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Abstract

:

This work aimed to characterize the deportment/concentration and liberation/association of the metals and light elements within mechanically processed waste printed circuit boards (PCBs) that hold the complex and heterogeneous structure and distribution of different material components. Waste PCBs passed through a series of mechanical processing (i.e., comminution and sieving) for metal recovery and were then characterized without further destroying the particles in order to capture their heterogeneity. The characterizations were performed in a laboratory and large-scale neutron facility. The results obtained with a portable X-ray fluorescence spectroscopy and prompt gamma activation analysis were compared and confirmed the good agreement and complementarities in general. The advantages and disadvantages of the two different methods were identified and discussed in this paper, in relation to their application to the analysis of mechanically processed PCB particles.
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1. Introduction


Waste electrical and electronic equipment (WEEE) is one of the fast growing waste categories in the European Union, with the growth rate of 3%–5% per year [1]. It is about three times higher than the rate of municipal waste. This is the result of massive production of the EEE and its market expansion based on the technological progress. Thus, there is a huge need and potential for recovering valuable materials from WEEEs. However, their complex structures (e.g., mixture of a number of different metals, plastic polymers, glass and ceramics in different sizes) and their variation with time [2] lead to the technical and environmental difficulties for their effective pre-concentration stages to improve their material recycling [3]. One of the major limitations is the lack of proper characterization methods to quantitatively evaluate the distribution and liberation/association of different components that vary and be spatially different/heterogeneous, without destroying the particle status at each beneficiation step [3]. In this paper, we propose one solution to address this characterization issue using the large-scale facility with neutron sources, in comparison and complement with conventional laboratory equipment.



In the past, we developed a flowsheet to selectively enrich valuable metals from printed circuit boards (PCBs) (e.g., [4]). Thus, the flowsheet development is out of the scope of this article. On the other hand, in this article we focused on discussing our application of different non-destructive characterization methods (lab base, large scale facility base) to study and understand the liberation/association and metal/non-metal deportment in the selective milling as a part of the beneficiation steps in order to enhance the metal recovery for their recycling purpose.



In general, there are two major categories to analyze the metal concentration in a sample. They are destructive and non-destructive methods (e.g., [5]). Destructive methods are usually based on the preliminary sample dissolution into acid and the further measurement of the elemental composition by using chemical methods (e.g., atomic absorption spectroscopy, inductively coupled plasma atomic emission spectrometry). Average values of the different metals, referred to a specific sample, is thus obtained. Non-destructive methods can be directly applied without performing any acid digestion, among them; commonly utilized methods are X-Ray Fluorescence (XRF), X-Ray Diffraction (XRD) with the Rietveld analysis and Scanning Electron Microscopy (SEM). With all the stated methods, information about elemental concentration or composition inside the particles can be collected.



In this study, the elemental analysis of PCB particles by a portable X-ray fluorescent (XRF) spectroscopy in comparison with prompt gamma ray neutron activation analysis (PGAA) were performed and compared. To the authors’ best knowledge, this study is the first work which applied PGAA to PCB particle characterization. The results were discussed in relation to metal deportment/concentration and liberation/association of the PCB particles before and after mechanical processing in terms of both metallic elements and light elements (e.g., H, C, B) composing plastics utilizing a unique feature of PGAA. The advantages and disadvantages of the above two methods were identified and discussed in the paper, in relation to their application to mechanically processed PCB fine particles.




2. Materials and Methods


2.1. Materials


Printed circuit boards (origin confidential) were comminuted through shredding and hammer milling followed by sieving. In this study, two hammer mills, HM1 (Raymond Hammer Mill—equipped with a 20 cm diameter sieve having 5 mm diameter openings) and HM2 (AR6539 Hammer Mill—equipped with a 10 cm diameter sieve having 1.5 mm diameter openings), were used as an open circuit operation for milling the already shredded PCB particles (product below 10 mm). The second hammer milling step with HM2 involved a finer comminution of the products coming from the first hammer mill (HM1). The mill products were then subjected to particle size distribution analysis with sieves for the following size fractions: 2–4 mm, 1–2 mm, 0.5–1 mm, 0.35–0.5 mm, 0.125–0.35 mm, 0.074–0.125 mm, and −0.074 mm. Such size distribution was selected based on our preliminary study, which identified a proper flowsheet to selectively enrich metal contents [4]. Furthermore, it was suggested by some researchers that the degree of liberation around 95% can be achieved for the major metals when milling the PCB substrate below 2 mm (e.g., [6]). The sieved particles were analyzed using a portable XRF and the PGAA in order to evaluate the elemental composition by size fraction of the PCBs processed mechanically (i.e., comminution and sieving).




