greater-than-25mm and the 25mm-to-19mm fractions 

was determined by manually sorting these fractions into recognizable components and then 

weighing each component. Component categories included asphalt, gypsum, concrete, paper, 

wood, glass, cotton, plastics and metal.  

The 19mm-to-4.8mm, 4.8mm-to-0.84mm, 0.84mm-to-0.30mm, and less-than-0.30mm 

fractions, which can be classified as gravel size (19mm-to-4.8mm), sandy size (4.8mm-to-

0.84mm), and silty sand size (0.84mm-to-0.30mm, less-than-0.30mm), were analyzed as 

described below: 
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Heavy metal concentrations were determined using EPA Method 3050B (US EPA, 

1996). This method involved digesting 1 g of dry sample with repeated additions of HNO3, H2O2 

and HCl. The digestate was then filtered and residues were rinsed with nanopure water. After 

digestion, the samples were analyzed with with iCAP 6200 of Inductively coupled plasma atomic 

emission spectroscopy (ICP-AES). Targeted heavy metals included aluminum, arsenic, 

chromium, copper, lead, nickel and zinc. Heavy metal analysis for each sample fraction was 

conducted in triplicate. For quality control purposes, a blank, blank spike and matrix spike were 

used. 

PAH concentrations were analyzed using a process involving ultrasonic extraction, 

cleanup and Gas chromatography–mass spectrometry (GC/MS) analysis following EPA Method 

3550C (US EPA, 2015). Acetone and n-hexane were used as the extraction solutions, with 5 g of 

dry sample were mixed with a 1:1 (v/v) 10 ml of acetone/ n-hexane. Ultrasonic extraction was 

applied to the mixture for 15 min, and the sample was then centrifuged at 2000 rpm under 20 ºC 

for 10 min. The resulting extract was siphoned out with a glass pipette into a glass round-bottom 

flask. This extraction step was repeated twice. The combined extracts were evaporated to near 

dryness using a rotary evaporator. Following extraction, the solvent extracts were cleaned using 

a column filled with anhydrous sodium sulfate/ silica gel/ florisil to remove water and any color 

that was possibly present in the extract. The concentrated extract was washed using 100 mL n-

hexane through the column. The cleaned samples were then evaporated to near dryness and 

concentrated to 1 mL with n-hexane. Surrogate chemicals were added to every other sample 

before extraction. Concentrated samples were then stored at 4 ºC before analysis.  

One microliter of the concentrated sample was analyzed by GC-MS equipped with a 

Finnigan Trace Ultra of Gas Chromatography and a Finnigan Trace DSQ of Mass Spectrometry. 
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The GC column was 30 m × 0.25 mm i.d. with a 0.25 μm film thickness. The inlet temperature 

was set at 320 ºC, the ion source was set at 250 ºC and the transfer line was set at 300 ºC. The 

initial oven temperature was set at 60 ºC for 1 min, then ramped to 120 ºC at 25 ºC /min, then 

ramped to 160 ºC at 10 ºC /min, and then ramped to 330 ºC at 5 ºC /min with a 1-min final hold 

time. The helium carrier gas was held at a constant rate of 0.3 mL/min and the analysis was in 

single-ion monitoring (SIM) mode. A blank sample and a surrogate standard mixture were used 

for quality control. PAH analysis for every sample was conducted in duplicate. Individual PAH 

concentrations, as well as a total BaP equivalent concentration were determined. The equivalent 

BaP concentration was calculated as follows: 

𝐵𝑎𝑃 𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑡𝑜𝑡𝑎𝑙 𝑃𝐴𝐻 

= 0.1×𝐶1 + 0.001×𝐶2 + 0.1×𝐶3 + 0.01×𝐶4 + 1×𝐶5 + 0.1×𝐶6 + 1×𝐶7     (2-1) 

From which, C1 is Benzo[a]anthracene concentration, C2 is Chrysene concentration, C3 is 

Benzo[b]fluoranthene concentration, C4 is Benzo[k]fluoranthene concentration, C5 is 

Benzo[a]pyrene concentration, C6 is Indeno[1,2,3-cd]pyrene concentration and C7 is 

Dibenz[a,h]anthracene concentration. 

The gypsum content was analyzed using a modified method developed by Musson et al. 

(2008). For each sample fraction, 50 g of sample were ground with pestle into less than 0.5 cm in 

size, 10 g of sample were transferred into a 200 mL HDPE bottle, and 200 mL of nanopure water 

was placed into the bottle. The bottle was then rotated at 30 rpm for 30 min. After the bottles 

were removed from the rotator, the particulate matter in the solution was allowed to settle for 30 

min. Half of the extract was used to measure conductivity and the rest of the extract was pressure 

filtered using an acid washed TCLP filter of 45 mm diameter with 0.7 μm pore size. If the 

measured conductivity was less than 500 μs/cm, the filtering solution was used for sulfate 
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analysis; If the conductivity was greater than 500 μs/cm, however, the filter was removed and 

returned to the bottle with any solid on it, and the extraction process was repeated. Sulfate 

extracts were analyzed using ICS 1500 of Ion Chromatography. Each sample fraction was 

measured in duplicate. The total gypsum content was calculated based on the sum of sulfate 

content of each extraction step. The equation is presented below:  

%𝐺𝑦𝑝𝑠𝑢𝑚 = 0.001991×(∑ 𝐶𝑖𝑛−1
𝑖=1 + 2𝐶𝑛)    (2-2) 

Where n is the number of extractions, Ci is the sulfate concentration in each extraction 

step; 0.001991 is the conversion constant assuming a L/S of 10/1, and a 90%/10% of gypsum/ 

paper composition for gypsum wallboard. 

Volatile solids content was measured in duplicate according to EPA Method 1684 (US 

EPA, 2011). It involves weighing 20 g of sample and placing it in an oven at 105 ºC overnight, 

and finally placing the oven-dried samples into the muffle furnace at 550 ºC for 4 hours. The VS 

content was then calculated based on the weight loss before and after putting into the furnace. 

2.2.3 Mass Balance Calculations 

Results presented in the next section are calculated as cumulative percentages of total 

mass for each measured parameter. Thus, the mass of a chemical obtained on one fraction is 

divided by the total mass of this chemical from all four fractions (4.8-19 mm, 0.84-4.8 mm, 0.30-

0.84 mm and < 0.30 mm). 

2.3 Results and Discussion 

2.3.1 Mass Distribution and Composition Study 

While not considered CDD fines for the purposes of this study, the greater-than-25mm 

and 25mm-19mm fractions, which comprised 14% and 10% of the total CDD mass as in Figure 

1(a), were visually characterized to determine the likely source of the chemical constituents in 

the CDD fines (size fractions below the 19mm screen). The results of this characterization are 
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shown in Figure A-8 and Figure 2-1(b). It can be concluded that concrete was the most abundant 

component in these size fractions; on average, it was 43% to 46% of the mass of the greater-

than-25mm and 25mm-19mm fractions, respectively. Wood and asphalt were the second and 

third largest components, with 20.1% and 15.2% in the greater-than-25mm and 25mm-19mm 

fractions, respectively. The relatively high percentage of wood here correlated to the high VS 

content in 4.8mm-0.84mm and 19mm-4.8mm fractions, which comprise 50% to 80% of total 

volatile solid mass as present in Figure 2-3.  

The distribution of sample mass in each of the CDD fines fractions (19mm-to-4.8mm, 

4.8mm-to-0.84mm, 0.84mm-to-0.30mm, and less-than-0.30mm fractions) is shown in Table B-2 

and Figure 2-2. It can be concluded that 50% to 90% of the sample mass reside in the gravel and 

sandy CDD fines size (19mm-4.8mm and 4.8mm-0.84mm). 

2.3.2 VS Content 

As observed from Table 2, the overall average VS content of the CDD fines (< 19 mm) 

examined in this study was 18.0% (ranging from 6.7% to 46.3%). In addition, the 14 samples’ 

average VS mass for the four size fractions in Table B-3 shows that the two larger size fractions 

(containing 44.2 g and 57.1 g VS mass respectively) tend to have higher organic materials than 

the two smaller size fractions (containing 16.5 g and 11.5 g VS mass respectively). Volatile 

solids mass in cumulative percentage of different size fractions for each sample were shown in 

Figure 2-3. More than half of the VS mass was obtained on the two larger size opening sieves 

and each of the two smaller size fractions only comprised less than 30% of total VS mass. The 

mass of VS primarily occurred in larger size fractions might be explained by the presence of 

some pieces of wood found in larger particle size samples as well as the relatively larger amount 

of sample mass was in larger size fractions.  
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2.3.3 Total Heavy Metal  

Eight heavy metals of concerns were targeted for analysis, but As and Pb were focused 

upon because they are frequently closest to risk thresholds. It can be seen from Table B-4 that, 

the average arsenic concentrations of all 14 samples ranged from 2.05 mg/kg to 11.53 mg/kg; 

and from Table B-5, the average lead concentrations of all 14 samples ranged from 5.57 mg/kg 

to 1905 mg/kg. The average arsenic concentrations of each of the four size fractions, as seen in 

Table 2-3, ranged from 5.17 mg/kg to 5.62 mg/kg (weighted average of 5.62 mg/kg) and the 

average lead concentrations ranged from 339 mg/kg to 452 mg/kg (weighted average of 361 

mg/kg). This indicates most arsenic concentrations were evenly distributed throughout the 

sample, although a few were found to be slightly lower in gravel size materials (19mm-4.8mm). 

