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Introduction
The threat to safe drinking water is one of the greatest pollution problems in the world 
today. Less than 1% of the water on earth is clean and available for potable drinking water. 
Sources of human drinking water are a mixture of groundwater aquifers and surface water 
reservoirs. It is vitally important for the safety of these water that the sources be protected 
from pollutants.
A significant source of pollution to drinking water supplies comes from the discharge of 
untreated or under treated storm water runoff. (1) More importantly runoff from asphalt 
roadways. In addition to leachable material in the asphalt there are also surface deposits of 
toxic elements from road traffic. This article reviews these sources and proposes a scheme 
for measuring and quantifying the amounts of metals in their source materials used to bind 
asphalt used in making roads.
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Background
Heavy metals can directly harm public health by entering the body via soil and dust, dermal 
contact or breathing. The typical elements Cd, Pb, Zn, and Cu in the roadside soils, coming 
from traffic activity, can be transported through the food chain into the human body and thus 
be very toxic to people. In agricultural areas, intake of heavy metals through the soil-crop 
system could play a predominant role in human exposure to heavy metals. In general, heavy 
metals with high concentrations in the environment, result in health problems-adversely 
affecting the nervous, blood forming, cardiovascular, renal and reproductive systems. The 
consequences of heavy metal pollution include reduced intelligence, attention deficit and 
behavioral abnormality, as well as contribution to cardiovascular disease in adults. Some 
trace metals (such as Cu and Zn) are harmless in small amounts, but the others (mainly Pb, 
As, Hg and Cd), even at extremely low concentrations, are toxic and are potential cofactors, 
initiators or promoters in many diseases, including increased risk of cancer. However, it is 
not easy to remove heavy metals from the soils because of their irreversible immobilization 
within different soil components.

The mechanisms of heavy metal emission from vehicles consist of fuel consumption, 
engine oil consumption, tire wear, brake wear, and road abrasion. Engine oil consumption 
is responsible for the largest emission for Cd. Tire wear contributes the most important 
emission for Zn, and brake wear is the most important source of emissions for Cu and Pb. 
Though the use of unleaded gasoline has caused a subsequent reduction in fuel emissions 
of Pb, it may still occur in exhaust gas and come from worn metal alloys in the engine. 
Bitumen and mineral filler materials in asphalt road surfaces contain different heavy metal 
species, including Cu, Zn, Cd, and Pb. Heavy metals can be transported into the roadside 
soils by atmospheric precipitation or road runoff. Public health concerns of contamination 
of aquifers is assessed as being a severe threat. (2) Roadway runoff can include breakdown 
products from asphalt emulsifiers since a significant metal concentration is found in the 
polar fraction of asphalt binders as measured on the Schieff scale (3). This is of concern to 
environmental protection agencies like the Federal Highway Administration and the state 
DOTs (Department Of Transportation), trying to pavement longevity with safety concerns for 
road construction materials.

Economic factors lead asphalt makers to look for alternative material sources and to use 
recycled materials to deal with the waste produced by aging road surfaces and used motor and  
vegetable  oils  are natural emulsifiers for recycled asphalt paving and are readily available 
at low cost. The concern is the deleterious elements that are found in these materials and 
the need is to blend the oils correctly to minimize the concentration of metals and other 
organic components deemed to be public health concerns.
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Typical asphalt compositions
Table 1: Elemental analysis of asphalts from different crude sources

Vanadium and Nickel are naturally occurring in crude oil sources and are inherently found in 
asphalt as obtained from refineries.

Liquid asphalt components
With the increasing price of petroleum-based asphalt in recent years, people have started 
to seek alternative binders to petroleum asphalt that can be used in pavement construction 
(Aziz et al. 2015; Huang et al. 2012). Some examples of asphalt alternatives include bio asphalt 
derived from waste cooking oil (Wen et al. 2013), waste engine oil (Jia et al. 2014Jia et al. , 2015), 
and biochar derived from bio-oil used as a bio modifier for asphalt cement (Zhao et al. 2014a, 
b). In this article, Ji, Yao, Suo, You, Li, Xu, and Sun evaluated the efficacy of waste cooking 
vegetable oil as a rejuvenator in restoring the desired properties of aged asphalt binder from 
RAP (Recycled Asphalt Paving).
A positive effect of the waste engine oil was observed, especially for the stiffness of the 
aged binder in RAP. The optimum content of asphalt binder decreased after the inclusion of 
waste engine oil (Jia et al. 2014Jia et al. , 2015). Previous research and investigations mainly 
focused on the physical properties and grades of the recovered asphalt binder with different 
contents of waste cooking oils, and few studies have been found to evaluate the fatigue 
resistance and low-temperature properties of these recovered asphalt binders. (3)

