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spiked concentrations) to being outside the range of acceptability. The modified Takahashi 

method was outside the range of acceptability for two of the three Pb concentrations and one 

of the Sb concentrations. These results indicate that the modified Takahashi method may 

significantly under-report Pb concentrations in PET at concentrations below 10 mg/L (ppm). 

Table 3. Percent Recovery of 1, 10, and 100 mg/L Pb, Cd, Cr, and Sb from spiked samples 

for each digestion method.  

 

Antimony 

Samples analyzed for Sb using the standard Westerhoff digestion method consistently 

yielded concentrations that were significantly higher (p < 0.05; Figure 3) than samples 

analyzed using the modified Takahashi for all samples except for 80% and 100% RPET. 

Antimony concentrations were significantly higher for samples digested using the modified 

Westerhoff method for 100% virgin and 100% PCR PET, however, all other samples were 

not significantly different in antimony concentration as determined via Tukey’s HSD test 

(α=0.05). The lower reported of Sb concentrations by the modified Takahashi method could 

be the result of losses due to sample preparation, as indicated by the percent recovery 

analysis. Previous studies have reported Sb concentrations, in Sb catalyzed PET, ranged from 

Heavy 

Metals 

Modified Westerhoff Modified Takahashi Standard Westerhoff 

1 

mg/L 

10 

mg/L 

100 

mg/L 

1 

mg/L 

10 

mg/L 

100 

mg/L 

1 

mg/L 

10 

mg/L 

100 

mg/L 

Pb 90% 96% 94% 76% 79% 84% 89% 92% 98% 

Sb 97% 101% 100% 75% 84% 88% 93% 93% 96% 

Cd 113% 119% 116% 98% 101% 103% 119% 116% 114% 

Cr 83% 90% 91% 85% 87% 91% 95% 93% 99% 
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150-300 mg/kg [6, 7, 10, 11].  For all three digestion methods evaluated here, the Sb 

concentration was within the previously reported range.  

 

 

 

 

 

 

 

 

Chromium 

All sample preparation methods yielded concentrations of total chromium which were not 

statistically different, (p > 0.05; Figure 4). Significant differences were not observed due to the 

large variation in determined concentrations of chromium across all sample types. Virgin PET, 

60% PCR PET, and 80% PCR PET showed a large separation of means, but sample error 

negated these differences. Mean concentrations were well above the LOQ (0.02 mg/kg), thus 

it would not be expected that low detection limits would be the cause of the large sample error. 

Previous studies reported Cr concentrations in the range of 5-31 mg/kg. Mean concentration 

levels of Cr in PET for the current study were found to be 0.3 – 0.9 mg/kg. Spike analyses 

Figure 3.  Antimony levels, for blends of virgin and recycled PET (n=3, N=18; 

54 total observations per method). Tukey’s letters of significance (A, AB, B, and 

C) are presented over the error bars. Letters that are not the same indicate 

significant differences between methods by Tukey’s HSD test for that blend of 

PET.  
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suggest that all methods under-reported Cr concentrations, this could be an explanation for 

lower observed values. Additionally, compared to previous studies, the lower Cr levels could 

be explained by variation based on resin source or perhaps a method was used which over-

reported Cr concentrations in PET.  

 

Cadmium 

 All sample preparation methods yielded concentrations of cadmium which were not 

statistically different, (p > 0.05; Figure 5). Concentrations of cadmium obtained from 

Virgin PET samples were much higher than seen in the other blends, but were not 

different from one another. The low concentrations of Cd in PET may result in variation 

due to quantification levels of ICP-OES. Studies which were able to quantify Cd in PET 

determined concentrations of approximately 0.02 mg/kg [23]. The average concentration 

from the current study of Cd in PET was determined to be in the range of 0.01 – 0.1 

Figure 4. Chromium levels, for blends of virgin and recycled PET (n=3, N=18; 54 total 

observations per method). Tukey’s letters of significance (A) are presented over the 

error bars. Letters that are the same indicate no significant differences between 

methods, according to Tukey’s HSD test. 
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mg/kg. The average concentration from the current study of Cd in PET was determined 

to be in the range of 0.01 – 0.1 mg/kg. Higher than expected concentrations were 

observed in virgin and 20% RPET samples across all three methods. These high levels, 

along with a steep decline from virgin PET to 20% RPET may have been the result of 

sample homogeneity or variation within the sample set. It would be expected that if virgin 

PET was very high and 100% RPET was quite low, that a slow decline with even 

distribution would be observed. Spike analyses suggest that the standard and modified 

Westerhoff methods over-reported Cd concentrations, this could be an explanation for 

higher observed values.  

