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Abstract: Less than half of e-waste plastics is sorted worldwide and this rate is likely to decline as 

major processing countries have banned importation of e-waste plastics. This forces the 

development of decentralized processing facilities, also known as microfactories. The present work 

investigates the recyclability of different grades of acrylonitrile-butadiene-styrene (ABS) copolymer, 

polycarbonate, and polypropylene, which were found to be very abundant in a recycling site in the 

UK. The determination of the matrix relied on the resin identification code imprinted in the e-waste 

plastic and subsequent FTIR analysis. The melt-blend extrusion technology enabled the valorization 

of the wasted thermoplastics as 3D filament without significant degradation of the polymers. The 

recycled materials maintained the tensile strength around 2.5 MPa in agreement with the 

specifications offered by virgin polymers. Further characterization was done by means of laser 

microscope, thermogravimetric analysis, and XRF to determine the commercial viability of the 

recycled filament. A modified solvent-based method was developed with acetone to remove the 

brominated flame retardants: 25g/100mL, 30 minutes of contact time, and 4 extraction steps. The 

FTIR results show that the degradation of the rubbery dispersed phase corresponding to the 

butadiene can be accumulated in the less soluble fraction of the waste ABS. 

Keywords: melt-blend extrusion; 3D filament; brominated flame retardants; solvent extraction; 

acetone smoothing 

 

1. Introduction 

The fate of e-wastes is a growing concern of approximately 54 million tonnes per annum 

worldwide [1], which is estimated to double by 2050 [2]. The valorization of these materials is worth 

$64 billion but less than half of e-waste plastics are recycled globally [3,4]. The Basel Convention on 

the control of transboundary movements of hazardous wastes limits the cooperation between 

countries to handle e-waste [5].Furthermore, the rate is likely to decline as major processing countries 

are progressively banning importation of plastic wastes [6]. Therefore, since the modest global 

recycling efforts underway are crushed, there is a need for decentralized and highly specialized 

plastic recycling sites (also known as microfactories) that also reduce the transport costs [4,7]. E-waste 

plastics occupy large space on the premises of the recycling companies and the process of 

identification and sorting is challenging owing to the wide range of polymer mixtures that are used 

to get the desired properties [8]. The primary or secondary recycling capabilities using mechanical 

separation by reading the Resin Identification Code (RIC), which is indented in the e-waste plastics 

[8,9], avoids the loss of functionalities of the polymers, hence these technologies are preferred to other 

types of upgradation methods. In this way the recycled materials can be used for the same or similar 

purposes as the original product [4]. Although tertiary and quaternary recyclings are less cost-

effective, these technologies are applied to deal with complex mixtures of polymers, when the 

mechanical separation is not sufficient [10]. However, a combination of these technologies (i.e. 

tertiary chemical treatment with quaternary energy production) can be used to improve techno-

economically the performance of the downstream process. For example, removal of brominated 
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flame retardants (BFR) by solvent extraction to enhance the thermal decomposition and mass loss in 

a subsequent pyrolysis step [10,11]. It should be noted that some type of BFR can be in concentrations 

up to 30% by weight, which means that 1 kg of polymer would contain 50 – 300 g of flame retardant 

[12]. On the other hand, the solvent extraction of the BFR might not be convenient for optimizing the 

downstream processing of primary or secondary mechanically separated polymers. For example, in 

the manufacturing of different plastic components of the casing of electrical devices the melt-blend 

extrusion is carried out at temperatures at slightly greater than the melting point. Since the effect of 

flame retardants can be noticeable even at temperature closed to the glass transition, the presence of 

these additives might avoid the mass loss of the polymer that is being extruded and, importantly, the 

emission of pollutants of the ABS [13]. 

With these notions in mind, the design of a microfactory for recycling e-waste plastics primarily 

composed of acrylonitrile-butadiene-styrene copolymer (ABS), polycarbonate (PC), and 

polypropylene (PP) was investigated in the present article, because they were found to be very 

abundant in a recycling site in the UK. The ABS and the PC are the main components in telephone 

handsets, keyboards, monitors, and computer housing, while the PP is widely employed for the 

manufacturing of boxes and casings. The research objectives were: (a) to find out synergistic 

approaches of combining these materials, (b) to define the specifications of the equipment required 

for the processing, and (c) to identify the best component that can be replicated as the best route for 

the valorization of the e-waste plastic. Given the open-source license of recyclebots and their 

versatility [9,14], this type of equipment was considered suitable for the design of a valorization 

process and the scaleup to modest real conditions of the rate of handling e-waste plastics by medium-

size recycling enterprises (~300 tonnes per annum). In this way, following the instructions of the 

manufacturer of the melt-blend extruder [15–18], virgin polymers were employed to initiate the melt-

blend extrusion process and the share of the fresh materials was progressively decreased until the 

point of operating the equipment with 100 % e-waste plastic. Unlike the selection of the grades of the 

virgin material, which was based on its Melt-Flow Index (MFI), the different grades of the waste ABS 

were identified by the flow regime in the extruder and the color of the waste ABS (i.e. white or black). 

The valorization of the thermoplastics as 3D filaments for additive manufacturing was subsequently 

confirmed by printing a specimen, in agreement with the methodology of Arostegui et al. [19], to 

increase the technology readiness level. 

2. Results 

The following subsections include the data that support the design of a microfactory for 

processing ABS, ABS+PC, and PP. 

2.1. Collection of the waste and shredding 

The bulkiest e-waste plastics were identified in a recycling company (Figure 1a) and 

subsequently shredded to less than 5mm (Figure 1b). As can be appreciated in Figure 1, the sample 

of ABS+PC was more heterogenous than the other samples: white ABS, black ABS, and PP. Thereby, 

it can be expected a low adhesion of the particles of ABS+PC during the extrusion process and the 

need of using a compatibilizer or impact modifier to improve the tension strength of the 3D filament 

produced with this e-waste plastic [20]. According to Ramesh et al. [21], the PC offers greater 

mechanical performance and is less susceptible to degradation than the ABS. On the other hand, the 

ABS is more fluid and its shear thinning behaviour is a major reason for improving processability of 

PC material. The compatibility or miscibility of the PC and ABS depends on the grade of the ABS and 

the content of the acrylonitrile monomer [21]. 
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(a) (b) 

Figure 1. Bulkiest e-waste plastics identified in the recycling company: (a) raw samples and (b) 

shredded sample to a particle size to less than 5 mm: white ABS (top-left corner), black ABS (top-right 

corner), ABS+PC (bottom-left corner), and PP (bottom-right corner). 