2.2. Elemental Analysis


2.2.1. XRF


A portable XRF was used to perform elemental analysis of milled and sieved products generated under different conditions. The portable XRF machine (Niton XL3t GOLDD+, Thermo Scientific, Waltham, MA, USA) locked on a stationary stand and was remotely operated through a connected PC. The Mining Cu/Zu testing mode equipped with the full fundamental parameter algorithm was used. This operation mode is intended primarily for detection of metal concentrations in light matrices (e.g., quartz [7], one of the major gangue minerals composing natural ores). The concentrations of the following metals can be detected: Mg, Al, Si, P, S, Cl, As, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, W, Pb, Bi, Zr, Nb, Mo, Sn, Ba, Sb, Cd, Pd, Sr, Rb, Se, and Ag and Au [8].



Particles were fed into a plastic container with X-ray thin film (TF-160-255, MYLAR, Port St. Lucie, Fl, USA) window facing the X-ray beam and were measured during 120 s/point to have the elemental composition. A minimum of five different points for each processed sample and 20 different points for the uncrushed PCB were measured and their average and 95% confidence interval were calculated and reported in this paper.




2.2.2. PGAA


PGAA experiments were performed at the PGAA facility at Heinz Maier-Leibnitz Zentrum, using a cold neutron with the average energy of 1.83 meV (6.7 Å) [9]. Approximately 1 g of each sample was packaged into a thin Teflon film and it was fixed in an Al frame with polytetrafluoroethylene (PTFE) strings. The sample was then placed in the beam and the experimental program was properly assigned for the series of measurements. The measurement time (livetime) was in the range between 126 and 194 min. A software was used to run automated measurements of up to 16 samples in a batch run. The evaluation of the spectra was performed using the software Hypermet developed in Budapest [10]. Determination of the elemental comparison of samples was achieved using the Excel sheet package ProSpeRo [11].






3. Results and Discussion


3.1. Correlations and Complementarities between the Analyses Using the Portable XRF and PGAA


3.1.1. Correlation between XRF and PGAA


First, the correlations between the measurements acquired from the two methods described in the Materials and Methods section were investigated. For both XRF and PGAA, the output data consisted of a chemical composition sheet listing all the elements identified from each sample analysis. It is important to highlight that discrepancies were observed regarding the type and/or concentration of elements in the samples detected by the two different methods. Such discrepancies were anticipated beforehand, including one of our major interests upon working with the PGAA to characterize the light elements within a complex assemblage of PCB particles, e.g., Hydrogen, Carbon, Boron, and Nitrogen that cannot be detected by XRF. On the other hand, the PGAA measurements and data treatment did not detect some elements such as Au, detected by XRF and also previously reported by other researchers [12,13]. It can be due to the difference in the natures of XRF and PGAA. This point will be further discussed in the following sections. The XRF is more surface sensitive while the PGAA is good at the bulk analysis due to the high transparency of neutron beam. The chemical analysis data for the major elements of interest (i.e., Cu, Fe, Al, Zn, Si) is shown in Table 1. The values exhibited for each size fraction analyzed with the XRF comprehends a calculated mean from several readings in each subset. On the other hand, for the PGAA, only one measurement was performed for each size fraction. The 95% confidence interval for the XRF measurements and the absolute uncertainties for the PGAA measurements were also calculated and are given in Table 1.



The data acquired by the PGAA was partially consistent with what is usually reported in the literature, for example, showing the decrease in the Cu content with decreasing of particle size [14] while the XRF analysis did not agree. In addition, there are noticeable concentration differences between the Cu% identified by XRF and PGAA. In other words, PGAA gives higher Cu% (maximum 48 wt.%) than XRF (maximum 11 wt.%). It can be associated with that fact that PGAA is good at bulk analysis to capture the wider area of a heterogeneous sample while XRF tends to give surface sensitive results. A similar trend in terms of concentration difference between two different methods was also identified with other elements. For example, the maximum value of Al recorded by PGAA was 14 wt.% while 7 wt.% by XRF, both in 2–4 mm of HM1 products. For the Fe content, both XRF and PGAA showed a similar trend, i.e., significant increase in the two finest size fractions analyzed (i.e., 0.074–0.125 mm, –0.074 mm) although the concentration identified by the two methods had slight deviation. The Fe concentration was 5 wt.% by PGAA, while 3 wt.% by XRF both in −0.074 mm of HM1 products. The Si concentration was 25 wt.% by PGAA, while 10 wt.% by XRF both in −0.074 mm of HM1 products.