 

Lead  

Considerably higher concentrations of lead were observed when samples were digested using 

the modified Westerhoff method and were significantly different (p < 0.05; Figure 6) from the 

standard Westerhoff methods for all samples and from the modified Takahashi method for 

Figure 5.  Cadmium levels, for blends of virgin and recycled PET (n=3, N=18; 54 

total observations per method). Tukey’s letters of significance (A, AB) are 

presented over the error bars. Letters that are the same indicate no significant 

differences between methods, according to Tukey’s HSD test. 
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virgin and 80% PCR PET. No differences for lead concentration were observed between the 

modified Takahashi and standard Westerhoff methods. Previous analysis of Pb in PET was 

reported by Perring et al. to be 0.15 mg/kg [23]. Average concentrations in the present study 

determined that Pb concentrations ranged from 0.06 – 0.7 mg/kg.  

 

 

CONEG analysis 

Toxics in packaging requirements state that the sum of heavy metal content (Pb, Cd, 

Cr, and Hg) is not to exceed 100 mg/kg in polymeric packaging materials. Figure 7 provides 

an example of the sum of the metals found in virgin PET from the three methods analyzed in 

this study. Mercury was not analyzed in the present study due to lack of instrumentation for 

the ICP-OES system (i.e. cold vapor attachment). The remainder of the heavy metal sums, as 

they relate to CONEG, can be found in the Appendix A (Figures A1-A5). The sum of the three 

heavy metals analyzed range from 0.5 -1.4 mg/kg for virgin PET. The standard Westerhoff 

Figure 6. Lead levels, for blends of virgin and recycled PET (n=3, N=18; 54 total 

observations per method). Tukey’s letters of significance (A, AB, B) are presented over 

the error bars. Letters that are not the same are significantly different, according to 

Tukey’s HSD test. 
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method which used a lower temperature digestion and required filtering consistently yielded 

total sums which were lower than those obtained from the modified Takahashi and modified 

Westerhoff methods. In addition, the modified Takahashi method consistently yielded sums 

which were below the level obtained from the modified Westerhoff method.  

 

 

 

 Discussion 

There was a total of 18 samples per method (N=18) and each method was replicated 

three times (n=3). The method described by Westerhoff et al. [6] yielded digestions with 

visibly high amounts of particulate remaining while the modified Westerhoff and modified 

Takahashi methods yielded digestions which were visibly clear. Higher average concentrations 

(Figures 3 & 6) of Sb and Pb were found in samples digested using the modified Westerhoff 

method when compared to samples digested using the standard Westerhoff and modified 

Takahashi methods. Slight variations can be attributed to the inherent variation observed in 

Figure 7. Sum of CONEG heavy metals for virgin PET, digested using three 

methods. Error bars represent the sum of heavy metal standard deviations, 

for each method. 
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heavy metals analysis. However, it is possible significant differences could be attributed to 

filtration. The initial sample mass is utilized to calculate the concentration of heavy metals 

present in the final solution. When a significant amount of material remains undigested and is 

filtered after dilution, the result is skewed and the calculated concentration reduced. The effect 

of filtration on the total sum of regulated heavy metals (Figure 7) was such that the standard 

Westerhoff method was three-times lower than the total sum as determined by the modified 

Westerhoff method in virgin PET.  

The Toxics in Packaging Clearinghouse (TPCH) was established by CONEG to 

regulate and certify manufacturers for compliance of the heavy metals legislation. The TPCH 

states that sample preparation methods used for the purposes of certification must achieve 

complete digestion of the sample as the metals present would not be completely liberated from 

the material and thus cannot be accurately measured [29, 30]. However, the TPCH cites 

Environmental Protection Agency (EPA) Method 3052 as a method that is sufficient for the 

complete dissolution of plastics [30]. EPA Method 3052 is written for the decomposition of 

organic and siliceous materials and is similar in design to that of Westerhoff et al. [6], i.e., a 

low-temperature digested is used, which resulted in an incomplete digestion of PET (Figure 

2). A low-temperature digestion method is not recommended to ensure accurate reporting of 

total heavy metal content in PET as our data demonstrates a consistent under reporting of the 

calculated concentrations.  

Accuracy of heavy metals quantification is commonly carried out using a certified 

reference material of the same matrix as the unknown sample [7, 19, 23, 24]. As certified PET 

reference materials are not available, spiked samples were used to evaluate digestions of 

known concentration. The modified Takahashi method was the only method to yield results 
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outside the range of acceptability (±20%) for Pb and Sb. This study directly measured and 

determined significant differences in the quantified concentrations of the heavy metals 

regulated by CONEG, however the total heavy metal concentration of each PET/RPET blend 

was far below the CONEG threshold limits for the samples investigated here. It was shown 

that filtering particulates of undigested PET significantly reduced the measured concentration 

of lead and antimony, which can potentially mislead packaging safety assessors when 

considering a packaging structure to satisfy specific regulations.  