Elemental composition ranges determined by research 
In 2009, Hesp et al. from the University of Ontario discuss a need for improvement in the 
Superpave (M 320) protocols to better predict cracking performance through the use of the 
Double Edged Notched Tension Test (DENT) and extended Bending Beam Rheometer (BBR) 
methods. Seven pavement sections placed in 2003 with seven different asphalt binders – all 
meeting the current M 320 low temperature requirement of -34°C – were investigated. The 
sections had varying low temperature cracking performance so chemical analysis results 
from recovered asphalt binders was used to confirm the validity of the proposed DENT and 
extended BBR test methods. 
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Quantifying the metal content to meet environmental guidelines
Figure 1: Source location of seven samples taken from re-refinery. The numbers in the red 
boxes refer to REOB/VTAE processed samples. Identifiers in the blue boxes refer to lube oil 
processes, two of which involve hydrotreating to convert PACs to naphthenic compounds.

Table 2 – Naturally occurring metal levels in Crude Oil

Table 3 – Levels of elements of interest in REOB materials
The following metal levels are found in Recycled Motor Oils 

X-ray fluorescence (XRF) spectrum detected the presence of Zinc (Zn) in three of the failed 
sections. Zinc may be a fingerprint element for waste engine oil residues, since it is typically 
present in large quantities after the refining of waste engine oil and never occurs in either 
straight asphalt cement or the aggregate. However Zinc-Carbonate or Zinc-Sulphate is 
sometimes used to scavenge hydrogen sulfide in asphalt binders.
It stands to reason that other engine oil additives would also be present in the asphalt from 
waste engine oil and one would expect to see concentrations of Phosphorus (P), Calcium (Ca) 
and potentially. Molybdenum (Mo) metals in these asphalt samples as well. 
Historical testing has shown the following metals to be present in bitumen in mg/kg. The four 
samples represent bitumen samples taken from Nigerian Bitumen outcrops (5).
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The toxicity of metals present in REOB (Recycled Engine Oil Bottoms) /VTAE (Vacuum Tower 
Asphalt Extenders) is related to Chromium (Cr), Zinc (Zn) and (Cu) Copper. Some wear metals 
are removed before vacuum tower, through the processing of the used engine oil. 
Additive metals in the REOB/VTAE are also present in the blended asphalt binder but were 
not found to be leachable.

Table 4 - Results for leachable amounts of toxic metals found in REOB/VTAE 

From the Table 4 above it is apparent that none of these materials leached out any of these 
metals in environmentally significant quantities using standard leaching tests, but other 
metals commonly found in recycled waste oil may be more labile.
Understanding the composition of REOB/VTAE requires separating the major components 
within the material. Using a fractionation procedure developed by Strieter, HRG isolated the 
Non-Polars, Mid-Polars and Polar fractions of REOB/VTAE products with results shown in 
TABLE 5 below. Based on GPC analysis, the Non Polar and Mid Polar fractions are of similar 
apparent molecular size. The REOB/VTAE was approximately 56.3% Non-Polars, 33.3% Mid-
Polars, and 10.4% Polars.

Courtesy of REOB/VTAE Report Asphalt Institute

Table 5  Elemental Analysis of REOB/VTAE Fractions
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Table 6 - Elemental distribution in various polarity fractions as extracted using the 
Strieter method 

Courtesy of the REOB/VTAE Report – Asphalt Insitute 

Strieter Non-Polars
The Non-Polar fraction was 55% of the REOB/VTAE product and was paraffinic base oil with 
a molecular weight as determined by GPC of 925 daltons. The FTIR data shows this fraction 
to be primarily aliphatic hydrocarbons.

Strieter Mid-Polars
The molecular weight of this fraction was determined by GPC to be 1125 daltons. Aliphatic 
hydrocarbons, aldehydes, alcohols, and organic acids were the primary components detected 
in the volatile and semi-volatile analyses. Quantitative results for the PAC analysis detected 
40PAC at 123 mg/kg. The RI @ 25°C is approximately 1.52. FTIR shows esters as being the main 
functional group in the resin fraction. Acids and amides are weak if present. Based on a total 
acid number of 4.4 mg KOH/g, calculating the acid as stearic acid, there would be about 2% 
long chain fatty acids in the Mid Polar fraction. Some of the esters are likely from synthetic 
oils.

