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Abstract

:

Deep and efficient debromination is a critical step in achieving environmentally friendly recycling and ensuring the sustainability of waste-printed circuit boards (WPCBs) because of their high toxicity and carcinogenicity. To this end, this study used a copper–iron (Cu/Fe) bimetal as a debromination agent to remove bromides from WPCBs using in situ catalytic pyrolysis technology. The results show that the maximum debromination efficiency was 97.14% under the following conditions: a Cu mole ratio of 0.20 (Cu/Fe-0.20), a Cu/Fe-0.20 dosage of 0.4, a pyrolysis temperature of 600 °C, and a retention time of 10 min. The main bromine species in pyrolysis oil and gas were bromophenol, bromomethane, HBr, and Br2. The conversion of bromine species and the debromination of the Cu/Fe-0.20 bimetal were analyzed in real time using a thermogravimetry-coupled Fourier transform infrared and mass spectrometer (TG-FTIR-MS). Using the Cu/Fe bimetal synergistic effect, we determined that the debromination mechanism could be used for bromide conversion and fixing. The Cu in the Cu/Fe-0.20 transformed the organic Br (bromophenol and bromomethane) into inorganic Br (HBr and Br2) by providing empty orbitals for lone pairs of electrons. Then, the generated HBr and Br2 reacted with Fe in the Cu/Fe-0.20 and were fixed in pyrolysis residue. This study provides theoretical support and a practical method for WPCB deep debromination and recycling.
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1. Introduction


Waste electrical and electronic equipment (WEEE) is a significant contaminant because of the large amounts produced, their complex components, and their high pollution levels. The global production of WEEE is considered to be more than 50 million tons, and the yield continuously increases by 10% every year [1]. Waste-printed circuit boards (WPCBs) are the most important constituent of WEEE and have dramatically increased with the production of WEEE [2]. WPCBs can comprise various metals (such as gold, silver, copper, iron, aluminum, etc.), organic matter (epoxy resin, plastic, phenolic resin, etc.), and hazardous substances (heavy metals, binders, and brominated flame retardants (BRFs)), all of which are valuable for “urban mines” [3]. Therefore, some researchers are committed to recycling valuable metals and have made significant achievements in this regard [4,5]. However, the safe disposal and recovery of residual nonmetals in WPCBs (NM-WPCBs) has been neglected. NM-WPCBs are a typical form of hazardous waste that contains a large number of BRFs [6]. Improper disposal methods such as landfilling and incineration can release polybrominated diphenyl ethers (PBDEs), Tetrabromobisphenol A (TBBPA), polycyclic aromatic hydrocarbons (PAHs), and brominated aromatic hydrocarbons, which can accumulate in human bodies and cause serious diseases [7]. Therefore, the debromination of NM-WPCBs is necessary.



A few debromination technologies (such as supercritical fluid treatment, subcritical fluid method, in situ pyrolysis, the mechanochemical method, and the microbial method) have been adopted to remove hazardous substances and recycle valuable materials from NM-WPCBs [8,9,10]. Of these, in situ pyrolysis is one of the most promising technologies for bromine removal and sustainable resource recovery because of its obvious advantages. Firstly, toxic components such as PBDEs, TBBPA, and PAHs are not produced by in situ pyrolysis because of its oxygen-deficient atmosphere, and other bromine-containing substances such as bromophenol and hydrogen bromide can be simultaneously removed via the reactions of debromination agents. Secondly, NM-WPCBs can be decomposed into small molecular organics during the process, which can then be recycled as an alternative chemical feedstock. Thirdly, compared with supercritical fluid treatment, the subcritical fluid method, the mechanochemical method, and the microbial method, in situ pyrolysis is more efficient and is usable at relatively low temperatures and pressures, which can reduce energy consumption and costs. Considering the importance of environmental protection and resource recycling, researchers have devoted themselves to investigating the effectiveness of debromination using the in situ pyrolysis method [11,12,13]. Zhu et al. accurately calculated the capture capacity and mechanisms of CaCO3 for bromides generated when using the pyrolysis process on brominated resin but found that the capture capacity of CaCO3 for CH3Br was only 2.37 × 10−9 mol/g. Gao et al. removed bromides from WPCBs via the in situ pyrolysis of Ca(OH)2, and the results showed that all HBr species and nearly 75% of organic bromide species (such as bromophenol, 4-bromophenol, and 2,4-dibromophenol) were successfully removed. Bhaskar et al. used a calcium hydroxide carbon composite as a debromination agent to remove bromide from Br-containing plastic, and they found that most of the bromides were absorbed and removed [14,15]. Ma et al. enhanced debromination performance by adding Fe particles to ZSM-5 and Ni/SiO2-Al2O3 catalysts, and the results showed that the bromine content in the oils was reduced by between 8.74 wt% and 5.96 wt% and between 8.74 wt% and 5.46 wt%, respectively [16,17]. However, removing organic bromide species generated by pyrolysis is difficult. Taking into consideration the damage caused by organic bromides, the deep and complete debromination of WPCBs is necessary.