Comparing with the uncrushed PCBs, there is an overall enrichment trend to specific size fractions (either coarser, or finer) after the comminution/milling of the PCBs, with an exception of the Cu identified by XRF, which is at least three times richer in the intact PCBs. On the other hand, the PGAA results showed a certain degree of Cu enrichment (e.g., 48 wt.% in 1–2 mm from 35 wt.% in uncrushed PCB although the comparison of the absolute values identified by PGAA and XRF requires a caution that was discussed above and will be further discussed in Figure 1). Generally speaking, the elemental distribution within the uncrushed PCB is quite heterogeneous, thus, studying a series of different spots is required to have statistically representative results and capture the clear idea of their compositions. In the case of the uncrushed PCB, 20 spots were therefore analyzed, and the average values and 95% confidence interval were reported.



Figure 1 shows the concentration of the major metals Cu, Fe, Al, Zn, and Si in order to compare XRF results and PGAA results for the whole dataset. The results obtained from the products of the Hammer Mills 1 and 2 were plotted (Figure 1a) while the other plots classifying the whole dataset into coarse (0.5–4 mm) and fine fractions (−0.5 mm) are given in Figure 1b.



Figure 1 indicates a positive correlation between XRF and PGAA measurements in general; however, the Cu in the coarse fraction is slightly off the overall trend (Figure 1b). This deviation can be explained by the heterogeneous distribution of Cu coarse particles as well as the nature of the two different methods (i.e., PGAA = bulk analysis; portable XRF = surface sensitive analysis). In order to capture the characteristics of bulk heterogeneous material, PGAA appears to be superior to the portable XRF.



Elements of Toxicological Relevance


For some inorganic and organic substances used in the WEEE assemblages, there are several specific legislations, defined by an EU directive called the Restriction of hazardous substances (RoHS) [15]. It defines the threshold concentration of hazardous elements such as Pb, Cd, Hg, and Br (as PBB, PBDE). These elements are often used as part of flame retardants, stabilizers, pigments, and several other property modifier applications [16].



In this study, the results obtained by the PGAA and XRF were used and compared (Table 2) for the evaluation of such hazardous elements and thus their implications on the further treatment of the material to be recycled or segregated. The elemental concentration in each size fraction and method was compared to the concentrations defined by RoHS and noted as variation. The Br was only detected by the PGAA, thus configuring a complementarity to the testing mode selected for the XRF technique. Besides elements regulated by RoHS, Sb was only identified by the XRF analysis (0.17 wt.% in the coarse fraction; 0.15 wt.% in the fine fraction) while it was not identified by the PGAA.



Due to the lack of data for several elements, it is difficult to draw a clear relationship between the results obtained from the XRF and PGAA. Although, it is possible to infer an overall enrichment trend of the hazardous elements into the finer fractions of the material, identified by the both XRF and PGAA. The only element detected by both methods was Cd; however, the results obtained by the two methods indicates an overestimation of Cd by XRF, which agreed with the literature [16]. While the Cd concentrations were below the threshold limits defined by the RoHS directives, the concentrations of Pb and Br were higher than the threshold (Table 2). For further and detailed studies on those hazardous elements, mainly more sample analyses are recommended to perform an adequate comparison between the two methods when it comes to characterization of such hazardous elements.





3.1.2. Complementarities between XRF and PGAA


Despite the fact that most values of recycling PCBs can be due to the metal recovery, the non-metal fractions also take up a large proportion of WEEEs. For example, plastics account for roughly 10%–30% of WEEE composition [17]. Several studies were conducted targeting the recovery of polymers from WEEE, and the reutilization of such carbon-rich resources in applications from carbon nanotubes to supercapacitors [18,19,20].



For the plastics associated with long-term and complex appliances such as PCBs, efficient recycling can be invariably problematic, mostly due to the lack of proper identification of plastics [17], in terms of selective separation/recovery as well as economic challenges. On the other hand, there is currently no suitable standard methods for the determination of plastic polymers with the non-destructive XRF method [16].



Several studies focused on rapid identifications of the different plastics within a complex polymers assemblage, e.g., PCBs. From the literature [21], the main plastics possibly identifiable within the PCBs and their known chemical formula for the pure polymer are given in Table 3. The theoretical C/H mass ratio is also calculated and given, based on the number C and H in each compound and their molar masses.