2.2. Characterization of the matrix and the additives of the e-waste plastics 

In addition to the RIC, the difference between the matrices of the e-waste plastics was confirmed 

with Fourier-transform infrared spectroscopy (FTIR) and X-ray fluorescence (XRF) analysis (Figure 

2). Figure 2 shows the FTIR profile of the e-waste plastics (white ABS, black ABS, ABS+PC, and PP), 

the virgin polymers employed to assist the melt-blend extrusion (ABS, high-density polyethylene 

(HDPE), and polylactic acid (PLA)), and the purge material recommended for the cleaning of the 

equipment after the operation (i.e., Devoclean MidTemp purge). The most characteristic peak that 

was identified for the ABS was found at the 2,200 cm-1, corresponding to the nitrile group [19]. The 

larger error band found for the ABS+PC in Figure 2a is associated with the greater variability of the 

matrix of this heterogeneous sample. With regard to the initial characterization of the samples in 

terms of XRF (Figure 2b): calcium, sulfur, and phosphorus were found to be the trace elements most 

abundant in all the samples, but it is also important to highlight the presence of BFR in the sample of 

white ABS. 

  

(a) (b) 

Figure 2. Characterization of the composition of the e-waste plastics (ABS, PC, and PP) and the virgin 

polymers used to enable the melt-blend extrusion process for the production of 3D filament: (a) matrix 

in terms of FTIR spectra; (b) additives as described by the XFR results. 

2.3. Melt-blend extrusion 

The melt-blend extrusion process was performed following the advice provided by the 

manufacturer of the compounder: starting with virgin materials and progressively increase the share 

of waste. This can be seen in Figure 3a for the white ABS. It was necessary to use the HDPE and the 

PLA as transition polymers for the ABS and the PP, respectively, in order to obtain the 3D filament 

with 100 % recycled material (Figure 3b). 
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(a) 

 

(b) 

Figure 3. (a) Progressive increase in the share in the share of e-waste plastic (white ABS) and decrease 

in that of the virgin polymer (ABS). (b) 3D filament prepared with 100 % recycled material: white ABS, 

black ABS, PP, and ABS+PP. 

2.4. 3D filament diameter 

The filament thickness monitored with the optical sensor of the 3devo compounder during the 

recycling of the waste ABS, PC, and PP is show in Figure 2. Additionally, the quality check was 

performed with PLA, following the recommendation of the manufacturer of the recyclebot [22], to 

confirm that the equipment was operating properly and the fluctuation observed were derived by 

the processing of the complex waste material. The white ABS was found to be the most suitable 

material to be valorized as 3D filament via melt-blend extrusion, as it was easier to get the filament 

diameter in the range of 1.75 ± 0.10 mm (< 8,000 s in Figure 2a). The black ABS was more susceptible 

to clog the recyclebot and it was necessary (> 8,000 s in Figure 2a) to repeat the preparation of the 3D 

filament for this matter (> 15,000 s in Figure 2b). Similarly, the recycling with the ABS+PC (< 15,000 s 

in Figure 2b) and PP (Figure 2c) was challenging, with difficulties maintaining a constant diameter 

of the 3D filament. The quality check with PLA (Figure 2d) informed on the difficulty of continuously 

measuring the filament thickness with the waste polymers: with these recycled materials, the 

diameter thickness went to zero multiple times during the operation of the compounder because the 

filament is dancing and going out of the optical sensor. 
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(a) (b) 

  

(c) (d) 

Figure 4. Filament diameter obtained via melt-blend-extrusion of the different e-waste plastics: (a) 

white ABS (initial 2 hours) and black ABS (remaining 2 hours); (b) ABS+PC (initial 4 hours) and black 

ABS (remaining 4 hours); (c) PP; (d) quality check with PLA. 

2.5. 3D printing 

The feasibility of the 3D printing with the recycled filament was tested (Figure 5a) to prepare a 

dumbbell-shaped specimens (Figure 5b), according to the British Standard EN ISO 527-2:2012 (test 

conditions for molding and extrusion), and to characterize the performance of the recycled material 

in the mechanical testing. A limited number of dog-bone specimens could be prepared due to 

presence of lumps in the filament that clogged the 3D printer (Figure 5c). This was associated with 

the poor shredding of the samples (presence of 2-cm particles) and the unmelted particles leading to 

lumps of a diameter much greater than 1.75 mm, which were also consequence of the very short 

screw of the melt-blend-extruder that did not promote the complete mixing of the samples of e-waste. 

  

(a) (b) 
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(c) (d) 

Figure 5. (a) 3D printing of the dumbbell shaped specimen for tensile testing; (b) dumbbell shaped 

specimen (zoom in); (c) 1.75±0.20-diameter lumps in the 3D filament (100 % white ABS); and (d) 2-cm 

particles in shredded white ABS. 