Metal catalysts are one of the agents used for WPCB debromination [7,18]. Mono-metals such as iron, zinc, nickel, and their oxides are used to remove Br from WPCBs. Studies suggest that most inorganic bromides, such as HBr and Br2, can be efficiently removed. However, the removal efficiency for organic bromides such as bromomethane and bromophenol is low. However, bimetal catalysts have several apparent advantages and thus have the potential to remove Br from WPCBs. Bimetal agents can promote pyrolysis reactions by facilitating heat transfer. Furthermore, bimetal debromination agents can simultaneously remove organic and inorganic bromides via chemical and physical reactions. Therefore, some studies on debromination via bimetals have been carried out. Ma et al. found that zero-valent Fe and Ni can capture evolved bromides from WPCBs via two-stage catalytic pyrolysis. Terakado et al. investigated the debromination ability of metal oxides such as Fe2O3 and ZnO and found that these catalysts have obvious debromination efficiency with HBr and organic bromine compounds. However, previous studies have mainly focused on debromination efficiency. The synergistic debromination mechanism of bimetal catalysts is unclear [19,20], and the removal of organic bromides needs to be improved. Our previous study found that copper has excellent removal efficiency with organic bromides and Fe has advantages in removing Br2 and HBr. Therefore, Cu/Fe has great potential regarding WPCB deep debromination.



Thus, this study used the in situ catalytic pyrolysis techniques with Cu/Fe bimetal and WPCBs to investigate the performance and mechanisms of debromination. Firstly, the Cu/Fe bimetal was prepared and characterized using a high-resolution transmission electron microscope (HRTEM), X-ray diffraction (XRD), and X-ray photoelectron spectroscopy (XPS). Then, debromination efficiency and performance factors were investigated to obtain optimal parameters. The debromination process and products were analyzed in real time with TG-FTIR-MS. Based on these results, a deep debromination mechanism was proposed. This study provides a new method and theoretical support for WPCB deep debromination and recycling.




2. Experimental Section


2.1. Materials


WPCBs were collected from Qingdao Rong Yiyang Resource Recycle Company and pre-treated, as shown in Figure 1. Firstly, the WPCBs were disassembled to recycle their electron components. Then, the residual mainboards were frozen with liquid nitrogen and crushed into a fine powder. Afterwards, the powder was separated via magnetic separation to recover metal resources. The resulting residual NM-WPCBs with a size distribution ranging from 0.15 to 0.60 mm, were the experimental samples used in this study (Figure S1). The main element components of the NM-WPCBs were C, H, O, Br, Si, and Ca. Sodium borohydride (NaBH4) and ferric chloride hexahydrate (FeCl3·6H2O) were purchased from Sinopharm Group Co., Ltd. Copper sulfate pentahydrate (CuSO4·5H2O) was obtained from Aladdin Reagents Co., Ltd. All chemicals used in this study were analytic grade and had no further treatments.