Compared with the study by Chen et al. (2001), where found the average arsenic soil upper 

baseline concentration was 7.02 mg/kg, the arsenic concentration detected fell in this range. 

While Figure 2-4 indicates arsenic in half samples reside in larger size fractions, arsenic 

concentrations are generally evenly distributed, which did not follow the trend observed with VS 

(greatest content in the gravel size fraction). This further proved the statement that the arsenic 

present in the CDD fines was likely not derived from CCA-treated wood, but more likely from 

naturally-occurring concentrations found in the soils. In terms of lead from Figure 2-5, less than 

20% of its total mass resided in the largest particle size range with only one exception (Sample 

F). According to Table 2-3, if removing sample F, there is a dramatic drop in Pb concentration as 

the sample size becoming larger (83.5 mg/kg in the finest fraction and 424 mg/kg in the coarsest 

fraction). The abnormally high lead concentration in the largest size fraction of Sample F might 

be a result of a piece of debris coated with lead. Research of Turner et al. (2016) on exterior 

paints showed that the average lead concentration was 29300 mg/kg, which proves the 
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assumption for the high lead concentration of Sample F. But overall, it can be concluded that 

lead was concentrated in the fines. 

Figure A-2 to A-7 shows cumulative percentages of mass for Al, Cd, Cr, Cu, Ni and Zn. 

For most samples, Al and Cr distribute evenly, with each fraction comprised 20% to 25% of the 

chemical mass. While the percentage mass of Zn, Cd, Ni and Cu in these samples were much 

higher in smaller size fraction samples. 

2.3.4 Total PAH 

Overall, nineteen different PAHs were detected, with all of the detected non-carcinogenic 

PAHs below PAH risk thresholds (FSCTL) and some of the detected carcinogenic PAHs 

(equates to BaP-equivalent PAH) above risk thresholds. BaP equivalent total PAH was used to 

represent carcinogenic PAHs to a comparable amount of BaP and add the seven carcinogenic 

PAHs together into a BaP equivalent total PAH value. Table 2-4 shows the result of BaP 

equivalent total PAH concentrations in the four size fractions of the 14 samples. From the table, 

the sum of weighted average BaP-equivalent concentrations for the 11 detected samples ranged 

from 0.01 mg/kg to 4.92 mg/kg. Table 2-4 also indicates that, with the exception of sample K, 

the highest total PAH concentration occurred either in the finest fraction (six out of eleven 

samples) or the 0.84-mm fraction (five out of eleven samples), which is the sandy size fraction 

tested.  

Figure 2-6 presents the cumulative percentage mass of BaP equivalent total PAHs 

detected in each size fraction. All samples, except Sample K, had less than 10% BaP equivalent 

total PAHs in the gravel size fraction. This supported the finding of Jang and Townsend (2001) 

that most of the PAHs were presented in the finer materials and they might from roadside soils 

that absorbed vehicle emissions or small pieces of asphalt containing materials. 
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For example, research of Banger et al. (2010) found the highest PAH concentration in 

soil was 2.36 mg/kg and research of Legret et al. (2005) detected the total PAH concentration for 

new conventional asphalt and RAP were 4.3 mg/kg and 1.8 mg/kg, respectively. These PAH 

concentrations were all within the detected range as described for the CDD fines. This means the 

PAH sources in CDD fines could be any of these materials.  

2.3.5 Sulfate  

Table B-6 illustrates the gypsum content in different size fractions of the 14 samples. The 

gypsum content in each size fraction ranged from 0.29% to 29.6%. Higher gypsum content 

equates to higher sulfate concentrations in samples. Figure 2-7 shows the cumulative percentage 

mass of sulfate in different size fractions of the 14 samples. It can be concluded that all the 

gravel size fraction comprised less than 30% of all sulfate concentration, with few samples 

having relatively evenly distributed sulfate concentration (Sample E, Sample K, Sample J and 

Sample M). The relatively higher percentage of sulfate in the coarse fraction could be derived 

from the occurrence of some pieces of gypsum drywall due to different processing techniques 

utilized at different recycling facilities. Overall, sulfate tend to reside in finer fractions. 

2.3.6 Risk Assessment and Mitigation Approach 

Based on the discussions above, lead, PAH and sulfate tend to reside in the finer size 

fractions of CDD fines. The finer fractions of CDD fines tend to have lower sample mass (Figure 

2-2) but comprise a higher percentage of these chemicals while only arsenic distributed fairly 

evenly throughout those samples. Figure 2-8 (a)-(d) presents the weighted average 

concentrations of the four chemicals (arsenic, lead, BaP-equivalent total PAH and sulfate) after 

removing several finer size fractions. It can be observed that the chemical concentrations in most 

samples decreased as sandy materials from the samples were removed, except in some samples 
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having occasionally high concentrations in gravel-size materials (particle range of 4.8mm–19 

mm), such as lead in Sample F). 

To determine the desired number of samples’ chemical reduction rate, three proposed 

target percentage reductions were chosen when removing certain particle size ranges Table 2-5 

presents how many samples would be reduced by 25%, 50% and 75% by removing particle size 

ranges of less than 4.8 mm (removing sand size and silty-sand size materials) and less than 0.84 

mm (silty-sand size materials). It can be observed that removing silty-sand materials didn’t help 

a lot for chemical reductions compared to removing both sand-size and silty-sand materials. If 

considering more number of sample reduction and more reduction rate, removing both sand-size 

and silty-sand materials (particles of less than 4.8 mm) to get a 50% reduction might be the most 

desirable option. Therefore, it can be hypothesized that by removing sandy and silty materials, 

these chemical concentrations can be reduced to some extent. 

2.4 Conclusion 

In the four size fractions below 19-mm, most of the sample mass resides in the larger size 

fractions, where a greater VS content was measured as well. Aluminum, arsenic and chromium 

concentrations resided almost evenly in each of the four size fractions. Lead, cadmium, nickel 

and copper tended to have higher concentrations in the smaller size fractions. In terms of BaP-

equivalent total extractable PAH, the highest concentrations mostly occurred in sandy and silty-

sand size materials. 

If the sandy and silty-sand size fractions were removed, the remaining largest size 

fraction only contained less than 10% of BaP equivalent total extractable PAHs of each sample. 

When compared with regulatory soil cleanup target levels as presented in Table B-13, more 

samples had PAH concentrations below risk thresholds as their size became larger. The same 

conclusion was also valid for sulfate as more than 70% of the present sulfate resided in the three 
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finer fractions. It can therefore be hypothesized that screening out sandy and silty-sand size 

materials by either a washing process or mechanically shaking process might help to result in 

reduced concentrations of lead, sulfate and BaP-equivalent total PAH. For arsenic and some 

other heavy metals, the concentrations are evenly distributed, thus removing the finer fractions 

would likely not help reduce these concentrations significantly.  
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Table 2-1. Sample letters with corresponding regions.  

Sample Letter Region of US 

A Pacific 

B Pacific 

C Pacific 

D South Atlantic 

E Pacific 

F New England 

G East North Central 

H East North Central 

I Mid-Atlantic 

J East North Central 

K South Atlantic 

L West South Central 

M South Atlantic 

N West North Central 

 

Table 2-2. VS content measured on different sieve sizes for the 14 samples in duplicate(%). 

Sieve Size A B C D E F G H I J K L M N average 

4.8-19mm 38.6 9.71 48.7 15.9 22.0 26.3 18.0 24.8 12.2 12.9 4.60 6.39 15.0 29.5 20.3 

0.84-4.8mm 19.4 15.2 48.5 11.1 21.4 26.5 25.8 18.5 7.55 19.8 18.2 11.2 22.8 17.8 20.3 

0.30-0.84mm 12.4 10.8 42.6 6.79 22.2 9.62 10.0 9.06 8.25 13.7 7.84 1.87 14.8 13.7 13.1 

<0.3mm 10.4 14.1 35.4 4.05 13.6 7.55 11.3 9.00 10.1 16.7 10.8 5.61 11.2 14.3 12.4 

Total weighted 

average 

percentage 

24.6 13.7 46.3 10.4 21.0 16.7 19.1 17.6 9.1 15.2 11.2 6.7 17.4 22.8 18.0 

 

 

Table 2-3. Average As and Pb concentrations reside in the four size fractions for all 14 samples 

(mg/kg). 