As previously mentioned, in this paper, one of the key propositions in applying the PGAA as a characterization method for the WEEEs is to analyze light elements present in their assemblages. In that way, the PGAA can be a complementary method to the XRF analysis, which is not adequate for identifying the presence of elements lighter than Na/Mg in the periodic table of the elements; hence, not effective for identification of plastic composition. Table 4 shows the ratios between some of the major metallic elements and the light elements (both in wt.%) identified by the PGAA, in order to investigate the correlation between the metals and plastics. The results are given by size fraction and for the different hammer mills used in the experiment.



The interpretation of the metal/light element ratios from Table 4 is related to the selective enrichment of the metals from plastics for each size fraction, since most of the light elements are intrinsically related to the plastics, such as C and H, the major components of the polymer matrices. The higher/lower ratios between metal/light element than the unity (metal%/C% = 1) are evidence of liberated/free metal (or plastic) in that specific fraction (e.g., Cu/C = 2.1 in 1–2 mm product of the HM1; Cu/C = 0.1 in −0.074 mm product of the HM1). On the other hand, the unity ratio implies the similar mass of a metal present (i.e., composite of metal and plastic) in that size fraction in comparison with the mass of plastics (e.g., Cu/C = 1.0 in 0.5–1 mm product of the HM2).



The above-mentioned relationship is especially clear for Cu. The ratios between Cu and the light elements H, B, and C, are higher in the fractions 1–2 and 0.5–1 mm for the Hammer Mill 1 products and 0.35–2 mm for the Hammer Mill 2 products. Such Cu enrichment for these fractions is well correlated with the PGAA elemental composition analyses given in Table 1, where the composition of Cu by weight in the aforementioned fractions (38–48 wt.% in HM1 products; 37–40 wt.% in HM2 products) is higher than the other size fractions (4–26 wt.% in HM1 products; 9–20 wt.% in HM2 products).



Figure 2 shows the individual correlation for the target metal elements Cu and Al, against the light elements (i.e., H, B, and C). The linear regression analyses were performed for each element in order to evaluate the relationship between metal and light elements. These analyses are feasible due to the feature of the PGAA, capable of identifying the light elements.



Table 5 shows the correlation coefficients and the slopes as results of the linear regression analyses performed to the two data sets; coarse (0.5–4 mm) and fine (−0.5 mm) fractions separately.



The Cu has a strong negative correlation with B in both coarse and fine fractions and with H in the coarse fraction, indicating the selective deportment/concentration tendency between Cu and B (or H). In other words, Cu can be concentrated and liberated from B (and H in the coarse size). A possible source of boron within the PCBs is related with a boron nitride thermal material used as a filler in the epoxy resins [26]. The Al is also related with H in the coarse fraction and less correlated with B, falling into the moderate strength of correlation category. On the other hand, the Al has the least correlation with C, showing no selective deportment/concentration tendency between them. In terms of better understanding and evaluating the selective enrichment of metals from plastics or other components (e.g., a filler of epoxy resin), this is a promising result showing the applicability of PGAA to analyze the PCB particles processed through hammer milling in terms of evaluating selective metal (or plastic) enrichment into specific size fraction(s).



Based on the results discussed in Table 4 and Figure 2, a procedure to predict the plastics present within the comminuted samples and their liberation/association with metals (i.e., Cu, Al) was tested. From the stoichiometric C/H mass ratios for the pure polymers given in Table 3 and our PGAA results, the potential plastics present in the analyzed samples are inferred. Small discrepancies from the theoretical C/H values of the pure polymers can be anticipated, due to the presence of additives (e.g., Br as a flame retardant) in these plastics in minor quantities. The C/H absolute uncertainty was calculated based on the sum of the individual relative uncertainties of C and H, following a calculation procedure given in [27].



Comparing the experimentally determined C/H mass ratios in Table 4 with the stoichiometric C/H mass ratios of potential plastics presented in Table 3, the most incoherent calculated C/H mass ratio is the one in the finest fraction from the HM2 analysis (−0.074 mm). The C/H value of 18 does not correspond to any C/H ratios from plastics typically used in the PCB assemblages (the maximum C/H = 16 with PF, Table 3) as well as quite discrepant from the 2nd highest C/H (i.e., 14) among all the experimentally determined values. This might be either an indication of other carbon sources than plastic, or the presence of carbon fiber reinforced glass, which is corroborated by the high deportment of silica to the finest fraction (−0.074 mm) both for HM1 and HM2 analyses (Table 1).