2.2. Preparation of Cu/Fe


Cu/Fe was synthesized via precipitation and displacement. Briefly, N2 was pumped into 0.05 mol/L FeCl3·6H2O to fully remove O2 from the solution. Then, 0.10 mol/L NaBH4 was added drop by drop at 500 rpm until the mixture turned black. Fe3+ was reduced to Fe as per Equation (1):


4Fe3+ + 3BH− + 9H2O → 4Fe0↓ + 3H2BO3− + 12H+ + 6H2↑



(1)







Then, 0.05 mol/L CuSO4·5H2O was added to the mixture with different Fe and Cu mole ratios (0, 1.05:0.05, 1.10:0.10, 1.20:0.20, and 1.50:0.50) at 250 rpm for 30 min. Cu was deposited on the surface of Fe to obtain Cu/Fe, as shown in Equation (2):


Fe0 + Cu2+ →Cu0↓ + Fe2+



(2)







The Cu/Fe was washed three times using ethanol (Cu) and deionized water (Fe) under a N2 atmosphere. Finally, the Cu/Fe was dried with a freeze dryer for 48 h, and passivation was achieved using 1.0% O2. According to a mass balance calculation, the mole ratios of Cu in the prepared Cu/Fe were 0 (Cu/Fe-0), 0.05 (Cu/Fe-0.05), 0.10 (Cu/Fe-0.10), 0.20 (Cu/Fe-0.20), and 0.50 (Cu/Fe-0.50).




2.3. In Situ Catalytic Pyrolysis Experiment


The in situ catalytic pyrolysis experiments were carried out in a self-designed tube furnace (Figure S2). In a typical run, 5.00 g NM-WPCBs were fully mixed with a certain amount of Cu/Fe and put in a quartz boat. Then, the quartz boat was placed in the heating zone of the tube furnace. Before the start of the experiment, Ar was pumped into the quartz tube for 20 min to completely exhaust the air. After that, the samples were heated to the designed temperature (400, 450, 500, 550, 600, 650, and 700 °C) at 10 °C/min and held at that temperature for 30 min to ensure that the in situ catalytic pyrolysis reaction was thoroughly completed. Finally, the produced pyrolysis oil was condensed and collected in a liquid collector, while pyrolysis gas was obtained by gas collector.



The total debromination efficiency was calculated using Equation (3):


η(d-Br) = W(s)/W(0) × 100%



(3)




where η(d-Br) is the debromination efficiency (%); W(s) is the bromine mass in the pyrolysis residue (mg); W(0) is the bromine mass in the NM-WPCBs (mg).



The removal efficiency for organic Br and inorganic Br were determined by Equations (4) and (5):


η(or-Br) = (1 − W(or-Br)/W(T-or)) × 100%



(4)






η(in-Br) = (1 − W(in-Br)/W(T-in)) × 100%



(5)




where η(or-Br) and η(or-Br) are the removal efficiency of organic Br and inorganic Br (%); W(or-Br) is the mass of organic Br in the pyrolysis oil (mg); W(in-Br) is the mass of inorganic Br in the pyrolysis oil and gas (mg). W(T-or) is the mass of organic Br in the pyrolysis oil without adding Cu/Fe (mg); and W(T-in) is the is the mass of inorganic Br in the pyrolysis oil and gas without adding Cu/Fe (mg).




2.4. Characterization


The microstructure and morphology of Cu/Fe were characterized by high-resolution transmission electron microscope (HRTEM, TecnaiF20, The Netherlands). The crystalline structures and composition of Cu/Fe were determined by X-ray diffraction (XRD, Bruker D8 Advance, Germany) and X-ray photoelectron spectroscopy (XPS, Thermo Fisher K-Alpha 250XI, USA). The bromine content in the NM-WPCBs and pyrolysis products were measured by oxygen bomb combustion coupled with iron chromatography (IC, Essentia IC-16, Japan). And organic bromides in pyrolysis oil and gas were analyzed by gas chromatograph–mass spectroscopy (GC-MS, QP2010, Shimadzu, Japan). The debromination process was determined by thermogravimetric Fourier transform infrared spectrometer–mass spectroscopy (TG-FTIR-MS, TGA8000-Frontier-Clarus 680-Clarus SQ 8T, USA).