Conclusions 

PET resin samples containing 0-100% RPET were analyzed via ICP-OES to investigate 

the effect of the digestion protocol on the reported concentration values of lead, cadmium, 

chromium, and antimony. The results indicated that the values obtained via ICP-OES for Pb 

and Sb contamination in virgin and recycled PET are affected by the sample preparation 

protocol, while Cd and Cr appear to be unaffected by the choice of sample preparation method. 

The reasoning why differences were observed in Pb and Sb, but not in Cd and Cr, is not clear 

and is a topic of current investigations. The large variability observed in the quantification of 

Cr centers around the capability of equipment used for analysis.  

The objective of this study was to observe the effect of sample preparation method as 

well show the inherent variation that occurs with ICP-OES testing of CONEG-regulated heavy 

metals. Depending on the sample preparation method selected, food packaging materials may 

fail regulatory thresholds for safety (as set forth by the CONEG legislation on toxics in 

packaging and the European Union’s Packaging and Packaging Waste Directive 94/62/EC) or 

be falsely reported as compliant when the overall metal content is higher than the regulated 

threshold levels. All samples analyzed for total heavy metal content in this study were well 
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below the threshold (100 mg/kg) level set forth by CONEG and were in the range of 0.4 – 1.5 

mg/kg across all virgin and recycled PET samples. These results have presented concerns with 

regards to the accuracy of previously reported heavy metals analysis if higher than usual 

contamination is observed. In addition, if future compliance levels are decreased, the accuracy 

of heavy metals quantification and reporting becomes increasingly important. 

The modified Westerhoff method, which consistently yielded complete digestion of the 

polymer, regularly reported higher concentrations for lead and antimony when compared with 

the other two methods. As such, we recommend that a method comparable to the modified 

Westerhoff method be applied for the digestion and analysis of heavy metal concentrations in 

PET polymer matrices.  
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Abstract 

Heavy metal contaminants in food-contact plastics have the potential to cause health issues if 

leaching were to occur. Regulations surrounding heavy metals in these materials seeks to 

reduce these levels by holding manufacturers accountable. However, traditional analytical 

methods such as inductively coupled plasma (ICP) and atomic absorption spectroscopy are 

time-consuming and expensive processes. X-ray fluorescence (XRF) technology provides a 

means for monitoring heavy metals content, thereby greatly reducing the costs associated with 

testing by traditional methodology. However, a major downfall of XRF analysis is that a 

sample must be of sufficient thickness for reliable quantification of elements. The results of 

this study demonstrated the ability to analyze antimony concentrations in thin plastic samples 

below the infinite thickness by developing a correlation correction factor by varying sample 

thickness from XRF and ICP data. The current model accurately predicted ICP concentrations 

from XRF data for 94% of the samples tested.  

Introduction 

Regulation of toxic heavy metals in food packaging plastics has led to the development 

of qualitative and quantitative methods of analysis. High concentrations of heavy metals in 
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food packaging materials are of concern because they have the potential to migrate into food 

substrates when stored under abuse conditions and become an environmental hazard after 

disposal [1, 2]. Concerns regarding the safety of food-contact materials resulted in the 

introduction of legislation both in the United States and abroad that regulates the total sum of 

the heavy metals lead, cadmium, hexavalent chromium, and mercury in packaging materials 

[3, 4]. While antimony (Sb) is not regulated in packaging materials in the United States, it is 

considered highly toxic and is regulated by the Environmental Protection Agency (EPA) to a 

maximum contaminant level of six µg/L (ppb) in drinking water [5]. Methods used for 

determining concentrations of heavy metals in packaging materials are time-consuming and 

expensive [4]. Traditional analysis of food-contact packaging involves sample 

decomposition/digestion by open or closed-vessel digestion [4, 6, 7]. Quantification of heavy 

metals can be carried out using several methods, two of which are atomic absorption 

spectroscopy (AAS) and inductively coupled plasma (ICP) [4, 6, 7]. The time required for 

heavy metal quantification using ICP or AAS is three to four hours for a small number of 

samples or a day or more for larger sample sets due to the need for sample preparation, 

decomposition, and subsequent analysis [4]. The lag time associated with this type of analysis 

could be detrimental if unusually high contamination levels are observed, as product recall 

may not be feasible. A more rapid, but generally less sensitive, analytical method for the 

quantification of heavy metal content is X-ray fluorescence (XRF) spectroscopy and its 

variants. 