It is known that polymers with greater differences in their C/H mass ratios—in other words, more distant stoichiometric compositions—can be more reliably identified as different plastics with a spectroscopic method [28]. That means in the case of plastics potentially available in PCBs (Table 3) it is easier to identify the presence/distribution of PVC (C/H = 8) and PF (C/H = 16) in a sample, than distinguish the smaller C/H ratio differences between ABS (C/H = 12) and Epoxy Resin (C/H = 10).



When inspecting the chemical compositions of the polymers, it is also possible to associate the presence of Cl only to the Epoxy Resin (C21H25ClO5) and PVC ((C2H3Cl)n) among plastics possibly composing PCBs (Table 3). For PVCs, the presence of Cl in the chemical composition is significantly higher as it has a much smaller C-H chain (Cl/C2H3Cl = 0.57) than Epoxy Resin (Cl/C21H25ClO5 = 0.09). Thus, a correlation between high-Cl presence and the lowest values for the C/H ratio, e.g., in the size fractions 2–4 mm (HM1) and 1–2 mm (HM2), as shown in Table 4, is a reasonable indication of the concentration of PVC to these specific fractions. Likewise, the epoxy resins are typically covered with bromine-based compounds, in order to enhance their flame-resistant properties [29]; hence, the association between Br and C/H values around 10, is a good indication of epoxy resin deportment/concentration in certain fractions (e.g., 0.35–0.50 mm of HM1 and HM2 products). This correlation will be further described and discussed in the following paragraphs with Figure 3.



In order to further clarify the correlation between specific elements (Cl and Br for the type of plastics while Cu and Al for metal-plastic liberation/association) and C/H mass ratios, their distributions are plotted against C/H mass ratios as a function of particle size of the milled products. Figure 3 illustrates the deportment/concentration of Cl and Br analyzed by PGAA as a function of the different size fractions recorded as the geometrical mean size, in comparison with C/H mass ratios, for both HM1 and HM2 products. Figure 4 shows the comparison between Cu and Al with C/H. The plots were scaled and adjusted to a range from 0 to 1, meaning that the maximum element concentration measured in that specific dataset is equal to 1.



In Figure 3 and Figure 4, the geometric mean size is used, based on the calculation with an equation: √ (xi × xi+1); where xi is the finest sieve opening size in the fraction, while xi+1 is referring to the coarsest sieve opening size in a fraction [30]. As an example, for the top size fraction 2–4 mm, the calculation √ (2 × 4) results in the value of 2.83.



Figure 3a,b shows that the Cl is most concentrated in the coarsest size fraction (i.e., 2–4 mm for HM1 product; 1–2 mm for HM2 product) where the C/H mass ratio is the lowest. This is an obvious indication of selective PVC (C/H = 8, Table 3) concentration to the coarser fractions. The epoxy resins (C/H = 10, Table 3) are reported to the intermediate size fractions (i.e., 0.35–0.5 mm for both HM1 and HM2 products). In addition, these points are supported by their chemical formula with the Cl content in PVC occupying a higher mass portion (Cl/C2H3Cl = 0.57) than its content in epoxy resin (Cl/C21H25ClO5 = 0.09).



For the Br, the interpretation should be a bit more careful, as this element is not explicitly given in the molecular structure of the polymer; but as an additive in the flame-retardants [29]. Figure 3a shows that the Br is most concentrated in the fine size fractions with the C/H mass ratio around 12, indicating the presence of ABS while Figure 3a,b shows the C/H ratio around 10 (epoxy resin) is associated with approximately 5 wt.% of Br (5.2 wt.% in 0.35–0.50 mm of HM1 product while 4.5 wt.% in 0.35–0.50 mm of HM2 product). The raw wt.% data is not plotted in Figure 3.



Besides the above correlation between characteristic elements and type of plastic polymers as well as their concentration to specific size fractions, the correlations between the type of plastics and metals on the coarse and fine fractions were also investigated. Figure 4 shows the scaled deportment/concentration of Cu and Al against the C/H mass ratios as a function of the geometric mean particle size.



Figure 4 shows that the Cu enrichment in the coarser fractions is clear for both HM1 and HM2 products (i.e., 1–2 mm), with a steep decrease below 0.5 mm for HM1 products and below 0.35 mm for HM2 products. Such behavior matched with the low C content in the same fraction, e.g., 1–2 mm for both HM1 and HM2 products while the high C content in small size fraction below 0.5 mm for HM1 products and below 0.35 mm for HM2 products. This trend indicates the concentration behavior of plastics and Cu is generally opposite each other based on their good liberation.