3. Results and Discussion


3.1. Characterization of Cu/Fe


HRTEM was used to analyze the morphology and size of Cu/Fe-0.20. Figure 1a shows that the Cu/Fe mainly comprised small core–shell spheres with an average size ranging from 30 to 50 nm. These spheres assembled with each other to form a large aggregation with a chain structure. Furthermore, a high-magnification image of the Cu/Fe showed that the Cu was loaded on the surface of the Fe particles (Figure 2b). To further clarify the microstructure of the Cu/Fe, an energy-dispersive X-ray spectrometer (EDS) image was created (Figure 2c–e). It showed that the Cu and Fe could be observed simultaneously and had the same distribution, which further suggested that the Cu was successfully loaded on the surface of the Fe, forming core–shell structures. Furthermore, a small amount of O was observed, which indicated that the Cu/Fe was slightly oxidized.



To investigate the crystalline structure, surface composition, and chemical state of the Cu/Fe, XRD and XPS analyses were carried out. Figure 3a shows the XRD patterns of the sample, indicating the presence of Cu0 (JCPDS card no: 04-0836), Fe0 (JCPDS card no: 34-0529), Cu2O (JCPDS card no: 05-0667), FeO (JCPDS card no: 06-0615), and Fe3O4 (JCPDS card no: 26-1136). The XRD pattern of the Cu2O suggested that the Cu0 on the surface was slightly oxidized, while the presence of FeO and Fe3O4 indicated that the Fe0 was also oxidized. The simultaneous presence of Cu and Fe indicated the successful preparation of Cu/Fe. Furthermore, the XPS technique was used to analyze the surface composition and chemical state of the sample. Figure 3b shows a survey scan spectrum of the main signals of Cu, Fe, O, and C. High-resolution spectra of Cu 2p and Fe 2p are presented in Figure 3c and Figure 3d, respectively. The binding energies located at 934.5 eV and 953.1 eV were assigned to Cu 2p3/2 and Cu 2p1/2, which indicated the presence of Cu0 [21], and a strong Cu2+ satellite was observed with a binding energy of 942.4 eV. Furthermore, the binding energies at 935.1 eV and 954.6 eV could be attributed to Cu 2p3/2 and Cu 2p1/2 in the CuO, which suggested that the Cu was oxidized. Figure 3d shows that the binding energies located at 710.2 eV and 724.4 eV were assigned to Fe2+, and the binding energies at 711.3 eV and 726.7 eV were assigned to Fe3+ [22]. These results indicate that the Fe0 on the surface of Cu/Fe was oxidized into FeO and Fe3O4, which was consistent with the results of XRD.




3.2. Factors on In Situ Catalytic Pyrolysis Debromination


Figure 4 shows the Cu mole ratio’s influence on the bimetal, Cu/Fe dosage, reaction temperature, and retention time with respect to organic and inorganic bromide debromination and removal efficiency. Figure 4a shows that the debromination efficiency significantly increased from 52.32% to 95.10% when the mole ratio of Cu increased to 0.20. At the same time, the removal efficiency for inorganic Br was up to 94.22% and remained almost unchanged, while the removal efficiency for organic Br increased from 60.12% to 90.11%. This phenomenon indicated that the presence of Cu enhances Cu/Fe debromination via the catalytic effect. During in situ catalytic pyrolysis, any organic Br generated (such as 1-bromophenol, 4-bromophenol, or 1,4-bibromophenol) can be transformed into HBr and Br2 via the catalytic effect of Cu, while inorganic Br from NM-WPCBs can be removed with Fe through a reaction between HBr and Fe [17,23]. When the mole ratio of Cu is higher than 0.2, the debromination efficiency slightly decreases with an increase in Cu. At this point, the removal efficiency for organic Br was 90.21% and was almost unchanged by the increase in Cu. However, the removal efficiency for inorganic Br decreased from 94.22% to 63.56%. This result indicates that too much Cu in Cu/Fe is bad for the debromination reaction because of Fe coverage, which inhibits the reaction between inorganic Br and Fe. Moreover, the effect of the Cu mole ratio on the yield of pyrolysis oil, gas, and residue was also analyzed, as shown in Figure 4b. The increase in the Cu mole ratio did not affect the yields of pyrolysis oil, gas, or residue, and these results suggest that the Cu in Cu/Fe has little effect on the adsorption of pyrolysis oil and gas. Thus, the pyrolysis oil, gas, and residue yields were nearly unchanged. Therefore, the best catalyst was Cu/Fe-0.20.