2.6. Tensile testing 

The recycled materials have an average tensile strength around 2.5 MPa and the greatest tensile 

strength was found for the black ABS (4.14 ± 0.34 MPa) while the lowest correspond to the ABS+PC 

(1.70 ±0.36 MPa). The blend of the waste materials with the virgin polymers did not offer a greater 

tensile strength, compared to the 3D filament produced with 100 % recycled material. It is important 

to highlight that the tensile strength reported in Figure 6a refers to the maximum force than the 

material can hold before staring the neck formation. Figure S1 shows the neck formation in the PP. It 

is noteworthy to mention that for the calculation of the tensile strength, a homogeneous diameter of 

1.75 mm was assumed for all filaments. This implied that the cross-sectional area considered for the 

filament (2.41 mm2) was approximately 10 times smaller than that for the dumbbell-shaped specimen 

(40 mm2; [23]). Nevertheless, the tension strength measure for the dog-bone specimen of white ABS 

(1.54 MPa) was in the same order of magnitude because the maximum force reached was also 

approximately 10 times greater (0.0617 kN; Figure S2) than what was achieved with the filament of 

white ABS (Figure 6b). These results were an order of magnitude lower than those reported by Zhang 

et al. [24], who used virgin HDPE to support the recycling of the waste HDPE. In the present study, 

the HDPE did not enhance the tensile strength of the ABS filament as there was a weak interaction 

between these polymers. This can be seen in the lose threads upon rupture of the filaments of HDPE 

and ABS in the tensile testing (Figure S3). Figure 6c, Figure 6d, and Figure 6e show the profiles of the 

tensile force versus the displacement for the black ABS, ABS+PC, and PP. The profiles tensile force 

versus extension of the remaining combination of polymers are shown in Figures S4–S7. 
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(a) 

 

(b) (c) 

 
 

(d) (e) 

Figure 6. (a) summary of the mechanical strength of the 3D filament; (b) profile tensile force vs 

extension of the 7 replicates of the white ABS filament; (c) profile tensile force vs extension of the 8 

replicates of the black ABS filament; (d) profile tensile force vs extension 11 replicates of the ABS+PC 

filament; and (e) profile tensile force vs extension of the 17 replicates of the PP filament. 

According to the empirical results, the neck formation can be seen with less than 2 mm of 

elongation of the filament. In the case of the white and black ABS, the elongation before failure was 

not found beyond 6 mm (Figure 6b,c). As the filament of ABS+PC is brittle due to the heterogeneity 

nature of the sample (Figure 1), there is no neck formation and minimum elongation took place before 

the breakage of the specimens (Figure 6d). The maximum displacement that was allowed for the 

tensile testing was 200 mm but this was not enough for the PP, as this material was found to be very 

flexible without breaking even at 200 mm of deformation (Figure 6e). The melt-blend extrusion 

process did not affect negatively the degradability of the e-waste plastics, as several changes in the 
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conformation of the matrix polymers could be identified in the raw samples and in the recycled 

filaments: including the glass transition temperature, crystallization temperature and melting point 

(Figures S8–S12). Although similar weight loses were found in the samples of plastic before and after 

the melt-blend extrusion, in general (except for the black ABS; Figure S9) it could be considered that 

the extruded samples are more recalcitrant as the number of endothermic degradation reactions 

increased [25], particularly at high temperatures (above 400 ºC). As can be seen in Figure S13, 

conducting the coupled thermogravimetric analysis (TGA) and differential scanning calorimetry 

(DSC) at temperature up to 800 ºC affected the behavior of the recycled white ABS filament and the 

commercial black ABS, increasing in both cases the proliferation of endothermic reactions both at the 

beginning and towards the end of the analysis. 

The impact of the storage conditions on the behavior of the polymers was also assessed with the 

TGA/DSC. The storage of the HDPE at room conditions makes this material more recalcitrant and 

hinders its processability with the melt-blend extrusion (Figure S14). The other material that the 

manufacturer of the compounder allows to be left in the shutdown equipment is the PLA and its 

comparison with the HDPE is also show in Figure S14. Figure S14 confirmed that the Devoclean 

MidTemp purge recommended by the manufacturer was also polyethylene. The similarities between 

the HDPE and the Devoclean MidTemp purge can be seen in the comparison of the FTIR spectra 

offered in Figures 2 and S15. 

2.7. Aesthetic properties 

The performance of the recycled filament was also characterized with the laser microscope using 

5 times (x5), 10 times (x10), and 20 times (x20) magnifications. This equipment was used to create a 

3D model of the specimens, which were prepared with the blends of polymers: the color scales in 

Figure 7 and the supplementary materials represent the depth of the laser microscope images. In the 

broken dumbbell-shaped specimen (Figure 7a), many fibers can be appreciated due to the way this 

component is manufactured with the 3D printer (Figure 7b). It is expected that if the dog-bone was 

prepared via molding injection, a cleaner rupture would be obtained. In fact, the rupture of filaments 

made with white ABS (Figure 7c) and the black ABS (Figure 7d) was clean with minimum neck 

formation. The same behavior was observed for a commercial filament of black ABS (Figure S16). 

However, when the black ABS and the white ABS were combined the resulting filament was more 

flexible and allowed the neck formation (Figure S17). Figure S17 shows the failure of the filament 

prepared with a blend of 50 % white ABS and 50 % black ABS. The supplementary material contains 

more laser microscope images of the filaments of a progressive increase in the share of white ABS, in 

relation to virgin ABS, at the point of rupture (Figures S18–S21,S23,S25,S27) and their neck formation 

(Figures S22,S24,S26). Figure S28 shows the failure of the filament prepared with virgin ABS. Figure 

S29 shows the rupture of the filament prepared with a blend of 50 % HDPE and 50 % black ABS. 

Figure S30 shows the neck formation in the filament prepared with a blend of 50 % HDPE and 50 % 

black ABS. Although the combination of black ABS with HDPE provided similar results to that of 

ABS+PC, in terms of tensile strength (Figure 6a), the aesthetic behavior upon failure was different. 

Figure S29 and Figure S30 justify that the interaction of between the black ABS and the HDPE was 

greater than the compatibility of the ABS+PC (Figure 7e). As can be seen in Figure 7e, the tenacity of 

the ABS+PC was lower than that of the black ABS+HDPE because the former did not have significant 

neck formation before the rupture. The brittleness of the filament ABS+PC can also be appreciated on 

the many fibers that can be seen in the broken specimens (Figure 7e). A closer look to the striations 

of the ABS+PC can be seen in Figure S31. The greatest flexibility was obtained with the filaments of 

PP; thus, its behavior was mainly characterized by the reduction of the cross-sectional area to enable 

the extension and ovoid the failure under a traction force (Figure 7f). Additionally, Figure S32 

displays a filament of PP that showed fibrous behavior upon rupture in the tensile testing. It is 

important to clarify that the filament of PP was transparent and the black part in the microscope 

pictures was the color of the base of the sample holder (Figure 7f). In Figure 7f the white part of the 

filament resulted from stretching and neck formation. Even the addition of PLA in shares of 50 % 

(Figure S33) and 90 % (Figures S34 and S35) did not reduce the transmittance of the material. The 
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ratio of PLA to PP however affected the fibrous behavior, as more fibers were observed when both 

materials were combined at approximately the same rate because this enhanced the incompatibility 

between the 2 polymer types (Figure S33). These fibers were not originally present in the filament of 

PLA (Figures S36 and S37). 