The Mid Polar does not add to 100% because not all of the material could be fully extracted 
from the media for analysis. These three fractions were further analyzed by ED-XRF. Estimated 
results are displayed in Table 5
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Strieter Polars
Based on GPC analysis, the Polars are in the 7500 Dalton range. V, Ni, Ca, Fe, and Zn reside 
in this fraction. Most of the Polar fraction are metal complexes from additive packages and 
wear metals.

Using XRF to quantify the metal content
In 2010, Hesp and Shurvell discuss the discovery of waste engine oil residues in pavements 
across Ontario, Canada, finding that recovered asphalts from a large majority of poorly 
performing contracts test positive for zinc through X-ray fluorescence (XRF) analysis. The 
XRF spectra were collected using Xenemetrix X-Cite multi-element spectroscopic benchtop 
analyzer. Since Zinc and phosphates are universal additives in engine oils, it was  inferred 
that the use of waste oil residues in asphalt must be widespread with typical modification 
levels in the 5–20% range. 
However, Zinc Carbonate or Zinc Sulphate is sometimes added to scavenge hydrogen sulfide 
(H2 S) produced not only during the routine production of asphalt but also during the 
production of polymer-modified asphalt cements where a sulphur grafting reaction occurs. 
The authors found that 12 of the 15 poorly performing contracts tested positive for the 
presence of significant quantities of Zinc and hence were likely contaminated with waste 
engine oil residues. An additional 2 of the 15 poorly performing contracts showed traces 
of Zinc and Manganese in the asphalt cement while none of the 11 superior performing 
contracts showed any sign of Zinc. 
The sum of all cracking was included in the determination of performance and the type 
of cracking was not deciphered. (6) This data was generated on a EDXRF system using the 
Fundamental Parameter program. The data is in m/m%. The metal content remains consistent 
across the process to rejuvenate the motor oil and the metals stem mainly from additives 
(Ca, P, Zn , Ba and Mo with other metals coming from wear metal debris during the use of 
the motor oil (Cu, Fe, Cr, Mn, Pb).
The sources refer to the diagram in Figure 2 below.

Figure 2 - Calibration coefficients and resultant calibration lines
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The use of bench top EDXRF to characterize binders before blending them into asphalt 
cements is possible because the metal values are in the 10s – 1000s of ppms and are readily 
monitored. The characterization of Asphalt and Bitumen is also possible by using the internal 
ratio method available on most EDXRF systems. Sample preparation consists on transferring 
a constant mass to the cup to keep the mass of sample constant – the volume occupied 
would be a function of the density of the material.

The data generated in this study was collected on a Xenemetrix X-Cite Benchtop using the 
Analytix software package which has both empirical and fundamental parameter processes 
for evaluating data. Matrix effects were compensated for using the de Jongh algorithm 
and the data acquisition was accomplished in three segments providing optimal excitation 
conditions for the metals measured. Synthetic crude oil standards with multi-element 
compositions that varied independently were used to establish calibration curves and NIST 
reference standards were used to validate the method.

Table 7 - XRF measurements quantified using Xenemetrix X-Cite

EDXRF to characterize binders

Figure 3 - Xenemetrix Analytix software 
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Table 8 – Typical ranges of elements of interest to asphalt producers 

Validation Results on NIST Standards
Two NIST standards were used to validate the method
Table 9  - Comparison of Certified and measured values for NIST certified reference materials 
1085-c and 1848
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Summary
The monitoring of metals in asphalt additives and ultimately in roadway runoff is able to
be monitored using a very simple EDXRF technique that is both robust and precise if calibrated 
correctly.
Characterized EDXRF makes it the ideal instrument for routine laboratory measurements, 
the interelement effects are correctly assessed and compensated for multi-element 
capability with precise excitation conditions.
EDXRF systems have the capability to quantify the carbon content of solid asphalt
aggregated and compacted into a briquette under substantial hydraulic pressure. 

Conclusion
XRF is a very cost effective method for characterizing the metal content in asphalt and 
asphalt related materials. Relatively simple sample preparation steps and sophisticated 
matrix correction methods can lead to highly accurate and precise results. Cross checking 
by ICP would be a good practice for any large scale XRF monitoring program. Essentially 
well characterized samples that are products of round robin analysis that run through the 
Federal Highways Department can serve as check standards in XRF protocols.
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