The Cu/Fe-0.20 dosage was an important factor influencing the debromination process in our study. Figure 4c shows that the debromination efficiency significantly increased from 77.25% to 95.42% when the Cu/Fe-0.20 dosage increased from 0.05 to 0.40. At this time, the removal efficiencies for inorganic Br and organic Br increased with the increase in Cu/Fe-0.20 dosage. This result suggests that increased Cu/Fe-0.20 dosage was conducive to debromination because of the abundant active bromide removal sites. The continuous increase in Cu/Fe-0.20 had little influence on debromination efficiency; the total debromination efficiency was 95.34% and hardly changed as the Cu/Fe-0.20 dosage increased. However, the pyrolysis oil and gas yields distinctly decreased with a Cu/Fe-0.20 dosage higher than 0.40 (Figure 4d), indicating that too much Cu/Fe-0.20 hinders the generation and release of pyrolysis oil and gas. During in situ catalytic pyrolysis, the reaction between Fe and inorganic Br can form defects in Cu/Fe-0.20 catalysts, which may adsorb the pyrolysis oil and gas and transform them into char [17]. Thus, the pyrolysis oil and gas yields decreased, and therefore, the optimal Cu/Fe-0.20 dosage for debromination was 0.4.



Figure 4e shows the effect of pyrolysis temperature on debromination efficiency. When the temperature increased from 400 °C to 600 °C, the debromination efficiency slightly increased from 91.52% to 97.23%. At this time, the removal efficiency of organic Br increased from 82.31% to 90.15%, and the removal efficiency for inorganic Br was almost unchanged at 95.02%. This result suggests that a high temperature can increase the catalytic activity of Cu/Fe-0.20, which could cleave the C-Br bond and increase the removal efficiency for inorganic Br. However, when the pyrolysis temperature was higher than 600 °C, the debromination efficiency decreased. At this stage, the formed FeBr2/FeBr3 decomposed, generated inorganic Br, and was released into the pyrolysis oil and gas (Figure S3). Thus, the removal efficiency for inorganic Br and the total debromination efficiency decreased [24]. Moreover, a high temperature could promote secondary thermal cracking in pyrolysis oil. Thus, when the temperature was higher than 600 °C, the pyrolysis oil yield decreased from 18% to 12%, while the pyrolysis gas yield significantly increased to 30% (Figure 4f). Therefore, 600 °C was the optimal in situ catalytic pyrolysis temperature for WPCB debromination.



Retention time is an influential parameter in the debromination process. Figure 4g shows retention time’s influence on debromination efficiency. When the retention time increased from 10 to 60 min, debromination efficiency for the WPCBs was 97.14% and almost unchanged. At the same time, the removal efficiency for organic Br and inorganic Br was high. These results indicate that the speed of catalysis for Cu/Fe-0.20 was fast, and the debromination reaction could be completed within 10 min. Moreover, the pyrolysis residue yield slightly decreased, while the pyrolysis gas yield increased because of the secondary pyrolysis, which may result in more complicated pyrolysis gas components (Figure 4h). Therefore, with respect to energy consumption, a retention time of 10 min is suitable for in situ pyrolysis debromination.



With a comprehensive analysis of debromination efficiency, energy consumption, and cost, we found that a Cu mole ratio of 0.20, a Cu/Fe-0.20 dosage of 0.4, a pyrolysis temperature of 600 °C, and a retention time of 10 min are the optimal parameters for catalytic pyrolysis debromination. Under optimal conditions, the debromination efficiency was up to 97.14%.




3.3. In Situ Pyrolysis Catalytic Products


Tables S1 and S2 show the compositions of pyrolysis oil and gas after the in situ catalytic pyrolysis of NM-WPCBs and Cu/Fe-0.20. The debromination products were complex. The pyrolysis oil mainly comprised phenol, methyl phenol, ethyl phenol, isopropenylphenol, and benzene, while pyrolysis gas mainly comprised aldehyde, carbon dioxide, propanal, and water. However, small organic Br compounds, such as bromophenol and bromomethane, were detected in the pyrolysis oil and gas, and organic Br content was reduced compared with that of NM-WPCBs [25]. Therefore, most bromides can be removed by Cu/Fe-0.20 via in situ catalytic pyrolysis.