Sieve Size As Pb Pb without Sample F 

< 0.30mm 5.48 416 424 

0.30-0.84mm 5.54 434 396 

0.84-4.8mm 5.62 339 262 

4.8-19mm 5.17 452 83.5 

Total weighted average 5.62 361 242 

Average Standard Deviation 1.27 4.32 3.62 
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Table 2-4. BaP equivalent total PAHs obtained on different size fractions and total weighted 

average BaP-equivalent total PAH concentrations for all 14 samples in duplicate 

(mg/kg). 

Samples 
4.8-mm 

sieve 

0.84-mm 

sieve 

0.30-mm 

sieve 

< 0.30-mm 

sieve 

Weighted 

average 

A < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 

B 0.04 0.01 0.06 0.35 0.04 

C 0.06 0.29 0.16 0.15 0.17 

D 0.06 0.40 1.12 3.19 0.86 

E < 0.01 < 0.01 0.02 0.02 0.01 

F < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 

G 1.09 4.59 3.30 4.07 3.22 

H 1.85 5.04 7.79 8.11 4.92 

I 0.12 0.54 0.37 0.98 0.51 

J 0.02 0.44 0.23 0.32 0.19 

K 0.69 0.27 0.15 0.25 0.33 

L < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 

M < 0.01 0.03 0.52 0.46 0.17 

N < 0.01 0.15 0.03 0.03 0.04 

*Average recovery rate: TE (83.2%), ME (82.3%), PE (78.0%) 

 

Table 2-5. Number of samples chemical concentrations reduced by 25%, 50%, 75% when 

removing particle size of less than 4.8 mm and 0.84 mm 

Examined CDD fines fractions Elements  

25% 

reduction 

50% 

reduction 

75% 

reduction 

Remove particles of less than 4.8 mm 

PAH 9 9 6 

Sulfate 7 5 1 

As 6 1 1 

Pb 12 8 7 

Remove particles of less than 0.84 mm 

PAH 5 3 2 

Sulfate 1 0 0 

As 1 0 0 

Pb 9 9 0 
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Figure 2-1. Average percentage mass of each size fraction (a) and cumulative percentage of 

CDD fine components (b) 

 

 

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

19-25 mm > 25-mm

C
u

m
m

u
la

ti
ve

 P
er

ce
n

ta
ge

 o
f 

C
D

D
 F

in
es

 
C

o
m

p
o

si
ti

o
n

Steel

Plastics

Cotton

Glass

Wood

Paper

Concrete

Gypsum

Asphalt

(b) 

>25mm
14%

19-25mm
10%

4.8-19mm
21%0.84-4.8mm

29%

0.30-0.84mm
15%

< 0.30mm
11%

(a)



 

37 

 

 

Figure 2-2. Comparison of mass distribution as a function of particle size for 14 samples in 

duplicate  

 

 

Figure 2-3. Comparison of VS mass distribution as a function of particle size for 14 samples in 

duplicate 
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Figure 2-4. Comparison of As concentration mass distribution as a function of particle size for 14 

samples in triplicate 

 

 

Figure 2-5. Comparison of Pb concentration mass distribution as a function of particle size for 14 

samples in triplicate 
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Figure 2-6. BaP equivalent total PAH mass distribution as a function of particle size for 11 

detected samples in duplicate 

 

 

 

Figure 2-7. Sulfate concentration mass distribution as a function of particle size for 14 samples in 

duplicate 
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Figure 2-8. Risk assessment for As (a), Pb (b), PAH (c) and sulfate (d) when continuously 

removing each of the finer size fraction 
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Figure 2-8. (continued) 
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CHAPTER 3 

CONTRIBUTION OF ASPHALT PRODUCTS TO EXTRACTABLE AND BIOACCESSIBLE 

POLYCYLIC AROMATIC HYDROCARBONS IN SOIL 

3.1 Introduction and Background 

Polycyclic Aromatic Hydrocarbons (PAHs) have been associated with adverse health 

effects and are chemicals of concern when released into the environment. High ring PAHs (4-6 

aromatic rings) are known to be carcinogenic and can be persistent in the environment while low 

ring PAHs (2-3 aromatic rings) are classified as toxic compounds (Fernandes et al., 2009). 

Polycyclic aromatic hydrocarbons (PAHs) are frequently encountered when characterizing urban 

soils as part of remediation plan risk assessments (Man et al., 2013; Hussar et al., 2012).  

Similarly, PAHs have been documented when assessing potential risks of soil-like waste 

materials proposed for beneficial use (Allan et al., 2016; Azah et al., 2015).   

In addition to point source contributions from specific industrial activities or chemical 

spills, PAHs in urban soils also occur because of common anthropogenic contributions such as 

fossil fuel combustion and vehicle emissions (Abdel-Shafy and Mansour, 2016; Lee and Vu, 

2010).  As PAHs are known to exist in petroleum products, asphalt containing materials in 

roadway pavement and roofing systems have been cited as potential sources of soil PAHs, either 

from PAH compounds leaching from these materials or directly from small pieces of these 

materials contained within the soil samples themselves (Brandt and Groot, 2001; Ruby, 2016). 

Asphalt products are manufactured using bitumen, a material produced in petroleum 

refineries using a crude oil distillation process. The process involves heating the crude oil to 

temperatures between 300 - 400 ˚C in a vacuum, which removes a majority of PAHs from the 

product.  However, PAHs of very heavy molecular weight remain at the bottom of the distillation 

column in the bitumen. When asphalt is heated, such as with the manufacture of hot-mix asphalt 

pavement, additional PAH volatilization may occur (US EPA, 2000). Though low in aqueous 
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solutions, PAH can migrate from asphalt products when exposed to water, and thus migrate into 

the environment from rainwater contact. 

Several studies have been conducted to examine PAH concentrations (total and 

leachable) from asphalt containing materials. Brantley and Townsend (1999) analyzed PAH 

concentrations in recycled asphalt pavement (RAP) leachate obtained from both batch and 

column leaching tests and measured no concentrations of PAH above the detection limit. A study 

on asphalt leaching by Brandt and Groot (2001) detected only PAH compounds with 4 rings or 

less, with all concentrations below regulatory limits for surface water. Tang (2006) measured 

PAH concentrations on 100% petroleum oil based products, such as hot-mix asphalt, and 

targeted PAHs with more than two rings tend to have low concentrations, with phenanthrene 

having the highest concentration at 12.9 mg/L. Fernandes et al. (2009) analyzed PAH content in 

asphalt binder and observed that 15 out of 16 EPA priority PAHs were detected, with average 

concentrations of < 10 mg/kg for low ring PAH compounds and 10.2 – 27.2 mg/kg for high ring 

PAH compounds. Azah (2011) also conducted a batch leaching test that measured PAH 

contaminants in RAP leachate, where eight PAH were detected with concentrations ranging from 

68.0 ng/L to 735 ng/L. Benzo[a]anthracene and benzo[b]fluoranthene were found to exceed their 

corresponding GCTL (50 ng/L), at 6.5 times and 2.1 times higher respectively. From the research 

of Azah (2015), high PAH concentrations were found to be higher in finer fractions of street 

sweeping, with the highest total PAH concentration of approximately 21 mg/kg, suggesting the 

PAH source was not from pieces of asphalt. 

Diagnostic ratios can aid in distinguishing potential sources of PAH in media, and thus 

may be useful for assessing whether the sources of PAH in disposed asphalt products are from 

the products themselves or from contaminants that have come into contact with the products 
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during their service life. This method evaluates the ratios of PAH concentrations with similar 

molecular weights and assumes PAH isomers degrade at a similar rate and maintain the same 

properties, thus preserving the relative proportion of different PAH compounds (Biache et al., 

2014). Among all of the commonly used diagnostic ratios, the ratio of anthracene to anthracene-

plus-phenanthrene is most widely used (Katsoyiannis et al., 2007). Based on each diagnostic 

ratio within a defined range, PAH source can be classified as either petrogenic or pyrogenic. 

Some ratios can further classify whether the source is from fuel combustion (e.g., coal 

combustion versus wood combustion), or whether it is traffic or non-traffic related (Allan et al., 

2016; Biache et al., 2014). For example, a ratio of anthracene/(anthracene + phenanthrene) 

greater than 0.1 is generally indicative of pyrogenic and less than 0.1 is petrogenic. 

Another issue of importance when assessing the risk posed by PAH resulting from 

asphalt products is the degree to which the PAH compounds are biologically available. 