The Al is clearly most concentrated in the coarsest fraction (i.e., 2–4 mm for the HM1 product; 1–2 mm for the HM2 product), an indication of association with the lowest C/H mass ratios (i.e., 9 for the both HM1 and HM2 products; either PVC or Epoxy Resin). On the other hand, the C content decreased from 0.85 in HM1 product to 0.63 in HM2 product, indicating Al liberated more from plastics after the 2nd hammer milling process. The Al content decreased in the intermediate fractions (0.2 in HM1 products; 0.4 in HM2 products), followed by gradual enrichment towards finer fractions (i.e., below 0.5 mm), but only up to half (0.5 out of 1) of the coarsest fraction (i.e., 2–4 mm for HM1 and 1–2 mm for HM2). Overall, the decrease in metal deportment and thus the plastic predominance for particle size below 0.5 mm agreed with the results reported by Eswaraiah et al. [6], who performed sink-float tests to evaluate the performance of separating crushed PCBs particles by air classification.



In general, both Cu and Al deportment/concentration are inversely correlated with the C/H ratios and C content, indicating the selective enrichment of those metals in the coarse size fractions after milling while in the fractions with the low Cu or Al, the higher C/H and C concentration were identified, indicating the selective enrichment of plastic particles.



As discussed above, the utilization of PGAA feature to analyze light elements, makes the investigation of the correlation between various elements and even the identification of the plastic composition feasible. In addition, the PGAA is frequently described as a reasonable spectroscopic analytical method for the determination of Rare Earth Elements within samples from water/soils to advanced materials [31]. In the present study, the elements Scandium (Sc), Neodymium (Nd), Gadolinium (Gd) and Samarium (Sm) were identified in several particle size ranges, and their concentrations increase with decreasing particle size, as shown in Table 6. For example, Gd is 19 ppm in 0.35–0.50 mm of HM1 product while 60 ppm in −0.074 mm of HM1 product. The Nd also shows the similar trend, except for the 0.5–1 mm HM1 product. It indicates that the liberation and concentration of these metals is only pronounced with fine grinding of the PCBs. Further studies on the presence of such critical elements in the PCBs and the feasibility to selectively separate and recover them can be addressed in future studies.



The detection of the rare earth elements (REEs) is possible in some of the testing modes for portable XRF other than the mining Cu/Zn mode that was used. Although, some researchers investigated and identified that the accuracy of determining critical elements such as the REEs can be poor with the portable XRF [32].



The theoretical detection limits of Nd with the portable XRF (i.e., 90 ppm, 45 s per an X-ray filter) is slightly above the lowest value detected with the PGAA (i.e., 50 ppm in the fraction 0.125–0.35 mm, HM2). For Sm and Gd, the detection limits are 40 and 60 ppm (45 s per filter) respectively, which is considerably above the values 3.5 ppm of Sm (0.125–0.3 mm, HM1) and 10 ppm of Gd (0.125–0.35 mm, HM2) that were detected with the PGAA. In addition, it is important to note that the detection limits for Nd, Sm, and Gd with the portable XRF were obtained based in samples with a simple SiO2 matrix. Thus, in a more heterogeneous composition (e.g., PCBs), the detection limits are anticipated to be even higher, as the calculation of the detection limit for a given element of interest depends on the other elements of the host matrix.



Considering these observations and the results achieved by the PGAA, it is inferred that the PGAA is considerably more effective to identify REEs present in complex assemblages like the PCBs in comparison with the portable XRF.





3.2. Comparison between the Analyses Using Portable XRF and PGAA


Both the methods provided similar results in terms of determining the metallic element concentrations with certain difference in their magnitudes. On the other hand, the detection of light elements, such as carbon that is a major component of any plastic particles, can be feasible with PGAA; but not with XRF. It is certainly very helpful to understand the plastic particle liberation from, and/or association with, metallic particles for better understanding and enhancing selective separation and material recycling. Table 7 shows the summary of advantages and disadvantages of the portable XRF and PGAA for the crushed printed circuit boards. The advantages of portable XRF are its easy access and operation as well as automated data evaluation for elemental assay. Its limitations can be the detection of light elements (e.g., carbon) and the average value generated with a certain spot size of the incident X-ray beam and its surface sensitivity that may provide less representative results for the analysis of a bulk and heterogeneous material. The main advantages of PGAA are the detection of light elements, as well as the sample size does not matter for the measurement (e.g., large and thick sample can be measured due to the high transparency of neutron beam). Its drawback can be limited access to neutron sources, and data evaluation can be complex and often must be performed by experts.





4. Conclusions


Prior to proposing a recycling procedure for any type of specific WEEEs, their complete characterization to know chemical and physical properties of individual components is of great help to develop an efficient flowsheet for recovering valuable materials with less environmental footprint.