To clarify the Cu/Fe-0.20 debromination process in detail, a real-time analysis of bromine species generated from NM-WPCBs was carried out via TG-FTIR and TG-MS technologies. Figure 5 and Table S4 show the TG-FTIR spectrum of volatile products produced during the in situ catalytic pyrolysis of NM-WPCBs and Cu/Fe-0.20. Characteristic bands at 3600–3900, 2850–3100, 2300–2400, 1600–1800, 1300–1500, and 550–750 cm−1 were observed when the in situ catalytic pyrolysis temperature was higher than 300 °C, which indicated that pyrolysis and debromination reactions occurred at this case. The strong adsorption bands at 3600–3900 cm−1 were attributed to the stretching vibrations of O-H in phenols and H2O [26]. The adsorption bands at 2300–2400 cm−1 were the stretching vibrations of O=C=O in carbon dioxide [24]. The characteristic bands ranging from 2800 to 3000 cm−1 were assigned to the stretching vibrations of C-H in alkane and its substituents [27]. The adsorption bands at 1600–1800 cm−1 were the stretching vibrations of aromatic C=C in benzene and phenol rings. The characteristic bands at 1300–1500 cm−1 were attributed to the in-plane bending of O-H in phenol [28]. Finally, the bands at 550–750 cm−1 were attributed to the bending vibrations of C-Br in brominated phenols. However, the characteristic HBr bands at 2500–2600 cm−1 were not observed, which suggested that the generated HBr was successfully removed by Cu/Fe-0.20. It should be noted that the strength of the characteristic bands significantly decreased when the temperature was higher than 450 °C, which indicated that the debromination reaction was nearly finished.



To better understand the debromination process of Cu/Fe-0.20, TG-MS was employed to investigate the generation and removal of inorganic Br and organic Br in real time. Figure 6a,b shows strong characteristic HBr and Br2 peaks during Cu catalysis when the temperature is higher than 300 °C. These peaks appear as a bimodal distribution, which may be attributable to an Ullmann cross-coupling reaction caused by Cu [29], which could generate inorganic Br. However, these signal intensities noticeably weakened after Cu/Fe-0.20 catalysis, which indicated that the HBr and Br2 were successfully removed via Cu/Fe-0.20 through catalysis and chemical reaction. Figure 6c,d shows the mass spectrums of bromomethane and bromophenol. The signal intensities of the bromomethane and bromophenol weakened after Cu/Fe-0.20 catalysis. This result suggests that Cu/Fe-0.20 can also remove organic Br. Indeed, Cu can cleave the C-Br bond and transform organic Br into inorganic Br. Furthermore, Fe can further remove any generated HBr or Br2 via chemical processes. Therefore, Cu/Fe-0.20 has excellent performance regarding organic Br and inorganic Br removal.




3.4. Debromination Mechanism


Based on the GCMS and TG-FTIR-MS results, the debromination mechanism of Cu/Fe-0.20 is proposed in Figure 7. The Cu/Fe-0.20 debromination process can be divided into bromide conversion and fixing stages. When the temperature was higher than 300 °C, the NM-WPCBs decomposed into small molecular compounds such as phenol and its homologs, bromophenol, HBr, and Br2. At the bromide conversion stage, the Cu in the Cu/Fe bimetal converted organic Br into inorganic Br through catalysis (Equations (6)–(9)). The organic Br adsorbed the Cu atom to form [Organic-Br···Cu] by providing empty orbitals for lone pairs of electrons (Equation (6)). Then, the electrons transformed into [Organic-Br···Cu], cleaving the C-Br bond and forming a Cu···Br* intermediate (Equation (7)). The generated Br* reacted with Br* and H* to produce Br2 and HBr (Equations (8) and (9)). Therefore, the Cu in the Cu/Fe transformed the organic Br into inorganic Br. It should be noted that the formation of metal–oxide interfaces as reactive sites, such as Cu-FeOx interfaces, may promote organic Br removal [30,31,32].