Bioaccessibility is defined as the physical solubility of a chemical at the portal of entry into the 

animal body (Ruby et al., 2016). Particle sizes of less than 250 µm have been the most 

commonly used for PAH bioaccessibility studies (Li et al., 2015; Cui et al., 2016). A common 

method to test bioaccessibility is the physiologically based extraction test (PBET), which 

includes different methods such as Tenax, solid phase micro-extractions (SPME), and 

polyoxymethylene solid phase extraction (POM-SPE). In-vitro studies like these have been 

developed to mimic gastrointestinal system conditions and provide a close prediction of 

bioavailable PAH concentration according to the amount of PAHs accumulated in mice or 

earthworms (Gomez-eyles et al., 2012). Mild solvent extraction is a new method that uses 

butanol or cyclodextrin and has been found to result in similar extraction of PAH compounds as 

compared to animal validation tests (Gomez-eyles et al., 2012; Ruby et al., 2016). PAH 
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bioaccessibility of asphalt products has not been reported, though some research on PAH 

bioaccessibility from soil impacted by roads has been discussed. Ruby et al. (2016) commented 

that oral bioavailability might be overestimated when the benzo[a]pyrene concentration is high, 

up to tens to thousands mg/kg, while aging or weathering of soils may decrease bioavailability of 

PAH concentrations. 

In this paper, we assess the degree to which asphalt products contained in soil contribute 

to measurable PAH concentrations. As soil PAH concentrations are measured by first extracting 

soil samples using an organic solvent, samples of soil mixed with different amounts of various 

asphalt products (e.g., shingles, bituminous cement) were solvent-extracted using conventional 

procedures, and if measurable PAHs were observed, results were compared to risk-based 

thresholds as an indication of possible significance. Diagnostic ratios were used to identify the 

potential source of detected PAHs. To further evaluate the risk posed by PAH as a result of 

asphalt materials in soil, the bioaccessibility of the soil-asphalt mixtures was measured using an 

n-butanol extraction procedure and PAH concentrations were then compared to risk-based clean 

soil thresholds. 

3.2 Method and Materials 

3.2.1 Experimental Approach 

 Eleven different asphalt products, including three new asphalt shingles, three used 

asphalt shingles (with lifespans between 12-15 years), two fresh bitumen sources, two RAP 

sources (reclaimed asphalt pavement) and one new asphalt pavement source, were obtained. A 

detailed description of these materials is summarized in Table 3-1. Except for the two bitumen 

samples, the other samples were size-reduced to less than 0.5 cm and were mixed with pure sand 

at asphalt product percentages of 1%, 10% and 100%. For the two bitumen samples, the three 

sample percentages were obtained by heating the mixed samples at approximately 120 ºC while 
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continually stirring and mixing them until homogenous. All samples were analyzed for total 

extractable PAH and bioaccessible PAH concentrations, and PAH diagnostic ratios were 

examined. 

3.2.2 Sample Pre-treatment 

All materials, except bitumen, were size reduced to less than 0.5 cm upon arrival due to 

the limitation of material to make the particle size down to less than 250 µm. Asphalt shingle 

samples were size-reduced using scissors and asphalt pavement samples (including RAP) were 

size-reduced using a hammer. Each of these size-reduced materials was mixed with 40 – 100 

mesh pure sand purchased from Acros Organics in different percentages by mass to obtain a 100-

g composite sample. The composite samples were then shaken and stirred with a clean glass rod 

to promote homogeneity. Each mixed sample was placed in a clean glass jar. Due to the viscous 

property of bitumen, a composite sample could not be created to reach the desired homogeneity 

through size reduction alone. Therefore, each bitumen sample and the desired mass of sand were 

weighed according to the three target percentages and placed in a beaker. The beaker was placed 

on a hot plate at 120 ˚C for 12 min to melt the bitumen. A clean glass rod was used at the same 

time to distribute the melted bitumen evenly throughout the sand. The pure, 100% bitumen was 

heated at the same temperature and for the same duration to ensure the sample consistency.  

3.2.3 Extraction Procedures 

Modified EPA Method 3550C (US EPA, 2007) was used for total extractable PAH 

analysis. Five grams of sample was mixed with 10 ml of acetone/ n-hexane (1:1 v/v). Ultrasonic 

extraction was applied to the mixture for 15 min, and the sample was then centrifuged at 2000 

rpm under 20ºC for 10 min. The extract was then siphoned out using a glass pipette into a glass 

round-bottom flask. This extraction step was repeated twice. The combined extracts were 

evaporated to near dryness using a rotary evaporator. Following extraction, the solvent extracts 
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were cleaned using a column filled with anhydrous sodium sulfate, silica gel, and florisil. The 

concentrated extract was washed with 100 mL n-hexane through the column. The cleaned 

samples were then evaporated to near dryness and concentrated to 1 mL with n-hexane.  

The method of Gomez-Eyles et al. (2012) was used to examine PAH bioaccessibility. A 

10 g size-reduced sample placed in 15 mL of butanol was vortexed for 50 s (Gomez-Eyles et al., 

2012; Liste and Alexander, 2002; Swindell and Reid, 2006). The sample was centrifuged at 2000 

rpm at 20 ºC for 5 min to separate the solid and liquid phases. The liquid phase was passed 

through a 0.45-µm PTFE filter and the extract was transferred to a sample vial.  

For quality assurance, a surrogate mixture (o-Terphenyl, 6-Methylchrysene and Perylene-

d12) was added to every 10 samples to obtain the recovery rate, and a duplicate was used on 

every sample for both extractions. 

3.2.4 Analytical Procedures 

One microliter of the concentrated sample for total extractable PAH was analyzed by a 

GC-MS equipped with a Thermo Scientific Trace GC Ultra of Gas Chromatography and a 

Thermo Scientific DSQ2 Mass Spectrometry. The GC column was 30 m × 0.25 mm i.d. within 

0.25 μm film thickness. The inlet temperature was set at 320 ˚C, the ion source was set at 250 ˚C  

and the transfer line temperature was 300 ˚C. The oven temperature was initially set at 60 ºC for 

1 min, then ramped to 120 ˚C at 25 ˚C/min, further ramped to 160 ˚C at 10 ˚C/min, and finally 

ramped to 330 ˚C at 5 ˚C /min with a 1-min final hold time. The helium carrier gas was held at a 

constant rate of 0.3 mL/min and the analysis was in single-ion monitoring (SIM) mode. The 

analytical procedure for bioaccessible PAH was the same as total extractable PAH. For quality 

assurance, a blank sample and a surrogate mixture were used at the beginning of each GC-MS 

analysis. 
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3.2.5 PAH Diagnostic Ratios 

Five diagnostic ratios of PAHs were calculated using the method of Brandi et al. (2007) 

and Katsoyiannis et al. (2007). If one of the two PAHs in any diagnostic ratio was not detected, 

this particular diagnostic ratio was not reported (US EPA, 2014). The sources of PAHs in the 

sample were then estimated according to the diagnostic ratios. Detailed diagnostic ratio 

categories are summarized in Figure 3-2. 

3.2.6 BaP-equivalent total PAH calculation 

Measured PAHs were further calculated for BaP-equivalent total PAH since the 7 EPA 

designated carcinogenic PAHs are more of a concern to human health and BaP is present to be 

the most carcinogenic among them. Each of the other 6 PAHs can be multiplied by certain 

coefficient and obtain a value that is equivalent to BaP concentrations. Thus, the BaP-equivalent 

total PAH concentration was calculated as follows: 

𝐵𝑎𝑃 𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑡𝑜𝑡𝑎𝑙 𝑃𝐴𝐻 

= 0.1×𝐶1 + 0.001×𝐶2 + 0.1×𝐶3 + 0.01×𝐶4 + 1×𝐶5 + 0.1×𝐶6 + 1×𝐶7     (3-1) 

From which, C1 is benzo[a]anthracene concentration, C2 is chrysene concentration, C3 is 

benzo[b]fluoranthene concentration, C4 is benzo[k]fluoranthene concentration, C5 is 

benzo[a]pyrene concentration, C6 is indeno[1,2,3-cd]pyrene concentration and C7 is 

dibenz[a,h]anthracene concentration. 

3.3 Results and Discussion 

3.3.1 Total Extractable PAHs 

The total extractable PAH concentrations from all 11 samples are presented in Tables 3-2 

to 3-5. In terms of pure asphalt products (100%), 7 PAH compounds (naphthalene, phenanthrene, 

anthracene, chrysene, benzo(a)pyrene, dibenz[a,h]anthracene and dibenzo[a,l]pyrene) were 

detected in new asphalt shingles, with all concentrations less than 0.1 mg/kg except naphthalene. 
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Among these 7 PAH compounds, only dibenz[a,h]anthracene was detected in all three types of 

new asphalt shingles, with its concentration ranging from 0.05 mg/kg to 0.075 mg/kg. Aged 

asphalt shingles were only found to possess measurable concentrations of three low molecular 

weight PAHs (naphthalene, acenaphthene and phenanthrene), with phenanthrene only detected in 

AAS1. Compared to new shingles, the aged shingles contained lower molecular weight PAH 

compounds, with concentrations approximately three to four magnitudes higher than the new 

shingles. For example, phenanthrene was detected at 0.06 mg/kg in pure NAS1 and 369.3 mg/kg 

in pure AAS1. The elevated concentration for low molecular weight PAH might be due to the 

long-term exposure of aged asphalt shingles. But the non-detection of high molecular weight 

PAH in aged shingles also reveals that weathering may reduce the amount of high ring PAH 

present. Previous research on benzo[a]pyrene absorption from coal tar contaminated soil also 

indicated a two-fold reduction on benzo[a]pyrene after 110 days of weathering (Ruby, 2016). 

