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Contents lists available atScienceDirectApplied Catalysis B: Environmentaljournal homepage:www.elsevier.com/locate/apcatbResearch paperCo-production of hydrogen and carbon nanotubes from real-world wasteplastics: Influence of catalyst composition and operational parametersDingding Yaoa,b, Yeshui Zhangb, Paul T. Williamsb,⁎, Haiping Yanga,⁎, Hanping ChenaaState Key Laboratory of Coal Combustion, School of Energy and Power Engineering, Huazhong University of Science and Technology, 430074 Wuhan, ChinabSchool of Chemical and Process Engineering, University of Leeds, Leeds, LS2 9JT UKARTICLE INFOKeywords:Ni-Fe catalystWastePlasticsHydrogenCarbon nanotubesABSTRACTThe use of Ni-Fe catalysts for the catalytic pyrolysis of real-world waste plastics to produce hydrogen and highvalue carbon nanotubes (CNT), and the influence of catalyst composition and support materials has been in-vestigated. Experiments were conducted in a two stagefixed bed reactor, where plastics were pyrolysed in thefirst stage followed by reaction of the evolved volatiles over the catalyst in the second stage. Different catalysttemperatures (700, 800, 900 °C) and steam to plastic ratios (0, 0.3, 1, 2.6) were explored to optimize the producthydrogen and the yield of carbon nanotubes deposited on the catalyst. The results showed that the growth ofcarbon nanotubes and hydrogen were highly dependent on the catalyst type and the operational parameters. Fe/γ-Al2O3produced  the  highest  hydrogen  yield  (22.9 mmol  H2/gplastic)  and  carbon  nanotubes  yield(195 mg g−1plastic) among the monometallic catalysts, followed by Fe/α-Al2O3, Ni/γ-Al2O3and Ni/α-Al2O3. Thebimetallic Ni-Fe catalyst showed higher catalytic activity in relation to H2yield than the monometallic Ni or Fecatalysts because of the optimum interaction between metal and support. Further investigation of the influenceof steam input and catalyst temperature on product yields found that the optimum simultaneous production ofCNTs (287 mg g−1plastic) and hydrogen production (31.8 mmol H2/gplastic) were obtained at 800 °C in the absenceof steam and in the presence of the bimetallic Ni-Fe/γ-Al2O3catalyst.1. IntroductionThe worldwide demand for plastics grows rapidly and inevitablyproduces large quantities of waste plastics. Over 60% of post-consumerplastics ends up in waste landfills or is incinerated, representing a wasteof resource[1]. Thermal recycling via pyrolysis and gasification ofwaste plastics, into fuels and chemical products has been identified as apromising technology for tackling waste issues related to plastics[2,3].In recent years, an attractive method of producing high value nano-materials such as carbon nanotubes (CNTs) from waste plastics has beenreported[4,5]. The produced CNTs were further utilised to producereinforced materials which exhibited improved strength characteristics,implying the potential of the process in industrial applications[6].Due to their extraordinary properties including chemical stability,electric conductivity, high surface area, etc., carbon nanotubes havebeen attracting worldwide attention[7–9]. Compared with othersynthesis technologies which include arc discharge and laser ablation,chemical vapour deposition (CVD) is the most prevalent and versatiletechnology in terms of cost and bulk production. Research into CVD forCNT production has been reported to convert methane, ethylene,ethanol to carbon nanotubes through CVD[10,11]. Thermal conversionof plastics to carbon nanotubes can be achieved in two stage reactors,where solid plastics are pyrolysed to produce volatile materials in afirststage (temperature around 500 °C), followed by CVD at high tempera-ture over a catalyst[12,13]. Hydrogen, which will be an importantclean fuel in the future, can also be generated during this process.The hydrogen yield and morphology of the product carbon nano-materials can be varied with different operational parameters. Thegrowth temperature is a key factor for carbon nanotubes production, asit effects both the hydrocarbon cracking and carbon diffusion rate. Anovelfluidized bed reactor was investigated with different tempera-tures at different stages to obtain a balance between carbon productionand diffusion on the catalyst, so that a continuous growth of carbonnanotubes was achieved[14]. Shen et al.