 

 
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 7. (a) dumbbell shaped specimen after the tensile testing; (b) laser microscope image (x5) of 

the dumbbell shaped specimen at the point of failure; (c) laser microscope image (x5) of the white 

ABS filaments at the point of rupture; (d) laser microscope image (x5) of the black ABS filaments at 

the point of failure; (e) laser microscope image (x5) of the black ABS filaments at the point of rupture; 

(f) laser microscope image (x5) of the ABS+PC filaments at the point of failure; and (g) laser 

microscope image (x5) of the PP filaments at the point of rupture. 

2.8. Acetone-based treatment of the ABS 

The acetone smoothing is widely applied to polish the pieces of ABS prepared by additive 

manufacturing. This is because the ABS is soluble in acetone and the 3D printed parts have marks 

(Figure 7a,b) that need to be removed before reaching the final customer, in case the product will be 

seen. For the sake of designing the valorization process of the e-waste plastic, the effect of the acetone 

treatment was analyzed at 2 levels: properties of the matrix of ABS and concentration of trace 

elements. Additionally, the treatments of the e-waste plastics with dichloromethane (DCM) and nitric 

acid were also evaluated. 
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2.8.1. Impact in the properties of the matrix 

The chemical refining of the ABS with acetone could hinder the recyclability of this polymer, 

due to the degradation of the less soluble fraction of rubbery dispersed phase of butadiene. The 

possible changes in the chemical structure of the extracted e-waste plastics were studied by FTIR 

(Figures 8–10). The serial extractions (up to 4 times) were performed by mixing of 25 g of each e-

waste plastic with 100 mL of acetone (fresh solvent added in each extraction step) for 30 minutes. The 

fraction of ABS extracted with the acetone was subdivided in the supernatant (most soluble 

components of the ABS) and the pellet. Additionally, the remaining residue after the serial extractions 

was similarly divided into supernatant and pellet. The most characteristic absorbance band of the 

ABS at approximately 2,200 cm-1 (corresponding to the C≡N triple bond) could be seen in almost all 

the fractions of the e-waste plastics treated with acetone, with the exception of the ABS+PC (Figure 

10) due to the lower concentration of the poly(styrene-acrylonitrile) (SAN) copolymer. In agreement 

with the findings of Arostegui et al. [19], the degradation of ABS with the serial extraction procedure 

upon these experimental conditions occurred in the pellet (i.e. butadiene-rich phase) and not in the 

more soluble SAN copolymer that mainly remained in the supernatant. In this way, the height of 

absorbance bands associated with the butadiene double bonds (910 cm-1 and 966 cm-1) significantly 

increased in the pellet-fraction. Furthermore, the absorbance band related to saturated carbonyl 

groups (1,734 cm-1) was progressively built up, particularly in the pellet of the 3rd extraction of the 

black ABS (Figure 9). According to Kim and Kang [26], the enhancement of these absorbance bands 

was due to the degradation of the butadiene phase, especially in unsaturated bonds, leading to the 

formation of carbonyl groups. Additionally, the N-H stretching (3,300 cm-1) can be identified in the 

pellet of the 3rd extraction of the black ABS, indicating that the butadiene also reacts with the 

acrylonitrile. Only 3 extraction steps were considered for the black ABS (Figure 9) because this type 

of e-waste plastic appeared to be more soluble in acetone than the white ABS. In the case of ABS+PC 

(Figure 10), the residue that remained after the 4 acetone-extractions was not analyzed because this 

SAN-depleted material was further treated with DCM for the extraction of the PC [27]. 

 

Figure 8. Effect of the acetone extraction on the functional groups of the white ABS 
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Figure 9. Effect of the acetone extraction on the functional groups of the black ABS 

 

Figure 10. Effect of the acetone extraction on the functional groups of the ABS+PP. 

In addition to the interpretations based on the FTIR profiles of the acetone treated e-waste 

plastics, the TGA/DSC (Figures S38–S44) were also considered for the design of a more advantageous 

extraction step. The white ABS lost its functionality beyond the 2nd extraction, as this can be seen in 

the smoother DSC curves in Figures S38 and S39. A single treatment with the nitric acid disabled any 

possible phase change in the white ABS (Figure S40). For the acetone-treatment of black ABS, 2 

extraction steps were also found to be the optimum, since beyond that point the phase changes are 

minimized (Figures S41 and S42). Finally, for the valorization of the ABS+PC, it might not convenient 

to conduct the 4th extraction step with acetone, as the DSC profiles (Figures S43 and S44) show a 

change in the trends of phase change at that point, particularly with the predominance of exothermic 

reactions at lower temperatures indicating easier degradation of the polymer. 
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2.8.2. Change in the composition of trace elements 

Based on the results obtained for the white ABS (Figure 11a), the acetone treatment is very useful 

to extract the BFR, as the bromine has more affinity for the acetone than any of the other additives. 