In terms of RAP, all 10 PAHs detected (except naphthalene) were below 100 mg/kg. 

These PAHs included naphthalene, acenaphthene , phenanthrene, fluoranthene, pyrene, 

benzo[a]anthracene, benzo[b]fluoranthene, benzo[a]pyrene, benzo[g,h,i]perylene and 

anthanthrene. Pure samples of RAP2 exhibited detected PAH compounds ranging from 1.6 

mg/kg (ACE) to 396 mg/kg (NA), and had more lower molecular weight PAH compounds 

compared to RAP1 (PAH compounds ranged from 3.82 mg/kg (ACE) to 55.3 mg/kg (PY)). For 

new asphalt pavement and bitumen, 9 PAH compounds (except naphthalene) were detected with 

concentrations less than 50 mg/kg. Detected PAHs included naphthalene, acenaphthene, 

fluorene, phenanthrene, anthracene, pyrene, benzo[a]anthracene and chrysene. The bitumen 

samples were found to have more low ring PAHs (ranged from 1.56 mg/kg PH to 181.8 NA in 

B1 and 0.29 mg/kg of PY to 7.64 mg/kg FL in B2) while the new asphalt pavement was detected 
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to have fewer high ring PAHs (ranged from 1.40 mg/kg CH to 390 mg/kg NA). The relatively 

low PAH concentration in bitumen suggests that bitumen might hold PAHs and prevent them 

from being extracting out of its matrix. 

The 10% and 1% asphalt product mixtures along with 100% pure asphalt products in 

Table 3-2 to Table 3-5 also reveal the impact of different percentage of soils had on PAH 

concentrations when added to asphalt products. Most PAH concentrations decreased with a 

decreasing percentage of asphalt products. For example, benzo[a]pyrene concentrations in RAP1 

decreased from 9.12 mg/kg to 0.10 mg kg while phenanthrene concentrations in NAP1 decreased 

from 9.85 mg/kg to 1.95 mg/kg when asphalt percentages dropped from 100% to 1% (the same 

trend for the other PAHs detected in different percentages of asphalt products). Ruby’s study 

(Ruby, 2016) on benzo[a]pyrene concentrations from coal tar, petroleum products, and other 

PAH sources of contaminated soil showed a range of 0.2 to 270 mg/kg, from which the 

benzo[a]pyrene results obtained here fall into approximately the same range. Naphthalene in 

AAS1 and acenaphthene in AAS2 tended to have higher concentrations in 10% mixtures than in 

pure samples, and phenanthrene has higher concentration in 1% of AAS1 than 10%; the 

decreasing trend for other samples is convincing.  

Table 3-6 shows benzo[a]pyrene-equivalent (BaP-equivalent) PAH concentrations. Five 

out of the 11 samples were detected with BaP-equivalent total PAH concentrations: NAP1, 

RAP1, NAS1, NAS2 and NAS3. Table B-13 shows FL SCTLs and National RSL for all detected 

chemicals. When compared to the Florida Soil Cleanup Target Levels (FSCTLs), all pure new 

shingles (NAS1, NAS2, NAS3) were below the residential FSCTL (0.1 mg/kg), pure new asphalt 

pavement (NAP1) was below commercial/industrial FSCTL (0.7 mg/kg), while 100% RAP1 was 

above the commercial/industrial FSCTL. From the prospective of lower asphalt percentages 
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(10% and 1%), even with the 10% sample, RAP1 was still above the commercial/industrial 

FSCTL and its 1% sample was above the residential FSCTL. For the other four samples, the 

BaP-equivalent total PAH were decreased to below the residential FSCTL. In terms of EPA 

Regional Screening Level (RSL), only NAP1 with 1% asphalt materials did not exceed the 

residential RSL (0.016 mg/kg), and only RAP1 of 100% and 10% asphalt materials exceeded 

industrial RSL (0.29 mg/kg). 

If comparing non-carcinogenic PAH concentrations with the risk thresholds presented in 

Table B-13, 6 out of the 11 and 3 out of 11 pure asphalt products had naphthalene exceeding 

residential and industrial/ commercial FL SCTL, respectively; 7 out of 11 and 5 out of 11 

exceeding residential and industrial/ commercial RSL, respectively. 

3.3.2 Diagnostic Ratios 

Diagnostic ratios for 5 pairs of PAH of similar molecular weight were used to identify 

whether the source of PAH is derived from incomplete combustion (pyrogenic) or the petroleum 

product (petrogenic). These ratios were only determined on pure asphalt product samples. But 

not all asphalt products were detected to have all the ratios and not all ratios were available for 

these asphalt products. Table 3-8 presents the result of the diagnostic ratios. The classifications 

of these diagnostic ratios were identified based on past studies (Bra et al., 2007; Colombo et al., 

1989; Yunker et al., 2002; Azah et al., 2015). Past diagnostic ratio research conducted by Azah 

(2015) used this method and indicated that the PAH source from roadway and stormwater system 

maintenance residues were from pyrogenic activities, such as fuel combustion. It is assumed that 

PAH sources of new asphalt products are mainly petrogenic. 

Diagnostic ratio results are presented in Table 3-7. NAP1 and B1 were detected for 

Ant/(Ant+Phe) ratio; NAP1 was detected for BaA/(BaA+Chr) ratio; RAP1, RAP2 and NAP1 

were detected for Flt/(Flt+Pyr) ratio, and RAP1 was detected for BaP/BPE ratio. According to 
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Ant/(Ant+Phe) ratio, PAH from NAP1 and B1 were derived from pyrogenic sources. PAH in 

NAP1 was generated from pyrogenic source (e.g., grass/ wood/ coal combustion) in terms of 

BaA/(BaA+Chr) ratio. Based on Flt/(Flt+Pyr) ratio, PAH in RAP1 and RAP2 were derived from 

petrogenic sources, while PAH in NAP1 was derived from pyrogenic source (e.g., grass/ wood/ 

coal combustion). Sources of PAH in RAP1 was assumed to come from traffic source in terms of 

BaP/BPE ratio.  

Diagnostic ratios indicate that PAH in RAP1 might be a combination of petrogenic and 

pyrogenic sources, while the PAH source for RAP2 might be petrogenic. This result seems 

reasonable for the RAP samples since the material came from a roadway that was in service and 

exposed to vehicle exhaust for many years. The result from NAP1 as pyrogenic was unexpected, 

but may be explained by the fact that the RAP had been stockpiled by a busy road for several 

days and may have been exposed to vehicle exhaust. PAH source of B1 was indicated as 

pyrogenic, for which the PAH might be derived from the bitumen production process since 

asphalt products contain organic carbons and can form PAH when high temperature is applied.  

Although asphalt products are believed to be mainly derived from petrogenic sources, 

Biache et al. (2014) also determined the diagnostic ratios for aged coal tar to have a mixed zone 

of petrogenic and combustion sources. It was suggested that diagnostic ratios should be used 

with caution since the ratios can be dramatically changed during the process of transportation or 

other possible influence from storage and pre-treatment. Since few PAHs were detected in the 11 

asphalt products, the number of diagnostic ratios for each sample is limited. Therefore, the 

source indicators concluded here may need other critical validation. 

3.3.3 PAH Bioaccessibility 

The bioaccessibility of each asphalt product was measured for the different PAH 

compounds, calculated by dividing the bioaccessible concentrations by the total extractable PAH 
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concentrations. Figure 3-1 presents the average PAH bioaccessibility for each asphalt-containing 

material of different percentages. The three new asphalt shingles have relatively higher PAH 

bioaccessibility compared to the other asphalt products. From Figure 3-1, pure new asphalt 

shingles had 20% to 40% bioaccessible fractions, the other pure asphalt products all had less than 

10% bioaccessibility, from which bitumen tended to have higher bioaccessibility of 

approximately 10%. Pure aged asphalt shingles tend to be more than 6 times lower than pure 

new asphalt shingles; but comparing new pavement with aged pavement, the bioaccessibility of 

aged pavement tend to be only a little lower than new pavement. But overall, the lower 

bioaccessibility in aged materials correlated well with the statement from Ruby et al. (2016) that 

aging will reduce the bioaccessible fraction of PAH concentrations. 