XRF is a widely accepted analytical technique for determining elemental 

concentrations in a variety of sample matrices such as painted surfaces, coal, soil, and plastics 

[8-12]. When sufficient energy is applied to the sample by incident X-ray, an inner-orbital 
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electron of an atom is ejected. An outer shell electron will fill the vacancy and emit a X-ray 

photon with an energy characteristic of a specific element [11]. Like ICP and AAS analysis, 

XRF is a comparative method meaning that standards of known concentration must be used to 

calibrate the instrument and provide a reference for unknown sample intensities. There are two 

types for XRF analyzers: wavelength dispersive XRF (WDXRF) and energy dispersive XRF 

(EDXRF). The WDXRF analyzer uses a diffraction crystal to separate X-rays according to 

wavelength. The EDXRF analyzer directs secondary X-rays to a detector that converts the X-

ray into a voltage signal. WDXRF analyzers have a larger footprint, lower detection limits, but 

are more expensive than EDXRF analyzers. EDXRF has the ability quantify specific or 

multiple elements simultaneously. Analysis by all XRF instrumentation is non-destructive, 

requires very little sample preparation, and takes between one and three minutes to complete. 

In addition, once calibrated, XRF systems are capable of repeated analysis with minimal 

maintenance and only periodic recalibration. However, an inconvenience of XRF analysis is 

that a sample must be of sufficient thickness; the common term for this property is infinite 

thickness for reliable quantification of elements. 

The term infinite thickness describes the depth that the primary X-ray must travel into 

and out of the sample [13]. A sample analyzed by XRF should be thicker than the depth that 

the X-rays can travel into a material as samples that are of less than infinite thickness are 

partially transparent to incident X-ray and sufficient excitation may not occur [13]. The 

calculation for infinite thickness is determined, in part, using the Beer-Lambert Law (Beer’s 

Law; Eq. 1). The mass attenuation coefficient (MAC; Eq. 2) is obtained from experimentally 

and commonly from National Institute of Standards and Technology (NIST) Tables for each 

element [14]. In addition, the infinite thickness �����; Eq. 3� changes based on the density of a 
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given material [13]. Using equations 1-3, the infinite thickness for PET was determined (Eq. 

4) to be 21 mm. 

1. �� = �������     

2. MAC = ��,� ∗ C� + ��,� ∗ C�+ ��,� ∗ C�  

3. 
 �� = ����   

4. � =  0.625�%&'( + 0.042�%&'* + 0.333�%&'+  ,0.625-,0.28- + ,0.042-,0.40- +,0.333-,0.47- 

=  0.348 

= 
 �.012∗ .02 = 21 mm 

Plastics commonly used for food contact packaging are between 0.3 and 0.6 mm thick. 

Thus, the sample thickness required to properly analyze PET is generally not obtained for food 

packaging applications, thus, a correction factor is required for accurate measurements. 

Analyzing samples that are thinner than infinite thickness results in is a lower counts-per-

second (cps) or weaker intensity than would be observed from a sample that is of sufficient 

thickness. A weaker recorded intensity corresponds to a concentration output, which is lower 

than the actual concentration. Analysis for elemental content by XRF has been utilized in a 

variety of applications such as plastics, coal, wood pulp, cement and limestone, and chrome-

iron ores [8, 9, 15, 16]. XRF has been utilized as an online application for determining 

elemental composition for some of these applications. When XRF is setup over continuous 

systems (i.e. online) such as on a conveyor belt, the analysis can be carried out so that the 

material is not disturbed or damaged. With the high overall cost and high analysis time of 

traditional heavy metal quantification methods (e.g., ICP and AAS methods), online XRF 

systems could play a vital role in monitoring extruded plastics for elemental content. 

In the current study, the antimony (Sb) concentration in extruded PET sheet was 

determined by XRF and ICP-OES to develop a method that correlates antimony concentration 

PET: C10H8O4 5= Density of PET: 1.38 g/cm3 �6,�= NIST Table MAC of PET in cm2/g 

• Sb through Carbon = 0.28 

• Sb through Hydrogen = 0.40 

• Sb through Oxygen = 0.47 78= Concentration of “i-k”, as a percent  

• C: 12*10 = 120 or (62.5%) 

• H: 1*8 = 8 or (4.2%) 

• O: 16*4 = 64 or (33.3%) 
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in PET. Antimony levels obtained from XRF were correlated with those obtained from ICP-

OES to evaluate the response and develop a correction equation for samples that were not 

infinitely thick. According to EPA Method 6200, XRF outputs are considered acceptible if 

they accurately report concentrations for a certified reference material within a 20% margin of 

error [17]. Correlated data were used to predict Sb content in unknown PET samples and were 

considered accurate if with the 20% margin of error, as set forth in EPA Method 6200. The 

prediction accuracy of the model developed herein was 94% within a 20% margin of error. 