Although the trends of Figure 11a are clear, it should be noted that the best mass balance was obtained 

for the titanium and implied that 77.22 ± 22.77 % of the initial amount of this element was accounted 

in the fractions obtained with the 4-step extraction process: supernatant, pellet, and residue (Figure 

11b). Similarly, to iron (14.57 ± 4.31 %)), the bromine found was 16.90 ± 7.81 % of the initial amount 

of this element in the white ABS (Figure 11b). This might be related to the fact that the quantification 

of the additives with XRF has limitations and other methods should be used for a greater accuracy, 

such as the GC-MS for the bromine [10] and the ICP-OES for the trace metals [7]. Nevertheless, the 

XRF is very useful technique for initial characterization and sorting of the e-waste plastics based on 

the content of bromine. The acetone treatment might promote the volatilization of bromine; hence 

the extraction treatment needs to be robustly designed to prevent the gaseous emissions. Once the 

fraction of the white ABS has been solubilized, the repolymerization could be done with the 

antisolvent technique, by adding water to the acetone solution. Following this procedure, the 

bromide concentration found in reprecipitated ABS was found (2.9 mg/kg) to be much lower than the 

original concentration of this element in the raw white ABS sample (2939.3 mg/kg). This way of 

recycling the ABS minimized the volatilization of bromide, since this element remains in the acetone 

solution. In case the evaporation was allowed, the addition of virgin ABS (1.0 mg Br/kg) could 

minimize the loses of bromide and produce a semi-recycled material with 163.0 mg Br/kg. The 

acetone extraction of bromide is more convenient and effective that the use of more hazardous 

reagents, like the nitric acid (70 wt.%) that left the white ABS with a concentration of bromide of 305.0 

mg/kg after 2 weeks of soaking with intermittent shaking (Table S1). 

 

 

(a) (b) 

Figure 11. Acetone-based extraction of the most abundant trace elements in the white ABS: (a) 

distribution of the elements among the supernatant and the pellet after each extraction step; (b) mass 

balances considering the initial amount of trace elements that were initially in the white ABS and the 

amounts that were found in the supernatant and the pellet. 

The acetone treatment of the black ABS was not as effective as the extraction of bromide in the 

white ABS. As can be seen in Figure 12a, the elements that had greater affinity for the organic solvent 

were copper and nickel. As most of the bromine was found in the less soluble pellet fraction, the mass 

balance was met (Figure 12b) because the losses via volatilization were minimized. As with the white 

ABS, the 2-week treatment of the black ABS with nitric acid (70 wt.%) had poor capacity of removing 

the bromine but this soaking technique can be useful for other elements (Table S2): sulfur, 

neodymium, and nickel. 
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(a) (b) 

Figure 12. Acetone-based extraction of the most abundant trace elements in the black ABS: (a) 

distribution of the elements among the supernatant and the pellet after each extraction step; (b) mass 

balances considering the initial amount of trace elements that were initially in the black ABS and the 

amounts that were found in the supernatant and the pellet. 

The last combination possible of the bromide’s affinity for the acetone and the recoverability of 

this element with the extraction method was observed with the ABS+PC (Figure 13). The processing 

of the e-waste plastic was characterized by the high affinity of the BFR for the acetone (Figure 13a) 

and also a high recoverability of this element (Figure 13 b). Unlike in the acetone-based treatment of 

the white ABS, where also the BFR had good affinity for the solvent but low bromide recoverability 

was found, the acetone-based treatment of the ABS+PC was supplemented with DCM after the 4th 

extraction. The results found was the recoverability of bromide increase significantly, although this 

effect might also be associated with the type of BFR compound that the ABS+PC contained. Overall, 

the concentration of bromide increased from 8.29 ± 0.16 mg/kg in the raw ABS+PC to 201.8 ± 85.70 

mg/kg in the acetone-DCM-treated ABS+PC. 

 
 

(a) (b) 

Figure 13. Acetone-based extraction of the most abundant trace elements in the ABS+PC: (a) 

distribution of the elements among the supernatant and the pellet after each extraction step; (b) mass 

balances considering the initial amount of trace elements that were initially in the ABS+PC and the 

amounts that were found in the supernatant and the pellet. 

3. Discussion 

If the recycled e-waste plastic is intended for the packaging of foodstuff, the removal of the BFR 

might be required due to their persistence in the environment and the risks that these chemicals pose 

to public health [28]. According to the European Food Safety Authority [28], the plastics containing 

BFR, whether in use or waste, leach these chemicals to the environment and contaminate air, soil, and 

water; hence, these pollutants may enter the food chain. The consolidated version of the Waste 

Electrical and Electronic Equipment (WEEE) Directive of the EU, implementing the decision 

2018/2193 prescribes proper treatment for the plastics containing BFR (Article 8 and Annex VII) [29]. 
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On the other hand, the lobby of the bromine industry BSEF [30] conducted an independent study to 

justify their products of BFR [31], being supported by Sofies international B-Corp certified 

sustainability consulting firm [32]. The problems of BFR are also known in the UK, although the 

charity Breast Cancer UK highlights that the organic flame retardants (including BFR, chlorinated 

flame retardants and organophosphorus flame retardants) are additive but they are not the most 

commonly used worldwide, unlike the aluminum hydroxide with 34 % of the market [33]. 

Additionally, the Drinking Water Inspectorate confirmed the leachability of the BFR and identified 

those with high potential for occurrence in water sources in the UK [34]. The UK Government [35] 

requires an special application to stablish the microfactories for the e-waste plastics. Particularly, the 

Department for Environment, Food & Rural Affairs of the UK still considers the use of the Best 

Available Treatment, Recovery and Recycling Techniques for the removal of plastic containing BFR 

[36]. Since the objective of removal is to ensure that BFR do not enter the material stream, unless the 

BFR are extracted it is not recommended the recycling of the plastics containing BFR [36]. The XRF 

can be implemented as a quick technique to identify bromide in e-waste plastics, enabling the 

separation of plastics containing BFR prior to recycling, energy recovery or disposal [37], otherwise 

the capacity of the current technologies for handling this materials will decrease [10]. In the case of 

the polybromodiphenyl ethers, which are a large group of 209 different type of BFR with similar 

chemical structure, the UK Government has provided specific guidance on how to respond to 

chemical incidents [38], as these compounds have particular potential to bioaccumulate in the 

environment [39], being the liver and thyroid likely toxicity target [40]. 