[15]used a step-wise heatingprocess for hydrogen and carbon materials production from methane.They reported that bamboo-shaped, multi-branched and onion-likecarbons were deposited on the catalyst and their yield varied with in-creased catalyst temperature. In addition, an increase in catalyst tem-perature was shown to result in a higher yield of hydrogen from wasteplastics[16]. In order to increase the hydrogen yield, steam has oftenhttp://dx.doi.org/10.1016/j.apcatb.2017.09.035Received 6 June 2017; Received in revised form 11 September 2017; Accepted 14 September 2017⁎Corresponding authors.E-mail addresses:p.t.williams@leeds.ac.uk(P.T. Williams),yhping2002@163.com(H. Yang).Applied Catalysis B: Environmental 221 (2018) 584–597Available online 18 September 20170926-3373/ © 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/BY/4.0/).MARK
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been introduced to promote hydrocarbon reforming reactions whichyields more gaseous product. However, as a consequence of steam ad-dition, carbon deposited on the catalyst may also be gasified whichleads to a lower carbon yield[17,18]. However, Zhang et al.[19] foundthat a low level injection of steam could improve the purity of carbonnanotubes without consuming excessive amounts of the carbon.In addition to the operational parameters, other factors such asfeedstock type, external energy (e.g. plasma enhanced) and catalyst tofeedstock ratio have also been investigated to optimize the process[20–22]. However, the catalyst composition is considered to be themost influential factor for carbon nanotubes production. It is knownthat Ni-based catalysts are favorable for thermal conversion of hydro-carbons due to their effective catalytic activity and lower cost. Yanget al.[13]synthesized CNTs with an external diameter of 20–30 nmfrom polypropylene and polyethylene in a pilot-scale system using a H-Ni/Al2O3catalyst. Wen et al.[23] used a Ni catalyst to form CNTs frompolyolefin wastes, which showed good electrochemical performance aselectrode material for supercapacitors. Whilst Ni based catalysts arecommonly used for hydrogen production, Fe catalysts are more oftenutilised for carbon nanomaterial production. Acomb et al.[24]in-vestigated the influence of different metal catalysts for the catalyticpyrolysis of low density polyethylene. They reported that an Fe/Al2O3catalyst gave a higher conversion of the hydrogen in the plastic to H2gas (26.8% conversion), but also the Fe/Al2O3catalyst produced a highcarbon yield on the catalyst (26 wt.%) compared with Ni, Co and Cubased catalysts, due to the high carbon solubility of Fe.Recently, bimetallic or trimetallic catalysts have received attentionto further improve catalyst activity. A porous Ni-Cu-Co alloy catalystwas studied by Lua and Wang[25]for the decomposition of methanefor hydrogen and carbon nanotubes production. The interaction be-tween Cu and Fe was found to enhance the nucleation of nanotubesover Fe as well as minimize the bulk accumulation of carbon substrates[26]. In terms of hydrogen production, Wu and Williams[27,28]havesuggested that a bimetallic Ni-Mg catalyst presented higher catalyticactivity towards hydrogen production than a monometallic Ni catalyst.This was attributed to the reduced amount of monoatomic carbonsproduced and the enhanced physical stability of the catalyst with thebimetallic catalyst. The advantages of such multi-metal catalysts arisesfrom good stability, smaller metal particle size and appropriate inter-action between different metals[29]. Ni-Fe bimetallic catalysts haveshown favorable performance for some studies, for example, Ni-Febased on bio-char has been used in biomass gasification to increase tarconversion in an effective and economical way[30]. Enhanced methanedehydrogenation and longer catalyst life-time activity were found byShen et al.