Materials and Methods 

Sample preparation  

Material used to develop the predictive model was extruded, 18 mil (0.5 mm) PET 

sheet. Specimens were cut using acid cleaned scissors into 4 cm x 4 cm square coupons. PET 

coupons were thoroughly washed with ultra-pure deionized water (18.2 MΩ; Barnstead 

Genpure, Thermo Fisher Scientific, Waltham, MD) and dried (100 °C; 4 hr.). As displayed in 

Figure 1, stacks of PET samples were used to develop the predictive model. Total sample 

thickness ranged from 0.5 – 20 mm. However, individual PET samples of varying thicknesses 

(0.332 – 0.545 mm) were used to test the predictability of the model. 

 

 

 

 

Figure 1. Schematic for the analysis of PET at varying sample thickness using EDXRF. Each 

sample stack was analyzed individually. Black boxes represent the analysis surface and the 

lightning is the incident X-ray 

 

Energy dispersive X-ray Fluorescence analysis (EDXRF) 

A NEX OL EDXRF analyzer (Applied Rigaku Technologies, Austin, TX) equipped 

with a 50 kV X-ray tube with maximum power of four Watts, 7.8-µm beryllium window, and 

20 mm  

0.5 mm  
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silicon drift detector (SDD) was utilized to analyze the PET samples. A series of 16, 

polyethylene National Institute of Standards and Technology (NIST)-traceable, ASI standards 

(Analytical Services Inc., Oak Ridge, TX), including a blank sample containing no traceable 

metals, were used to calibrate the EDXRF analyzer for Sb content in the range of 5 – 300 

mg/kg. To evaluate the same lot of PET samples at varying thicknesses, multiple PET coupons 

were placed over the X-ray source at thicknesses ranging from 0.5 – 20.0 mm (Figure 1). 

Microwave-assisted digestion 

Samples of PET were digested using a Milestone UltraWAVE digestion system 

(Milestone Inc., Shelton, CT) held at approximately 1450 psi (100 bar) and 260°C for 20 

minutes, followed by a 10-minute cooling cycle to 60 °C. Specimens (150 mg) were digested 

in 18 mL disposable, borosilicate glass tubes.  Each digestion tube received trace-metal-grade 

15.7M nitric acid (5 ml; HNO3) and trace-metal-grade 12.1M hydrochloric acid (1 mL; HCl) 

(Fisher Scientific, Fair Lawn, NJ). Distilled water (150 mL; 18.2 MΩ) and 15.7M HNO3 (5 

mL) were charged into the main reaction chamber for even heat distribution across the samples 

followed by loading the samples and sealing the chamber. The chamber was pre-pressurized 

to 580 psi (40 bar) with nitrogen prior to digestion. The resulting digestions were clear, 

requiring no further preparation, and were diluted to final volume with ultra-pure deionized 

water (50 mL; 18.2 MΩ). 

Inductively coupled plasma analysis 

An iCAP 7400 ICP-OES DUO (Thermo Scientific, Waltham, MA) (Table 1) was used 

for the analysis of antimony (Sb) content in the PET samples.  Sb standards were diluted from 

a 10,000 mg/L single standard solution (Inorganic Ventures, Christiansburg, VA). Dilutions 

ranging from 100 mg/L to 300 mg/L were used to establish a 5-point calibration curve. Yttrium 
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(5 mg/L) was used as an internal standard to correct for instrumental drift and to balance any 

variation that may occur due to differences in acid composition between standards and 

samples. All samples were run with concurrent blanks which were solutions treated to the same 

digestion protocols but to which no PET had been added. 

Table 1. iCAP 7400 ICP-OES DUO instrumental conditions and 

method parameters 

Parameter Operation Setting 

RF Power Setting 1150 W 

Pump Speed 50 RPM 

Plasma Gas Flow 15 L/min 

Auxiliary Gas Flow 0.5 L/min 

Nebulizer Gas Flow 0.75 L/min 

Sample Uptake Rate 1.5 L/min 

Exposure Time  20s (UV) – 7s (Vis) 

Wavelength (Sb) 206.833 nm 

 

Statistical analysis  

R-studio statistical software was used to analyze and model the relationship between 

EDXRF and ICP Data for Sb content in PET by sample thickness.  