Given these limitations in the composition, a suitable application of the recycled filament was 

considering the manufacturing of hard drive caddies of different sizes. The different types of 

behavior of the e-waste plastics determine their suitability for different applications. The best 

combination to meet the mechanical specifications would be a blend of black ABS and PP with 

enough stiffness and flexibility. Since there are available in the market several grades of virgin 

polymers, the selection of the virgin material relied on the criteria of the melt-flow index (MFI) 

analysis. For example, for the ABS that is one of the polymers more widely used for 3D printing, the 

criteria was that the MFI should be around or below 10g/10min 210ºC/10kg (i.e. highly viscous 

materials). Materials with a MFI of 15g/10min 210ºC/10kg or greater are more suitable for recycling 

processes that include a molding-injection step rather than the melt-blend extrusion, due to the lower 

viscosity required [17]. The MFI technique was not used for the characterization of the e-waste 

plastics but the difficulties in the operation of the melt-blend extrusion step are an indicator of the 

suitability of the different materials for this type of valorization process. Figure 14a,b show several 

cross-sections of the clogging black ABS that was originated due to factors such as unmelted particles 

(Figure 14c,d), high moisture content that prevents the proper flow of the material, or even metal 

particles (Figure S45a) that accompanied the e-waste plastic and could only be unblocked with the 

Devoclean MidTemp purge (Figure S45b). Figure 14e,f show a filament with an unmelted core that 

went through the extrusion step due to the fusion of the outer layer, which upon cooling become a 

crust. As explained above, the valorization of the black ABS was done in 2 separate runs (Figure 4a,b) 

due to this undesired clogging. In Figure 7 all pictures were taken at the same magnification (x5) but 

the black ABS (Figure 7d) can be clearly seen thicker than the other filaments. This could be an 

explanation for the significant greater tensile strength that was found for this material (Figure 6a) and 

agrees with the greater viscosity of the black ABS. Figure S46 offers the microscope pictures of the 

thickest filament prepared with the clogging black ABS, before it was necessary to introduce the 

Devoclean MidTemp purge to continue with the operation of the equipment. It is noteworthy to 

mention that a homogenous composition of the filament is essential and the tensile strength will not 

increase otherwise. For this reason, despite the greater thickness of the clogging ABS, the mechanical 

strength was not enhanced (Figure 6a) since the filament was heterogeneous (Figure S47). 
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(a) (b) 

 
(c) (d) 

(e) (f) 

Figure 14. (a) laser microscope image (x10) of several cross-sectional areas of the filament of black 

ABS with unmelted particles; (b) laser microscope image (x10) several cross-sectional areas of the 

filament of black ABS with unmelted core; (c) laser microscope image (x20) of the cross-section of the 

filament of black ABS with unmelted particles; (d) laser scan (x20) of the cross-sectional area of the 

filament of black ABS with unmelted particles; (f) laser microscope image (x20) of the cross-section of 
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the filament of black ABS with unmelted core; and (g) laser scan (x20) of the cross-sectional area of 

the filament of black ABS with unmelted core. 

Figure 15 depicts the layout of the microfactory for the manufacturing of hard drive caddies 

made of e-waste plastic. As part of the float-sink operation [7,41], the first tank full of water allows 

the mechanical separation of the PP (0.85 – 0.95 g/cm3) from the ABS (1.04 – 1.06 g/cm3) and the PC 

(1.20 – 1.22 g/cm3) [7]. In order to be able to separate the ABS and the PC, it would be necessary to 

use a solvent, such as the DCM with a density of 1.33 g/mL and able to solubilize the PC [27]. Taking 

into account the problem of using DCM for Health & Safety and the environmental pollution, the 

manipulation of the density of the water with a brine of CaCl2 could be more feasible. However, for 

complex mixtures of e-waste plastics the use of solvents (tertiary recycling) might be the only way to 

attain the complete separation for the polymer before the melt blend extrusion [4]. After this float-

sink operation, the detection of additives and flame retardants will be possible with a portable 

handheld XRF equipment [42]. The results of the present investigation were considered to implement 

a short contact time between acetone and the ABS. This extraction step would give the best results 

because avoids excessive degradation of the matrix while still removing the BFR. The quick extraction 

of the trace elements of the ABS agrees with the techno-economic assessment of contact times lower 

than 90 minutes and avoid the degradation of the less soluble rubbery-phase of butadiene [19]. 

Supportive material
(Recirculation ratio of 0.3)

PP

ABS

PC

Acetone
DCM
CaCl2

ABS+PCPP
ABS
PC

 

Figure 15. Design of a microfactory for the manufacturing of hard drive caddies with the recycled e-

waste plastic polymers: ABS, PC, and PP. 

In the next step of shredding, it is necessary to ensure a particle size below 2 mm for the heat 

subsequently devoted for the melting of the e-waste plastic to be as efficient as possible. Once the 

recycled 3D filament has been produced, a key decision to make is the type of component that will 

be replicated by additive manufacturing (Figure 48). The optimization of the use of the recycled 

material can be done with the software UltiMaker Cura [43], which informs how much supporting 

material will be necessary to print the component (Figure S48a). It is considered supported material 

all the recycled plastic that will be printed to maintain the parts of the component being replicated 

which deviates more than a 45º angle. In order to make this prediction, the only information that 

requires the software is the CAD file with the dimensions of the component that is going to be printed. 

For the hard drive caddies printed with ABS, 30 % of the recycled filament will be used as supportive 

material (Figure S48b). A recirculation loop has been included in Figure 15 to describe the mass flow 

of this supportive material that is removed from the printed component (Figure S48c) which needs 

to be reprocessed. Those components that require a large amount of supporting material when being 

printed might be more suitable for a microfactory including a molding injection step rather than the 

melt-blend extrusion. In case a visual element (e.g., screen frames of a laptop, mobile phone casings, 

etc.) would be printed, an additional downstream process step would need to be included in Figure 

15 for the acetone smoothing. This last step of upgrading the printed piece before reaching the end-

user is a very simple technique in which the acetone vapors are forced to interact with the borders of 

ABS, by means of a fan promoting the turbulence in the closed environment. Thereby, the 2 main 
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variables that needed to be consider for the successful design of the recycling process (Figure S48d,e) 

were: the (chemical and mechanical) properties of the e-waste plastic and the structure of the 

component that is going to be replicated. 