Besides solely looking at the pure samples, the PAH bioaccessibility of 100%, 10% and 

1% for each sample was either decreasing or stayed approximately at the same level. 

Bioaccessibility can vary significantly due to differences in site or source. The bioaccessibility of 

different types of road-impacted residuals measured by Allan et al. (2016) was less than 80% 

with a large variance. Johnsen et al. (2006) also measured PAH bioaccessibility of soils near 

motorway site, but the results indicated a bioaccessibility of less than 2%. 

3.3.4 Quality Control/ Quality Assurance (QA/QC) 

Detected concentrations for all sample duplicates showed good precision which was 

within 30% in most cases. The average surrogate recovery ranged between 67% to 90% 

indicating a good accuracy. 

3.4 Conclusion 

Except for RAP1 sample, which had some of its BaP-equivalent PAH (100% and 10%) 

exceeding industrial FL SCTL and industrial RSL, relatively low BaP-equivalent PAH 

concentrations were detected for these 11 asphalt products. However, in terms of the more strict 
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regulation of residential RSL, only NAP1 with 1% asphalt materials did not exceed the 

residential level. Concentrations of naphthalene of some samples also exceeded its regulatory 

risk thresholds. PAH concentrations in most samples decreased as the asphalt percentage 

decreased, with the exception of a few low ring PAHs presented in aged asphalt shingles. This 

might be due to a combination of effects such as the higher mobility of these low ring PAHs with 

the influence of soil matrix and the lower ability of the aged asphalt shingles to retain PAHs. 

PAH bioaccessibility for all samples were determined to be less than 40%, therefore the health 

risk associated with these products might be lower than predicted based on as strict comparison 

to risk thresholds. In addition, due to the few available diagnostic ratios determined in these 

asphalt products, caution should be taken when using it to indicate PAH sources. Therefore, the 

presence of a small piece of asphalt may result in low PAH concentration, but more commonly, 

the PAH source in soils and wastes containing asphalt products might from other sources such as 

fuel and vehicle emissions. 
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Table 3-1. Description of eleven asphalt containing materials. 

Sample ID Description  

NAS1 New asphalt shingle purchased from local market 

NAS2 New asphalt shingle exposed outside for several days 

NAS3 New asphalt shingle exposed outside for several days 

AAS1 3-Tab Tamko Weathered Wood aged asphalt shingle, 12-

15 years’ usage time 

AAS2 3-Tab Tamko Estated Grey aged asphalt shingle, 20-25 

years’ usage time 

AAS3 CertainTeed Aged asphalt shingle, 15 years’ usage time 

RAP1 Reclaimed Asphalt Pavement collected from West Palm 

Beach, 12-15 years’ lifetime 

RAP2 Reclaimed Asphalt Pavement collected from Tampa, 12-15 

years’ lifetime 

NAP1 New asphalt pavement collected from the roadside 

opposite to the oaks mall, Gainesville, FL. It was dumped 

on the road for 1-2 weeks. 

B1 PG 52-28 

B2 PG 67-22 

 

 

Table 3-2. New asphalt shingle total extractable PAH concentrations in duplicate. (mg PAH/kg 

asphalt) 
Samples 100% 10% 1% 

 NAS1 NAS2 NAS3 NAS1 NAS2 NAS3 NAS1 NAS2 NAS3 

NA <0.028 0.073 <0.028 <0.028 0.066 <0.028 <0.028 0.066 <0.028 

PH 0.060 <0.017 <0.017 0.053 <0.017 <0.017 0.020 <0.017 <0.017 

ANC <0.015 <0.015 0.060 <0.015 <0.015 0.05 <0.015 <0.015 <0.015 

CH 0.053 <0.002 <0.002 0.052 <0.002 <0.002 0.050 <0.002 <0.002 

BaP <0.002 0.020 <0.002 <0.002 <0.002 <0.002 <0.002 <0.002 <0.002 

DhA 0.050 0.070 0.075 0.040 0.053 0.066 0.038 0.038 0.040 

DlP 0.043 <0.008 <0.008 0.039 <0.008 <0.008 0.038 <0.008 <0.008 
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Table 3-3. Aged asphalt shingle total extractable PAH concentrations in duplicate. (mg PAH/kg 

asphalt) 
Samples 100% 10% 1% 

AAS1 AAS2 AAS3 AAS1 AAS2 AAS3 AAS1 AAS2 AAS3 

NA 121.1 197.3 1107 709.8 88.1 64.2 29.8 <0.028 30.2 

ACE 37.9 9.49 28.4 27.2 58.2 12.6 21.0 34.1 9.90 

PH 369.3 <0.017 <0.017 23.6 <0.017 <0.017 149.3 <0.017 <0.017 

 

 

Table 3-4. Reclaimed asphalt shingle total extractable PAH concentrations in duplicate. (mg 

PAH/kg asphalt) 
Samples 100% 10% 1% 

 RAP1 RAP2 RAP1 RAP2 RAP1 RAP2 

NA 41.5 396.2 31.2 297.7 20.1 100.3 

ACE 3.82 1.66 2.02 1.03 3.78 0.62 

PH 28.5 23.5 1.64 5.12 0.30 1.71 

FLU 34.4 2.13 20.5 1.22 0.23 0.64 

PY 55.3 4.06 4.82 1.18 0.11 0.14 

BaA 28.9 <0.016 18.3 <0.016 1.31 <0.016 

BbF 38.5 <0.001 2.20 <0.001 0.07 <0.001 

BaP 9.13 <0.002 6.20 <0.002 0.10 <0.002 

BP 14.7 <0.005 10.6 <0.005 <0.005 <0.005 

AN 14.3 <0.008 1.21 <0.008 <0.008 <0.008 

 

 

Table 3-5. New asphalt pavement & fresh bitumen total extractable PAH concentrations in 

duplicate. (mg PAH/kg asphalt) 
Samples 100% 10% 1% 

 NAP1 B1 B2 NAP1 B1 B2 NAP1 B1 B2 

NA 390.1 181.8 1.35 349.4 117.3 0.70 297.1 4.38 0.13 

ACE <0.036 31.43 0.85 <0.036 13.30 0.29 <0.036 2.16 <0.036 

FL <0.032 <0.032 7.64 <0.032 <0.032 1.15 <0.032 <0.032 0.20 

PH 9.85 1.56 1.14 4.63 <0.017 0.11 1.95 <0.017 <0.017 

ANC 10.3 1.15 <0.015 3.59 <0.015 <0.015 0.63 <0.015 <0.015 

FLU 4.87 <0.009 0.29 1.43 <0.009 0.24 0.30 <0.009 0.12 

PY 3.86 <0.009 <0.009 1.43 <0.009 <0.009 0.11 <0.009 <0.009 

BaA 1.92 <0.016 <0.016 0.37 <0.016 <0.016 0.10 <0.016 <0.016 

CH 1.40 <0.002 <0.002 0.44 <0.002 <0.002 0.23 <0.002 <0.002 
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Table 3-6. BaP-equivalent total PAH of the 11 asphalt containing materials in duplicate. 

BaP-eq (mg/kg) 100% asphalt 10% asphalt 1% asphalt 

NAP1 0.19 0.04 0.01 

RAP1 15.9 8.25 0.24 

NAS1 0.05 0.04 0.04 

NAS2 0.09 0.05 0.04 

NAS3 0.08 0.07 0.04 

*Average recovery rate: TE (62.1%), ME (81.0%), PE (70.3%) 

 

 

Table 3-7. Detected diagnostic Ratios of pure samples. 

Diagnostic Ratios RAP1 RAP2 NAP1 B1 

Ant/(Ant+Phe) - - 0.51 0.43 

Flt/(Flt+Pyr) 0.38 0.34 0.56 - 

BaA/(BaA+Chr) - - 0.58 - 

BaP/BPE 0.62 - - - 
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Figure 3-1. Average PAH Bioaccessibility of 100%, 10% & 1% asphalt products in duplicate 

 

Figure 3-2. PAH diagnostic ratios based on PAH molecular weight (Azah, 2011; Bra et al., 2007; 

Colombo et al., 1989; Yunker et al., 2002). 
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CHAPTER 4 

SUMMARY AND CONCLUSION 

 4.1 Summary of Research 

This thesis provides results from two research experiments, both of which analyzed 

chemicals of concern in CDD fines. Chapter 2 examines four chemicals of concern in CDD fines 

as a function of particle size fraction and assesses whether the selective screening of certain 

particle size ranges would decrease chemical concentrations to below applicable risk thresholds. 

Chapter 3 examines the extent to which asphalt products represent a potential source of PAH in 

CDD fines. 

In Chapter 2, CDD fines samples from around the US were characterized by first 

screening off CDD materials above a 19-mm sieve and then conducting a composition study of 

this larger fraction (concrete, wood and asphalt were the three main components present in larger 

than 19 mm CDD fines fraction). In the four size fractions below 19-mm, most of the sample 

mass resides in the larger size fractions, where a greater VS content was measured as well. 