Results and discussion 

Limit of detection for EDXRF 

Figure 2 shows the calibration curve for Sb, obtained by measuring 16 polyethylene standards 

ranging in concentration from 5 – 300 mg/kg and one blank polyethylene standard that 

contained no traceable metals. Excellent correlation was observed for the calibration with an 

R2 value of 0.99. 
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Figure 2. Calibration curve for Sb standards determined by EDXRF 

Values for the limit of detection (LOD) and limit of quantification (LOQ) were calculated in 

accordance with IUPAC equations (Equations 4 and 5) [18]: 

 LOD = <=  ×  ?@A         ,4- 

LOQ = <C  ×  ?@A           ,5- 

Where <= and <C are constants and represent a separation of three and 10 times the standard 

deviation of repeated blank measurement, respectively [18]. ?@ is the standard deviation of 10 

blank measurements, and A  is the slope of the calibration curve [18]. The LOD and LOQ for 

this EDXRF were determined to be 4 mg/kg and 14 mg/kg, respectively. These values 

represent a range at which we can begin discerning differences in Sb concentration between 

two samples. 
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Precision and accuracy of EDXRF 

To evaluate precision and accuracy of the EDXRF system, percent relative standard 

deviation (%RSD) and percent error (%D) were calculated using the equations 6 and 7, 

respectively [8]: 

%RSD = σXIJ × 100%           ,6- 

%D = |XIJ − XM�|XM� × 100%          ,7- 

Where N is the standard deviation for the repeated measurements, OPQ is the average value of 

the repeated measurements, and ORS is the reference value for Sb content, as determined by 

ICP-OES [8].  The %RSD and %D were determined to be 1.8% and 5.9%, respectively. A 

1.8% RSD indicates a high level of precision and excellent agreement between XRF 

measurements under identical conditions. The value obtained for %D indicates how much the 

average concentration from repeated online XRF measurements for each element differed from 

the reference value. The value of 5.9% indicates that the measured values did not exactly match 

the reference sample, but measurements were well within the acceptable range of 20% [17]. 

Experimental results 

This study proposed that a correction factor could be developed for XRF using thin 

PET samples that were stacked at varying thickness. Five different lots of PET sheet were used 

to determine the concentration of Sb at thicknesses ranging from 0.5 mm to 20 mm, in 

increments of 2.5 mm as noted in Figure 1. Average concentrations of Sb in each PET lot were 

obtained from ICP-OES and were correlated back to XRF responses. It was observed that the 

Sb concentration increased with thickness for the same lot of PET samples from approximately 

6 to 200 mg/kg (Figure 3). 
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Figure 3. Concentrations of Sb, as determined by EDXRF, at varying thicknesses (N=5, n=10) 

Concentrations of Sb were determined by ICP-OES and the ratio of XRF-to-ICP was 

plotted as a function of thickness. Values appear to asymptote at a ratio of one where the Sb 

concentration measured by XRF is equal to concentration measured via ICP-OES. It is 

expected that a properly calibrated XRF analyzer will accurately report concentrations at the 

infinite thickness of the material being tested, which in this case is PET with an infinite 

thickness of 21 mm. Using the data from Figure 4, a generalized nonlinear least square fit 

analysis was completed.  
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Figure 4. Ratio of XRF to ICP concentration of Sb, as recorded by XRF, for samples 

ranging from 0.5 – 20 mm thick (N=5, n=10) 

The fitted model was used to develop an equation capable of providing a correction factor to 

adjust the Sb concentration of PET measured by XRF to the concentration measured by ICP-

OES as a function of the sample thickness. An approximation of the equation is provided below 

(Eq. 8). Where d is the thickness and x and y are fitting parameters. 

�7WXRS��YZS� = ,O[\PYZ]P^- ×
_
à 1

,b- c1 − �� �def
gh          ,8- 

The equation was used to assess a potential range of ICP concentrations for nine unique 

PET samples with thicknesses ranging from 0.332 – 0.545 mm, which were different from 

materials used to make the equation. For this analysis, only one PET coupon was analyzed 
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4 cm, each) and scanned with the XRF analyzer. Each of the four samples were then analyzed 

by ICP-OES. A 20% margin of error was utilized as a measure of accuracy for the corrective 

equation as was used in EPA Method 6200 [17]. Of the 36 XRF measurements, 34 were 

accurately corrected by the equation within a 20% margin of error (See Appendix B; Table B1 

for the full data set). The data were averaged for the XRF corrected and actual ICP 

concentrations across all nine samples types (Figure 5). Individual values that were not 

accurately predicted were spliy between over-estimating and under-estimating the response. 

Further development of the equation may be necessary to account for these inaccuracies and 

to increase accuracy of prediciton rates at a lower margin of error. 

Figure 5. Predicted Sb concentrations, estimated from XRF values versus actual Sb 

concentrations as determined by ICP-OES. Error bars represent a 20% margin of error (N=9, 

n=36). Materials “A-I” represent nine unique PET lots.  