4. Materials and Methods 

The most abundant e-waste plastics available in a recycling site in the UK were identified based 

on the indented RIC and the FTIR spectra. These were: ABS, PC, and PP. The difference in the 

composition of the matrix polymer (main component of the e-waste plastics) was characterized with 

the Cary 630 FTIR Spectrometer of Agilent Technologies, with ATR sampling module. Furthermore, 

the differences of the e-waste plastics in terms of the additives were characterized with XRF analysis: 

Shimadzu EDX8000 instrument equipped with a Rh sealed-source X-ray tube and a silicon strip 

detector. The samples were mounted on a Mylar film and were irradiated using a 5 mm in diameter 

collimator. Semi-quantitative concentrations were obtained using a Fundamental Parameter method. 

The virgin materials to initiate the melt-blend extrusion process (HDPE, ABS, and PLA) were 

procured considering that these plastics should have an MFI below 10 (i.e. high viscosity). Before the 

melt-blend extrusion step, the reduction of the particle size to less than 5 mm was performed with 

the GP20 Shredder Hybrid of 3devo. The Precision 350 compounder of 3devo was used for processing 

the e-waste plastics following the protocols provided by the manufacturer of the equipment [15,16]. 

Devoclean MidTemp that initially contained the filament maker was purged with HDPE to ease the 

transition to the virgin ABS. In order to feed the virgin ABS, the settings used for the melt-blend 

extruder were: 4 heaters started at 240 ºC, screw speed at 5 rpm, and fan capacity at 50 %. 

Subsequently, the waste ABS was progressively introduced in the feedstock and once a stable 

operation was reached, the temperature of the heaters next to the feeding hoper was decreased down 

to 215 ºC [15]. Although ABS do not absorb a lot of moisture during storage, the drying was 

performed at 80°C for only 1 hour in the Airid Polymer Dryer of 3devo. 

Similarly, the extrusion report prepared by 3devo was followed to assess the feasibility of 

recycling the waste PP. The virgin material that was used to ease the feeding of the PP was the PLA, 

using a bell-shaped setting of 170 – 175 ºC for the heaters of the extruder [16]. The preparation of the 

dumbbell-shaped specimen was done with the ZMorph 2.0 SX Multitool 3D Printer. The analysis of 

the filament thickness was performed with the optical sensor installed in the compounder and the 

software DevoVision. The characterization of the tensile strength of the filament was done with the 

equipment Instron 3345, which would be able to provide up to 5 kN of traction and compression 

forces. The Olympus LEXT OLS5000 SAF Optical 3D Measuring Laser Microscope was used for the 

characterization of the breakage of the recycled filaments. For the thermogravimetric analysis and 

the differential scanning calorimetry the NETZSCH STA 449 F3 Jupiter® was used. The acetone 

extraction of the white ABS was performed following a modified version of the protocol followed by 

Arostegui et al. [19]. The difference was that the samples were successively extracted up to 4 times, 

aiming the isolation of the most soluble fractions of the matrix (SAN copolymer) and additives (BFR) 

and minimizing the degradation of the rubbery dispersed fraction (butadiene). The subsequent 

extraction of the PC in the case of the ABS+PC was performed with DCM, similarly to 

Chandrasekaran et al. [27]. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 

paper posted on Preprints.org, Figure S1: Laser microscope (x10) of the neck formation in the PP filament during 

the tensile test. Figure S2: Profile tensile force vs extension of the white ABS filament and the dumbbell shaped 

specimen prepared following the British Standard EN ISO 527-2:2012 (test conditions for molding and extrusion). 

Figure S3: Lose threads that can be seen in the filament made of 50 % virgin HDPE and 50 % virgin ABS upon 

rupture in the tensile testing. Figure S4: Tensile testing profiles for: (a) Commercial black ABS (8 replicates), (b) 

acetone smoothen white ABS (8 replicates), (c) virgin ABS (9 replicates), and (d) 10% white ABS + 90 % virgin 

ABS (10 replicates). Figure S5: Tensile testing profiles for: (a) 18 % white ABS + 82 % virgin ABS (10 replicates), 

(b) 35 % white ABS + 65 % virgin ABS (10 replicates), (c) 40 % white ABS + 60 % virgin ABS (15 replicates), and 

(d) 70 % white ABS + 30 % virgin ABS (10 replicates). Figure S6: Tensile testing profiles for: (a) 90 % white ABS 

+ 10 % virgin ABS (10 replicates), (b) clogging ABS (10 replicates), (c) 50 % white ABS + 50 % black ABS (11 
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replicates), and (d) 50 % ABS+PC + 50 % black ABS (17 replicates). Figure S7: Tensile testing profiles for: (a) 50 % 

black ABS + 50 % HDPE (13 replicates), (b) 50 % virgin ABS + 50 % HDPE (10 replicates), (c) 50 % PP + 50 % PLA 

(21 replicates), and (d) 10 % PP + 90 % PLA (21 replicates). Figure S8: Thermogravimetric analysis (green line) 

and differencing scanning calorimetry (blue line) performed up to 600 ºC (red line) for the white ABS: (a) 

unprocessed waste and (b) the 1.75-mm filament obtained with the melt-blend extrusion. Figure S9: 

Thermogravimetric analysis (green line) and differencing scanning calorimetry (blue line) performed up to 600 

ºC (red line) for the black ABS: (a) unprocessed waste and (b) the 1.75-mm filament obtained with the melt-blend 

extrusion. Figure S10: Thermogravimetric analysis (green line) and differencing scanning calorimetry (blue line) 

performed up to 600 ºC (red line) for the ABS+PC: (a) unprocessed waste and in (b) the 1.75-mm filament 

obtained with the melt-blend extrusion. Figure S11: Thermogravimetric analysis (green line) and differencing 

scanning calorimetry (blue line) performed up to 600 ºC (red line) for the PP: (a) unprocessed waste and in (b) 

the 1.75-mm filament obtained with the melt-blend extrusion. Figure S12: Thermogravimetric analysis (green 

line) and differencing scanning calorimetry (blue line) performed up to 600 ºC (red line) for the virgin ABS: (a) 

unprocessed pellet and in (b) the 1.75-mm filament obtained with the melt-blend extrusion. Figure S13: 