Aluminum, arsenic and chromium concentrations were distributed almost evenly in each of the 

four size fractions. Lead, cadmium, nickel and copper tended to have higher concentrations in 

the smaller size fractions. In terms of BaP-equivalent total extractable PAH, the highest 

concentrations could also occur in the sandy-size materials (0.84 – 4.8 mm). 

If the three finer size fractions were removed, the remaining gravel-size materials only 

contained less than 10% of the BaP-equivalent total extractable PAHs of each sample. When 

compared with regulatory soil cleanup target levels, more samples had PAH concentrations 

below risk thresholds as their size became larger. The same conclusion was also valid for sulfate 

as more than 70% of the present sulfate resided in the three finer fractions. It can therefore be 

hypothesized that screening out particle sizes of less than 0.84 mm, would result in reduced 
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concentrations of lead, sulfate and BaP-equivalent total PAH. For arsenic and some other heavy 

metals, the concentrations are evenly distributed; thus, removing the finer fractions would likely 

not help reduce concentrations significantly.  

In Chapter 3, most asphalt product samples, with exception of one sample of recycled 

asphalt pavement, were found to have low (or non-detectable) concentrations of PAH compared 

to risk thresholds. Asphalt products may not be a significant source of PAH in CDD fines as 

often hypothesized. PAH bioaccessibility conducted using mild solvent extraction method 

showed relatively low bioaccessible fractions (< 40%). Available diagnostic ratios indicated that 

the PAH sources were not only petrogenic, but also pyrogenic. 

4.2 Specific Observations 

 Concrete, asphalt and wood comprised the largest components of CDD fines of greater 

than 19 mm. 

 Arsenic tended to be evenly distributed throughout CDD fines, while Pb, BaP-equivalent 

PAH and sulfate tended to reside more in the finer size fractions. 

 Screening out particle sizes of less than 4.8 mm may reduce Pb, BaP-equivalent PAH and 

sulfate concentrations in CDD fines, possibly to below risk thresholds. 

 BaP-equivalent PAH concentrations of the 11 asphalt products indicated that only one 

RAP sample exceeded Florida risk thresholds. 

 Naphthalene, a non-carcinogenic PAH, exceeded the Florida SCTL and the EPA RSL in 

many asphalt products. 

 Lower percentages of most asphalt-containing materials, when mixed with soil, tended to 

have lower PAH concentrations as well as lower bioaccessibility. 

 Bioaccessibility of the 11 asphalt products were all below 40%, with new asphalt shingles 

having a higher bioaccessibility than the other asphalt products. 

 Diagnostic ratios indicate PAH of the asphalt products were from a combination of 

petrogenic and pyrogenic sources. 

 In most cases, PAH contamination in CDD fines might not be elevated solely due to the 

presence of small pieces of asphalt containing materials. 
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4.3 Future Implications 

Future research should focus on combining mechanical shaking and fines washing 

processes to remove designated sizes of fines particles, which were conducted in this study to 

result in high chemical concentrations of concern. The particle size boundary in this study was 

designated as 4.8 mm, but future research can focus on conducting more chemical analysis on 

particle sizes between 0.84 – 19 mm to provide a more specific size range for removal. For 

arsenic, the fines removal is not as efficient as the other chemicals since it distributes evenly in 

all size ranges. However, since most arsenic concentrations detected in this research were below 

the commercial soil cleanup target level, arsenic may not be a major concern. In terms of PAH 

contamination in CDD fines, the presence of small pieces of asphalt product does not apparently 

result in dramatically elevated concentrations. 
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APPENDIX A 

FIGURES 

Figure A-1. Mixed CDD processing diagram 

 

Figure A-2. Comparison of Al concentration mass distribution as a function of particle size for 

14 samples in triplicate 
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Figure A-3. Comparison of Cd concentration mass distribution as a function of particle size for 

14 samples in triplicate 

 

 

Figure A-4. Comparison of Cr concentration mass distribution as a function of particle size for 

14 samples in triplicate 
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Figure A-5. Comparison of Cu concentration mass distribution as a function of particle size for 

14 samples in triplicate 

 

 

Figure A-6. Comparison of Ni concentration mass distribution as a function of particle size for 

14 samples in triplicate 
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Figure A-7. Comparison of Zn concentration mass distribution as a function of particle size for 

14 samples in triplicate 

 

 

 
Figure A-8. Composition study of 14 samples on different size fractions 
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APPENDIX B 

TABLES 

Table B-1. Table of 16 EPA Priority PAHs. 

EPA 16 priority PAHs # of rings 

Naphthalene 2 

Acenaphthene 3 

Acenaphthylene 3 

Anthracene 3 

Phenanthrene 3 

Fluorene 3 

Fluoranthene 4 

Benzo(a)anthracene 4 

Chrysene 4 

Pyrene 4 

Benzo(a)pyrene 5 

Benzo(b)fluoranthene 5 

Benzo(k)fluoranthene 5 

Dibenz(a,h)anthracene 6 

Benzo(g,h,i)perylene 6 

Indeno[1,2,3-cd]pyrene 6 
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Table B-2. Mass distribution on different sieve sizes in duplicate (g). 

Sieve Size A B C D E F G H I J K L M N 

4.8-19mm 163.3 136.3 150.7 139.3 11.5 215.8 451.0 442.9 124.9 332.1 114.4 112.7 258.3 295.6 

0.84-4.8mm 168.9 470.9 132.5 286.0 391.0 180.1 614.8 558.4 237.7 162.2 173.7 286.1 297.2 132.9 

0.30-0.84mm 59.5 60.0 64.3 100.1 147.4 206.8 298.9 201.2 229.1 96.4 118.2 233.8 184.3 62.4 

<0.3mm 47.3 26.8 38.4 92.8 42.8 261.7 108.9 222.0 151.1 122.0 119.4 130.3 82.1 87.0 

 

Table B-3. VS content measured on different sieve sizes in duplicate (g).  

Samples 4.8-19 mm sieve 0.84-4.8 mm sieve 0.30-0.84 mm sieve < 0.30 mm sieve 

A 63.1 32.8 7.38 4.92 

B 13.2 71.6 6.48 3.78 

C 73.4 64.3 27.4 13.6 

D 22.2 31.8 6.80 3.76 

E 2.53 83.7 32.7 5.82 

F 56.7 47.7 19.9 19.8 

G 81.2 158.6 29.9 12.3 

H 109.8 103.3 18.2 20.0 

I 15.2 18.0 18.9 15.3 

J 42.9 32.1 13.2 20.4 

K 5.26 31.6 9.26 12.9 

L 7.20 32.0 4.37 7.31 

M 38.7 67.8 27.3 9.19 

N 87.2 23.7 8.55 12.4 

average 44.2 57.1 16.5 11.5 

 

Table B-4. As concentrations on different sieve sizes and the total weighted average As 

concentrations for all 14 samples in triplicate(mg/kg) 

*Average SD: 1.27 

 

 

 

 

Sieve Size A B C D E F G H I J K L M N 

4.8-19mm 5.9 2.27 14.2 1.57 6.35 0.85 14.3 5.45 6.23 2.19 2.74 2.93 5.54 1.85 

0.84-4.8mm 9.07 4.21 10.6 1.78 9.41 3.07 9.69 7.43 3.2 2.45 4.08 6.04 5.56 2.09 

0.30-0.84mm 7.16 3.59 9.32 2.18 10.4 5.35 8.19 7.95 3.39 2.52 3.78 4.28 6.98 2.46 

< 0.30mm 7.85 3.72 7.93 3.26 3.93 4.29 8.67 12.1 5.23 2.93 3.96 3.67 6.75 2.37 

weighted average sum 7.50 3.76 11.53 2.02 9.20 3.43 10.72 7.62 4.18 2.42 3.69 4.64 5.99 2.05 
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Table B-5. Pb concentrations on different sieve sizes and the total weighted average Pb 

concentrations for all 14 samples in triplicate (mg/kg) 

*Average SD: 4.32 

 

 

Table B-6. Gypsum content for 14 samples obtained on different size fractions in duplicate. 