Conclusions 

A corrective equation was developed for analyzing Sb content in extruded PET sheet 

which would not have otherwise been accurately quantitated as the sheet was far below the 
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infinite thickness required for accurate and repeatable measurements. Sb was selected due to 

its abundance in PET as a polymerization catalyst. The predictive model was able to accurately 

quantify Sb concentrations in 94% of samples analyzed. XRF is a rapid, non-destructive 

method, and can easily monitor materials in a continuous system. If applied to an online, post-

extrusion system XRF could play a vital role in monitoring heavy metal content in extruded 

plastics thereby reducing the time and costs associated with traditional benchtop elemental 

analysis. This research identified an equation capable of adjusting the measured concentration 

of antimony in PET sheet by XRF, below the infinite thickness, to measured concentration via 

ICP-OES within a 20% margin of error.  Similar correction equations for the analysis of the 

CONEG-regulated heavy metals lead, cadmium, chromium, and mercury are under current 

investigation. 
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CHAPTER 4: GENERAL CONCLUSIONS 

General discussion 

 The research in chapter 2 showed that significant differences were obtained between 

different microwave digestion protocols, using the same samples, for lead and antimony. 

Significant differences were not realized in cadmium and chromium due to large amounts of 

variation in concentrations of these heavy metals. It is thought that the significant differences 

observed between lead and antimony but not cadmium and chromium is correlated to sample 

concentration. Concentrations of heavy metals that are close to the limit of quantification show 

greater error, due to the uncertainty at those levels. Since lead and antimony were more 

abundant in polyethylene terephthalate materials used in this study, less error was observed 

from the analysis of those elements. It is recommended that a digestion protocol which yields 

digestates free from any particulates be used for heavy metals analysis. Furthermore, current 

regulations have set a limit of 100 ppm for heavy metals lead, cadmium, hexavalent chromium, 

and mercury. Though large amounts of error were observed from these analyses, the largest 

sum of heavy metals observed was 2.25 ppm, when accounting for variation. As such, there 

appear to be no immediate concerns associated with using incomplete digestions for total heavy 

metals analysis as it relates to regulatory levels. 

 Chapter 3 provided a method for the determination of antimony concentrations in thin 

(0.3 – 0.5 mm) extruded polyethylene terephthalate sheet using energy dispersive X-ray 

fluorescence (EDXRF). Samples that are too thin yield intensity outputs that do not represent 

the accurate sample concentration, when compared to a calibration curve. It was determined 

that observed concentration increases as sample thickness increases. In order to determine 
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more accurate representation of the true concentration, the ratio of the observed EDXRF 

concentration was correlated to the observed determined by inductively coupled plasma (ICP) 

concentration and used to develop a corrective equation. The equation obtained from the fitted 

model was used to evaluate nine unknown PET samples. From these nine samples, four 

repeated measures (36 total measurements) of each were analyzed by both EDXRF and ICP. 

Each output from EDXRF was used to predict the ICP output, prior to analysis. Of the 36 total 

measurements, 34 were accurately predicted by the model. This research has the potential to 

impact online monitoring of extruded plastic by making EDXRF a more accurate and reliable 

instrument for analysis of antimony in thin plastic sheet. 

Recommendations for future research 

 The analysis of microwave digestion methods yielded mixed results in the current 

study. Significantly different results were obtained from the analysis of lead and antimony in 

PET, but cadmium and chromium were not significantly different. The reasons for this remain 

inconclusive. It was hypothesized that digestion methods which required filtering, such as that 

by Westerhoff et al. [1] would yield significantly lower concentrations than digestion protocols 

that did not require filtering. With mixed results in the current study, we were not able to 

definitively state whether our hypothesis was correct. In the current study, an inductively 

coupled plasma optical emission spectrometer (ICP-OES) was used for the analysis of lead, 

cadmium, chromium, and antimony. Since lead and antimony were well above the limit of 

quantification (LOQ), determining the concentrations of these elements was feasible. 

However, several samples tested for cadmium and chromium were below the LOQ for ICP-

OES (1.53 and 11.56 µg/kg, respectively). As such, it is recommended that future analyses 

utilize an ICP mass spectrometer (ICP-MS) as used by Perring et al., Carneado et al., Keresztes 
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et al., and Pereira et al. [2-5] as this would provide the quantification limits necessary to 

evaluate cadmium and chromium properly. 

 Energy dispersive X-ray fluorescence (EDXRF) provided a rapid method for the 

determination of antimony concentrations in thin PET sheet when a corrective equation was 

applied. The equation was developed by assessing the concentration of antimony in PET at 

varying thicknesses and fitting the data to a generalized least squares regression model. 

However, efforts to quantify the Coalition of Northeastern Governors (CONEG) – regulated 

heavy metals (lead, cadmium, hexavalent chromium, and mercury) was not studied. From what 

we learned about the content of these elements in PET in the first study, it is thought that 

concentrations of these elements may be too low for the sensitivity of EDXRF instrumentation. 