At the fixing stage, the generated Br2 and HBr reacted with Fe, Fe3O4, and Cu2O (Equations (10)–(13)). According to our calculations, the Fe3O4 and Cu2O fixed the inorganic Br (Figure S3). Indeed, the reaction between the inorganic Br and Fe, Fe3O4, and Cu2O included dissociative adsorption, the formation of intermediates such as oxyhalide structures (copper halide and iron halide), and the desorption process [33,34]. Through these reactions, the organic Br and inorganic Br in the pyrolysis products were removed. The encapsulation of metallic sites caused by the oxide layer may result in a strong metal–support interaction. Therefore, the stability of this catalyst could be improved. And the encapsulation of metallic sites by the oxide layer may result in a strong metal support interaction [35,36]. Therefore, the stability of this catalyst could be improved.


Organic-Br + Cu → [Organic-Br···Cu]



(6)






[Organic-Br···Cu] → Organic* + Cu···Br*



(7)






Cu···Br* + Cu···Br* → 2Cu + Br2



(8)






Cu···Br* + H* → Cu + HBr



(9)






Fe + 2HBr → FeBr2 + H2



(10)






Fe + Br2 → FeBr2



(11)






Cu2O or Fe3O4 + HBr → CuBr or FexBry + H2O



(12)






Cu2O or Fe3O4 + Br2 → CuBr2 or FeBr3 + CuO/Fe2O3



(13)









4. Conclusions


We prepared a Cu/Fe bimetal and used it to remove brominated flame retardants from WPCBs via in situ catalytic pyrolysis. Our HRTEM, XRD, and XPS results suggest that a Cu/Fe bimetal with a core–shell structure was successfully synthesized. The maximum debromination efficiency reached 97.14% when the Cu mole ratio was 0.20, the Cu/Fe-0.20 dosage was 0.4, the pyrolysis temperature was 600 °C, and the retention time was 10 min. Under these conditions, the pyrolysis oil and gas yields were 18% and 22%, respectively. The debromination products and mechanism of Cu/Fe-0.20 were analyzed in real time via TG-FTIR-MS. During in situ catalytic pyrolysis, the Cu in Cu/Fe-0.20 transformed organic Br into inorganic Br, while the Fe further fixed inorganic Br in the residue. The Br atom in organic Br species (bromophenol and bromomethane) coordinated with the Cu by providing lone pair electrons to form [Organic-Br···Cu], which weakened the strength of the C-Br bond and made it easy to cleave. Thus, the organic Br was transformed into inorganic Br species such as HBr and Br2 with Cu catalysis. Then, the generated inorganic Br was fixed in pyrolysis residue with an Fe reaction. Therefore, the organic Br and inorganic Br in the pyrolysis products were removed.
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Figure 1. Pretreatment process and main composition of NM-WPCBs. 
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Figure 2. HRTEM and element mapping of the prepared Cu/Fe-0.20. (a,b) the TEM of Cu/Fe-0.20; (c–e) the element mapping of Cu, Fe, O of Cu/Fe-0.20. 
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Figure 3. (a) XRD and (b–d) XPS analyses of Cu/Fe-0.20. 
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Figure 4. Effect of (a,b) mole ratio of Cu (dosage of Cu/Fe, 0.6; reaction temperature, 600 °C; retention time, 30 min), (c,d) dosage of Cu/Fe (Cu/Fe-0.20; reaction temperature, 600 °C; retention time, 30 min), (e,f) reaction temperature (Cu/Fe-0.20; dosage of Cu/Fe, 0.4; retention time, 30 min), and (g,h) retention time (Cu/Fe-0.20; dosage of Cu/Fe, 0.4; reaction temperature, 600 °C) on the debromination efficiency and yield of pyrolysis oil, gas, and residue. 
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Figure 5. TG-FTIR spectrums of in-situ catalytic pyrolysis products for NM-WPCBs and Cu/Fe-0.20. 
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Figure 6. TG-MS spectrums of in situ catalytic pyrolysis products for NM-WPCBs and Cu/Fe-0.20 under Ar atmosphere: (a) HBr (m/z = 80), (b) bromine gas (m/z = 158), (c) bromoethane (m/z = 94), and (d) 4-bromophenol (172). 
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Figure 7. Deep debromination mechanism for in situ catalytic pyrolysis of Cu/Fe-0.20 and WPCBs. 
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