Samples 4.8-mm Sieve 0.84-mm Sieve 0.30-mm Sieve <0.30-mm Sieve 

% of Weighted 

average 

A 0.29% 7.08% 11.8% 19.5% 6.53% 

B 12.2% 16.2% 18.7% 19.5% 15.8% 

C 3.6% 12.4% 15.2% 15.3% 9.72% 

D 11.5% 11.8% 14.9% 19.3% 13.4% 

E 13.7% 13.0% 15.3% 16.4% 13.8% 

F 4.42% 5.32% 6.11% 5.36% 5.30% 

G 8.21% 10.9% 15.3% 12.6% 11.1% 

H 1.55% 4.29% 4.61% 7.54% 3.99% 

I 6.57% 13.7% 13.6% 18.2% 13.4% 

J 17.0% 18.4% 14.2% 29.6% 19.1% 

K 19.0% 15.0% 16.2% 22.7% 17.9% 

L 4.99% 9.90% 13.2% 13.0% 10.7% 

M 5.46% 2.70% 2.47% 5.99% 3.84% 

N 6.40% 9.73% 13.2% 20.3% 10.0% 

Average  8.21% 10.74% 12.49% 16.09% 11.04% 

 

 

 

 

 

 

 

 

Sieve Size A B C D E F G H I J K L M N 

4.8-19mm 8.00 19.3 260.1 15.8 13.9 5245 163.5 502.2 16.5 6.76 3.72 4.08 46.9 24.8 

0.84-4.8mm 69.9 18.6 510.5 79.5 15.4 1335 764.4 928.8 139.5 19.4 9.22 5.10 147.5 700.7 

0.30-0.84mm 200.9 96.0 1478 141.1 18.2 933.0 1249 1250 323.0 154 28.6 5.83 71.4 130.4 

< 0.30mm 172.8 73.2 1608 191.2 31.5 312.0 937.6 1898 267.6 51.9 27.4 7.40 53.1 193.0 

weighted average 

sum 
75.7 27.5 683.3 91.9 17.2 1905 691.6 992.6 201.5 37.3 16.5 5.57 89.4 217.0 
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Table B-7. Al concentrations on different sieve sizes and the total weighted average Al 

concentrations for all 14 samples in triplicate (mg/kg) 

*Average SD: 0.99 

 

Table B-8. Cd concentrations on different sieve sizes and the total weighted average Cd 

concentrations for all 14 samples in triplicate (mg/kg) 

*Average SD: 1.29 

 

Table B-9. Cr concentrations on different sieve sizes and the total weighted average Cr 

concentrations for all 14 samples in triplicate (mg/kg) 

*Average SD: 4.17 

 

 

 

 

Sieve Size A B C D E F G H I J K L M N 

4.8-19mm 4526 3662 2398 4718 5858 1758 4218 5666 4435 4553 10940 5552 4571 1007 

0.84-4.8mm 6266 7576 4895 5739 6201 4292 4906 5741 5214 4752 9928 9085 8356 8375 

0.30-0.84mm 6846 5828 3333 4713 5347 4976 5093 5236 4931 4499 8557 6955 6013 5412 

< 0.30mm 5888 7584 4437 6716 5298 5931 5438 6881 6676 4694 9656 6673 7556 7817 

weighted average sum 5656 6656 3614 5489 5917 4319 4772 5824 5293 4615 9778 7498 6561 4203 

Sieve Size A B C D E F G H I J K L M N 

4.8-19mm 0.86 0.46 0.53 0.71 0.78 1.06 0.96 2.00 0.56 0.28 0.43 0.20 0.42 1.12 

0.84-4.8mm 0.89 0.76 1.40 0.62 0.87 1.23 2.46 2.42 0.98 4.17 0.89 0.50 1.32 2.28 

0.30-0.84mm 1.26 1.46 2.12 0.71 1.13 2.06 2.00 1.92 1.00 0.85 0.58 0.39 1.12 0.87 

< 0.30mm 13.7 26.2 3.38 2.56 2.22 1.81 2.37 2.92 1.39 0.81 0.77 0.47 0.75 1.04 

weighted average 

sum 
2.31 1.74 1.38 0.95 1.03 1.56 1.90 2.30 1.00 1.33 0.69 0.42 0.94 1.35 

Sieve Size A B C D E F G H I J K L M N 

4.8-19mm 17.3 12.6 8.3 12.4 13.9 4.9 25.0 11.2 27.1 9.5 38.4 12.8 11.7 4.7 

0.84-4.8mm 24.9 18.1 16.1 12.3 19.2 17.6 20.7 19.5 22.9 29.2 23.4 22.3 22.4 16.4 

0.30-0.84mm 29.3 26.1 12.1 13.0 17.8 20.7 18.3 20.7 25.3 17.6 22.7 20.1 18.1 16.6 

< 0.30mm 23.0 27.3 21.5 20.6 18.5 15.3 20.4 25.6 30.8 15.9 28.5 20.5 21.2 21.0 

weighted average 

sum 
22.5 18.1 12.9 13.7 18.7 14.5 21.5 18.0 26.0 16.2 27.7 19.9 18.0 11.1 
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Table B-10. Cu concentrations on different sieve sizes and the total weighted average Cu 

concentrations for all 14 samples in triplicate (mg/kg) 

*Average SD: 2.29 

 

Table B-11. Ni concentrations on different sieve sizes and the total weighted average Ni 

concentrations for all 14 samples in triplicate (mg/kg) 

*Average SD: 2.00 

 

 

Table B-12. Zn concentrations on different sieve sizes and the total weighted average Zn 

concentrations for all 14 samples in triplicate (mg/kg) 

*Average SD: 5.91 

 

Sieve Size A B C D E F G H I J K L M N 

4.8-19mm 12.8 16.8 22.0 5.6 30.8 2.7 16.4 22.3 7.5 12.1 22.7 10.1 45.3 9.9 

0.84-4.8mm 22.3 66.9 47.9 11.6 52.0 21.5 37.6 38.6 35.2 18.9 29.8 51.9 175.2 21.5 

0.30-0.84mm 30.6 30.9 44.1 15.8 48.0 112.4 32.0 51.7 50.5 53.7 29.7 30.2 105.9 104.5 

< 0.30mm 66.4 67.9 170.9 65.4 82.9 53.0 107.6 97.3 140.4 46.3 79.5 103.0 177.0 233.7 

weighted average 

sum 
24.6 54.0 49.4 19.0 52.8 48.1 35.1 44.5 56.7 25.1 39.5 47.8 119.0 56.5 

Sieve Size A B C D E F G H I J K L M N 

4.8-19mm 9.66 10.1 38.7 4.23 12.0 4.25 11.4 10.2 9.06 5.09 12.3 6.67 11.2 2.27 

0.84-4.8mm 19.2 13.6 14.2 5.44 15.4 11.5 12.4 16.5 18.0 15.9 11.6 13.2 19.5 10.3 

0.30-0.84mm 25.6 19.6 11.5 5.31 15.2 16.1 21.0 15.2 20.2 12.0 11.1 11.6 9.60 7.77 

< 0.30mm 30.3 48.7 22.5 12.3 17.2 12.3 18.1 18.5 27.2 8.72 13.2 13.6 12.1 13.6 

weighted average 

sum 
17.7 14.8 24.1 6.2 15.4 11.0 14.3 14.7 19.0 9.11 12.0 11.8 13.9 6.42 

Sieve Size A B C D E F G H I J K L M N 

4.8-19mm 63.1 85.6 197.5 306.9 142.4 478.1 160.7 515.3 43.4 22.1 33.3 28.4 286.1 35.0 

0.84-4.8mm 167.7 94.4 492.1 272.0 177.8 700.3 354.6 456.9 244.9 346.8 83.1 69.5 563.6 125.1 

0.30-0.84mm 552.7 210.8 844.6 197.0 251.2 411.4 456.1 507.3 404.9 237.0 84.0 95.1 309.9 285.1 

< 0.30mm 468.6 293.4 830.6 267.7 234.1 278.3 479.2 688.5 495.7 143.9 121.3 114.5 198.4 394.3 

weighted average 

sum 
213.3 110.4 469.6 267.1 199.4 448.0 325.1 518.3 311.4 145.9 81.1 79.0 383.0 136.8 
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Table B-13. Florida SCTL and National RSL for detected chemicals (mg/kg) 

Parameters  
RSL 

(Residential) 

RSL  

(Industrial) 

FSCTL 

(Residential) 

FSCTL 

(Industrial) 

Arsenic (As) 0.68 3.0 2.1 12 

Lead (Pb) 400 800 400 1400 

Benzo[a]pyrene (BaP) 0.016 0.29 0.1 0.7 

Naphthalene (NA) 38 170 55 300 

Acenaphthene (ACE) 3600 45000 2400 20000 

Phenanthrene (PH) - - 2200 36000 

Fluorene (FL) 2400 30000 2600 33000 

Anthracene (ANC) 18000 230000 21000 300000 

Fluoranthene (FLU) 2400 30000 3200 59000 

Pyrene (PY) 1800 23000 2400 45000 

Benzo[a]anthracene (BaA) 0.16 2.9 - - 

Benzo[b]fluoranthene (BbF) 0.16 2.9 - - 

Chrysene (CH) 16 290 - - 

Benzo[g,h,i]perylene (BP) - - 2500 52000 

Anthanthrene (AN) 18000 230000 21000 300000 

Dibenz[a,h]anthracene 

(DhA) 0.016 0.29 
- - 

Dibenzo[a,l]pyrene (DlP) - - - - 
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