Turner and Solman had difficulty quantifying cadmium, chromium, and mercury in their 

analysis of marine litter using a portable XRF analyzer [6]. In several studies, EDXRF proved 

useful as a quality control measure for monitoring unexpected “spikes” in heavy metals on a 

processing line [7-9]. As such, it is recommended that dosed samples of varying 

concentrations, both above and below the limit of quantification of EDXRF, be used to develop 

a corrective equation for these elements. While normal concentrations would not be detectable, 

any spike in concentration that is above the limit of quantification should be easily detected 

using this methodology. 
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APPENDIX A. SUMMATIONS OF THE CONEG HEAVY METALS  

 
Figure A1. Sum of CONEG heavy metals for 20% RPET, digested using three methods. Error 

bars represent the sum of heavy metal standard deviations, for each method.

 

 

Figure A2. Sum of CONEG heavy metals for 40% RPET, digested using three methods. Error 

bars represent the sum of heavy metal standard deviations, for each method.
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Figure A3. Sum of CONEG heavy metals for 60% RPET, digested using three methods. Error 

bars represent the sum of heavy metal standard deviations, for each method.

 

 

Figure A4. Sum of CONEG heavy metals for 80% RPET, digested using three methods. Error 

bars represent the sum of heavy metal standard deviations, for each method. 
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Figure A5. Sum of CONEG heavy metals for 100% RPET, digested using three methods. Error 

bars represent the sum of heavy metal standard deviations, for each method.  
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APPENDIX B. EDXRF PREDICTIVE DATA SUMMARY  

 
Table B1. Raw data results for the predictive analysis of EDXRF data   

Unknown 

Sample ID 

Tech. 

Rep. 

Thickness 

(mm) 

Antimony 

by XRF 

(ppm) 

Predicted 

ICP 

Actual 

ICP 

Margin 

of Error 

(-20%) 

Margin of 

Error 

(+20%) 

Within 

20%? 

A 1 0.470 6.9 163.0 201.8 161.4 242.1 YES 

A 2 0.484 7.8 179.8 205.8 164.7 247.0 YES 

A 3 0.475 8.0 186.9 201.1 160.9 241.4 YES 

A 4 0.472 7.6 179.5 203.5 162.8 244.2 YES 

B 1 0.346 7.1 227.6 256.6 205.2 307.9 YES 

B 2 0.345 7.5 238.5 258.6 206.9 310.3 YES 

B 3 0.353 7.6 238.2 265.4 212.3 318.4 YES 

B 4 0.347 6.7 214.2 256.5 205.2 307.8 YES 

C 1 0.494 9.6 217.1 215.1 172.0 258.1 YES 

C 2 0.497 9.2 206.7 214.5 171.6 257.4 YES 

C 3 0.519 10.8 231.3 212.6 170.1 255.2 YES 

C 4 0.507 10.1 222.5 209.9 167.9 251.9 YES 

D 1 0.545 12.2 250.4 209.6 167.7 251.6 YES 

D 2 0.544 11.6 238.3 207.5 166.0 249.0 YES 

D 3 0.547 11.4 233.1 208.0 166.4 249.6 YES 

D 4 0.555 11.6 233.5 208.5 166.8 250.1 YES 

E 1 0.334 6.7 222.4 225.4 180.4 270.5 YES 

E 2 0.339 6.4 207.1 228.0 182.4 273.6 YES 

E 3 0.332 7.0 231.0 228.2 182.5 273.8 YES 

E 4 0.329 6.7 225.4 229.0 183.2 274.8 YES 

F 1 0.534 6.1 127.1 163.6 130.9 196.3 NO 

F 2 0.521 7.4 157.8 163.1 130.5 195.7 YES 

F 3 0.524 6.7 142.2 167.0 133.6 200.4 YES 

F 4 0.530 6.7 141.9 165.1 132.1 198.1 YES 

G 1 0.512 9.6 209.5 227.4 182.0 272.9 YES 

G 2 0.513 9.8 213.5 229.2 183.3 275.0 YES 

G 3 0.521 10.3 219.7 224.8 179.9 269.8 YES 

G 4 0.503 10.7 237.5 227.0 181.6 272.4 YES 

H 1 0.533 9.7 202.4 207.5 166.0 249.0 YES 

H 2 0.544 10.1 208.3 209.5 167.6 251.4 YES 

H 3 0.536 10.9 228.2 210.9 168.7 253.1 YES 

H 4 0.526 12.1 257.4 207.0 165.6 248.4 NO 

I 1 0.526 9.3 198.0 192.5 154.0 231.1 YES 

I 2 0.504 9.4 208.5 192.6 154.1 231.1 YES 

I 3 0.508 9.2 201.7 194.0 155.2 232.8 YES 

I 4 0.514 8.7 188.3 193.4 154.7 232.1 YES 
 