Thermogravimetric analysis (green line) and differencing scanning calorimetry (blue line) performed at the 

temperature informed by the red line for: (a) white ABS filament @ 800 ºC; (b) commercial black ABS filament @ 

800 ºC; (c) commercial black ABS filament @ 600 ºC; (d) commercial green ABS @ 600 ºC. Figure S14: 

Thermogravimetric analysis (green line) and differencing scanning calorimetry (blue line) performed up to 600 

ºC (red line) for: (a) fresh HDPE; (b) HDPE stored at room condition for a year; (c) MidTemp purge; (d) PLA 

filament. Figure S15: Comparisons of the FTIR spectra of the HDPE and the Devoclean MidTemp purge. Figure 

S16: Laser microscope images (x5) of the rupture of the filaments of Commercial black ABS filament in the tensile 

test. Figure S17: Laser microscope images (x5) of the failure of the filaments of 50 % white ABS 50 % Black ABS 

in the tensile test. Figure S18: Laser microscope images (x5) of the failure of the filaments of10 % white ABS 90 % 

virgin ABS in the tensile test. Figure S19: Laser microscope images (x5) of the rupture of the filaments of 18 % 

white ABS 88 % virgin ABS in the tensile test. Figure S20. Laser microscope images (x5) of the failure of the 

filaments of 25 % white ABS 75 % virgin ABS in the tensile test. Figure S21: Laser microscope images (x5) of the 

failure of the filaments of 35 % white ABS 65 % virgin ABS in the tensile test. Figure S22: Neck formation in the 

filaments of 35 % white ABS 65 % virgin ABS during the tensile test. Figure S23: Laser microscope images (x5) 

of the rupture of the filaments of 40 % white ABS 60 % virgin ABS in the tensile test. Figure S24: Neck formation 

in the filaments of 40 % white ABS 60 % virgin ABS in the tensile test. Figure S25: Laser microscope images (x5) 

of the rupture of the filaments of 70 % white ABS 30 % virgin ABS in the tensile test. Figure S26: Laser microscope 

images (x5) of the failure of the filaments of 70 % white ABS 30 % virgin ABS in the tensile test. Figure S27: Laser 

microscope images (x5) of the rupture of the filaments of 90 % white ABS 10 % virgin ABS in the tensile test. 

Figure S28: Laser microscope images (x5) of the failure of the filaments of virgin ABS in the tensile test. Figure 

S29: Laser microscope images (x5) of the rupture of the filaments of 50 % HDPE and 50 % Black ABS in the tensile 

test. Figure S30: Laser microscope images (x5) of the failure of the filaments of 50 % HDPE 50 % Black ABS in 

the tensile test. Figure S31: Laser microscope images (x5) of the rupture of the striations of the filament of 

ABS+PC. Figure S32: Laser microscope (x10) of the formation of 2 fibers in the PP filament during the tensile test. 

Figure S33: Laser microscope images (x5) of the neck formation in the filaments of 50 % PP + 50 % PLA during 

the tensile test. Figure S34: Laser microscope images (x5) of the failure of the filaments of 10 % PP 90 % PLA in 

the tensile test. Figure S35: Laser microscope images (x5) of the neck formation in the filaments of 10 % PP 90 % 

PLA during the tensile test. Figure S36: Laser microscope images (x5) of the rupture of the filaments of PLA. 

Figure S37: Laser microscope images (x5) of the failure of the filaments of PLA (with neck formation). Figure S38: 

TGA/DSC profiles of the fraction of white ABS isolated with the acetone extraction: (a) 1st supernatant, (b) 2nd 

supernatant, (c) 3rd supernatant, and (d) 4th supernatant. Figure S39: TGA/DSC profiles of the fraction of white 

ABS isolated with the acetone extraction: (a) 1st pellet, (b) 2nd pellet, (c) 3rd pellet, and (d) 4th pellet. Figure S40: 

TGA/DSC profiles of the fraction of the white ABS soaked for 2 weeks in nitric acid (70 wt.%) with intermittent 

shaking. Figure S41: TGA/DSC profiles of the fraction of black ABS isolated with the acetone extraction: (a) 1st 

supernatant, (b) 2nd supernatant, and (c) 3rd supernatant. Figure S42: TGA/DSC profiles of the fraction of black 

ABS isolated with the acetone extraction: (a) 1st pellet, (b) 2nd pellet, and (c) 3rd pellet. Figure S43: TGA/DSC 

profiles of the fraction of ABS+PC isolated with the acetone extraction: (a) 1st supernatant, (b) 2nd supernatant, (c) 

3rd supernatant, and (d) 4th supernatant. Figure S44: TGA/DSC profiles of the fraction of ABS+PC isolated with 

the acetone extraction: (a) 1st pellet, (b) 2nd pellet, (c) 3rd pellet, and (d) 4th pellet. Table S1: Extraction of the white 

ABS with nitric acid (70 wt. %) conducted for 2 weeks with intermittent shaking. Table S2: Extraction of the black 

ABS with nitric acid (70 wt. %) conducted for 2 weeks with intermittent shaking. Figure S45: (a) Material that 

was found among the plastic e-waste. (b) Metal parts that remained inside the melt-blend extruder and they 

needed to be purged with Devoclean MidTemp (polyethylene). Figure S46: Laser microscope images (x5) of the 

rupture of the filaments of clogging ABS 100 % in the tensile test. Figure S47: Laser microscope images (x10) of 
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the failure of the filaments of Clogging ABS 100 % in the tensile test. Figure S48: (a) UltiMaker Cura visualization 

of the supportive material (blue color) that will be required to print the hard drive caddies with ABS. (b) Printed 

hard drive caddies with ABS. (c) Removal of the supportive material (30 % of the total ABS) from the hard drive 

caddies printed with ABS. (d) Proof that the small hard drive caddy fits for purpose. (e) Proof that the big hard 

drive caddy fits for purpose. 
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