In this study, a portable XRF and PGAA were applied to measure mechanically processed PCB particles in order to evaluate the deportment/concentration and liberation/association of metallic and light elements for their material recycling purpose. Their results were compared and discussed, as well as their commonalities and complementarities were identified and discussed. The detection of carbon content, the main composition of plastics, can be achieved by PGAA only and provided us a good indication of plastic liberation from, and/or association with, metal particles. In general, the combination of the two methods provide us good complementary information about the mechanically processed PCB particles. Results obtained by the two methods were similar in their trends, as well as can correlate the liberation/association of Cu and Al with plastic particles identified from light elements detected by PGAA. The advantages and disadvantages of the above two methods were identified and discussed through their application to PCB particles. It is important to highlight the overestimation of concentration of some metals, such as the hazardous elements by the portable XRF. Hence, the cross validation with complementary measurements by the other analytical method(s) (e.g., PGAA) is highly recommended while the results should be thoroughly reviewed in order to draw a solid conclusion, especially if the toxic elements present and their elemental concentrations are close to the RoHS threshold.
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Figure 1. (a) Correlation between XRF and PGAA for the complete dataset of the major metals of PCB particles (b) The dataset is divided into two series, the coarser (0.5–4 mm) and finer fractions (−0.5 mm). 
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Figure 2. Relationship between metallic elements and light elements measured by PGAA; (a–c) light elements vs. Cu (d–f) light elements vs. Al. 
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Figure 3. Scaled distribution of Cl and Br in comparison with the C/H mass ratio as a function of the geometric mean size of the products of (a) Hammer Mill 1 and (b) Hammer Mill 2. The absolute uncertainty for the C/H ratio is given as an error bar. Experimental data points are connected with lines for the purpose of visual aid only. 
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Figure 4. Scaled distribution of Cu and Al in comparison with the C/H mass ratio as a function of the geometric mean size for the products of (a) Hammer Mill 1 and (b) Hammer Mill 2. The absolute uncertainty for the C/H ratio is given as an error bar. Experimental data points are connected with lines for the purpose of visual aid only. 
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Table 1. Concentrations of the major elements identified by the portable X-Ray Fluorescence (XRF) and prompt gamma ray neutron activation analysis (PGAA). The analysis is divided by size fractions and for the different hammer mills used (HM1 and HM2). The metal (wt.%) on the uncrushed printed circuit boards (PCBs) is given at the bottom of the XRF analysis. The 95% confidence interval and absolute uncertainties for XRF and PGAA respectively are also given next to each metal% under the symbol of +/−. For the blank spaces, the referred element was not reported in the composition for that size fraction, while the dashed lines indicate that no experiment was performed due to the absence of enough material by fine grinding (2–4 mm PGAA HM2).
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Analytical Method/Mill

	
Size (mm)

	
Cu (%)

	
+/−

	
Fe (%)

	
+/−

	
Al (%)

	
+/−

	
Zn (%)

	
+/−

	
Si (%)

	
+/−






	
XRF/HM1

	
2–4

	
8.94

	
3.73

	
0.25

	
0.06

	
6.55

	
1.63

	
0.06

	
0.01

	
5.12

	
0.55




	
1–2

	
7.00

	
4.30

	
0.16

	
0.07

	
3.93

	
1.88

	
0.14

	
0.01

	
3.58

	
0.64




	
0.5–1

	
7.50

	
1.02

	
0.27

	
0.05

	
4.04

	
0.58

	
0.12

	
0.02

	
3.92

	
0.47




	
0.35–0.5

	
11.30

	
1.35

	
0.19

	
0.01

	
3.29

	
0.17

	
0.07

	
0.01

	
3.06

	
0.45




	
0.125–0.35

	
3.91

	
0.58

	
0.33

	
0.02

	
3.27

	
0.16

	
0.14

	
0.01

	
4.46

	
0.35




	
0.074–0.125

	
2.97

	
0.03

	
2.29

	
0.02

	
3.46

	
0.08

	
0.69

	
0.01

	
8.62

	
0.08




	
−0.074

	
3.11

	
0.02

	
3.13

	
0.02

	
3.50

	
0.06

	
0.84

	
0.00

	
10.07

	
0.02




	
XRF/HM2

	
2–4

	
1.57

	
0.10

	
0.80

	
0.06

	
1.99

	
0.43

	
0.22

	
0.05

	
2.64

	
0.31




	
1–2

	
7.08

	
0.98

	
0.17

	
0.02

	
3.01

	
0.49

	
0.13

	
0.03

	
2.47

	
0.21




	
0.5–1

	
6.78

	
1.29

	
0.17

	
0.01

	
3.05

	
0.28

	
0.33

	
0.14

	
2.49

	
0.12




	
0.35–0.5

	
4.16

	
0.30

	
0.24

	
0.01

	
3.10

	
0.26

	
0.15

	
0.05

	
4.11

	
0.32




	
0.125–0.35

	
8.25

	
0.56

	
0.27

	
0.02

	
4.46

	
0.34

	
0.34

	
0.07

	
3.77

	
0.13




	
0.074–0.125

	
6.08

	
0.03

	
0.94

	
0.02

	
4.92

	
0.15

	
0.63

	
0.00

	
5.20

	
0.05




	
−0.074

	
7.23

	
0.04

	
2.49

	
0.00

	
4.28

	
0.09

	
1.12

	
0.00

	
8.86

	
0.12




	
XRF/Uncrushed PCB

	
35.04

	
4.95

	
0.03

	
0.01

	
1.62

	
0.15

	
0.09

	
0.04

	
3.86

	
0.28




	
PGAA/HM1

	
2–4

	
22.00

	
1.66

	
0.60

	
0.11

	
13.50

	
0.99

	
4.80

	
0.40

	
7.30

	
0.56




	
1–2

	
48.00

	
0.88

	
-

	
-

	
3.30

	
0.16

	
4.40

	
0.20

	
3.80

	
0.16




	
0.5–1

	
38.00

	
1.56

	
-

	
-

	
2.90

	
0.13

	
-

	
-

	
5.30

	
0.23




	
0.35–0.5

	
26.00

	
1.32

	
-

	
-

	
4.00

	
0.20

	
-

	
-

	
6.40

	
0.31




	
0.125–0.35

	
19.00

	
0.83

	
1.50

	
0.08

	
4.40

	
0.20

	
1.20

	
0.07

	
7.90

	
0.34




	
0.074–0.125

	
6.60

	
0.72

	
2.50

	
0.28

	
6.00

	
0.64

	
-

	
-

	
16.10

	
1.72




	
−0.074

	
3.90

	
0.16

	
4.50

	
0.18

	
7.40

	
0.26

	
-

	
-

	
25.00

	
0.83




	
PGAA/HM2

	
2–4

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
1–2

	
40.00

	
1.97

	
-

	
-

	
12.80

	
0.64

	
2.30

	
0.16

	
4.50

	
0.28




	
0.5–1

	
38.00

	
1.25

	
-

	
-

	
5.40

	
0.17

	
1.60

	
0.09

	
4.30

	
0.16




	
0.35–0.5

	
37.00

	
1.30

	
0.60

	
0.07

	
5.40

	
0.23

	
-

	
-

	
5.90

	
0.23




	
0.125–0.35

	
20.00

	
0.69

	
0.79

	
0.05

	
5.80

	
0.18

	
1.40

	
0.11

	
7.20

	
0.24




	
0.074–0.125

	
13.20

	
0.66

	
1.65

	
0.09

	
6.40

	
0.31

	
2.20

	
0.13

	
9.70

	
0.53




	
−0.074

	
9.20

	
0.51

	
3.70

	
0.21

	
6.40

	
0.36

	
2.40

	
0.21

	
18.70

	
1.00
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Table 2. Chemical composition of hazardous elements within the PCBs. The size fractions were divided into coarse and fine fractions, similar to the procedure from Figure 1.
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Method

	
Size

	
Pb (%)

	
Cd (ppm)

	
Br (%)

	
Sb (%)






	
XRF

	
Coarse (0.5–4 mm)

	
0.28

	
11.69

	
-

	
0.17




	
Fine (−0.5 mm)

	
0.73

	
32.34

	
-

	
0.15




	
PGAA

	
Coarse (0.5–4 mm)

	

	
1.17

	
1.61

	
-




	
Fine (−0.5 mm)

	
1.18 *

	
4.66

	
5.39

	
-




	
RoHS Thresholds [8]

	
0.10

	
100

	
0.10

	
-




	
Variation XRF Coarse

	
285%

	
12%

	
-

	
-




	
Variation XRF Fine

	
734%

	
32%

	
-

	
-




	
Variation PGAA Coarse

	
-

	
1.17%

	
1612%

	
-




	
Variation PGAA Fine

	
1183%

	
4.66%

	
5387%

	
-








* For the fine fraction measured by the PGAA, only one fraction (0.35–0.5 mm) had Pb as an identified element.
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