[31]when using Ni-Fe/Mg(Al)O for CNTs production frommethane. However, there are limited reports about using Ni-Fe bime-tallic catalysts for the co-production of CNTs and H2from waste plas-tics.The catalyst substrate is also an important factor for the synthesis ofcarbon nanotubes. Pure nickel particles without a substrate were foundto be a difficult surface to deposit any carbons because of metal ag-glomeration[32]. The substrate acts not only as a support medium butalso a reactant to catalyst and carbon precursors. The physical or che-mical interaction between catalyst particles and support can stabilizethe metal particles with afinely dispersed particle distribution[10].Asa number of reports in the literature have noted, the diameter of syn-thesized carbon nanomaterials were closely related to the catalyst metalparticle size[33,34]. Thereby, the possibility of controlling the dia-meter of carbon nanotubes could be achieved. The effect of differentcatalyst support material properties on carbon nanomaterials produc-tion from methane was investigated by Takenaka et al.[35], andshowed that Al2O3and MgO supported Co catalysts gave higher carbonyields than Co/TiO2and Co/SiO2. Ermakova et al.[36]reported thatthe morphology and structure offilamentous carbons on iron catalystswere strongly dependent on the chemical nature of the support.Although there are a number of studies that have described the useof Fe or Ni based catalysts to catalyse the pyrolysis of hydrocarbons forcarbon nanotubes production, most of them focus on small-moleculesized feedstock or single pure polymers. Available studies on Ni-Fecatalysts for the pyrolysis of real world waste plastics are quite limited.Moreover, the hydrogen yield and properties of carbon deposits usingNi-Fe with different supports, catalyst temperature and steam injectionhave not been systematically investigated. Therefore, this paper aims toexplore monometallic Ni, Fe and bimetallic Ni-Fe catalysts for thepyrolysis of waste plastics. The effect of catalyst composition and sub-strate type on the yield and morphology of deposited carbon, as well asthe hydrogen yield have been investigated. In addition, catalytic re-forming of waste plastics under different catalyst temperatures andsteam to plastic ratios were conducted to further optimize the process.2. Materials and methods2.1. MaterialsReal-world waste plastics, including disposable drink cups, lunchboxes and plastic wraps, which are widely used for food packing, werecollected and used for the process feedstock and were obtained fromMingjin Plastic Ltd, China. The plastic waste was crushed and groundusing a liquid nitrogen grinder with screen meshsize between 0.1 and1 mm. The mixed plastic waste composition was comprised of 40 wt.%sample bottles (mainly HDPE), 35 wt.% plastic bags (mainly LDPE),20 wt.% preservative boxes (mainly PP) and 5 wt.% lunch boxes(mainly PS). The ultimate analysis of the material was 84.51 wt.%carbon, 13.85 wt.% hydrogen, 1.51 wt.% oxygen and 0.13 wt.% sul-phur. Ash content of the mixed plastics was less than 1 wt.%.Monometallic Ni or Fe based catalyst and bimetallic Ni-Fe catalystwere prepared using an impregnation method. Metal nitrates and twodifferent crystalline forms of alumina (α-Al2O3andγ-Al2O3, supplied bySigma Aldrich, UK) were used as the support material. Both aluminaforms are resistant to high temperature and are considered to be stablecatalyst supports. Ni/α-Al2O3was prepared starting with 5.503 g of Ni(NO3)3∙6H2O dissolved in ethanol, followed by addition of 10 gα-Al2O3, so that the initial metal loading was 10 wt.%. The precursorswere stirred for 4 h using a magnetic stirrer and dried at 50 °C overnightto remove the remaining ethanol. The solid was then calcined at 800 °Cwith a heating rate of 10 °C min−1and a hold time at 800 °C of 3 hunder an air atmosphere. The other catalysts Ni/γ-Al2O3, Fe/α-Al2O3,Fe/γ-Al2O3and Ni-Fe/γ-Al2O3were synthesized using the same proce-dure. Bimetallic Ni-Fe catalyst was prepared with the same 10 wt.% oftotal metal loading but with a Ni to Fe molar ratio of 1–3, which was theoptimum composition for the highest yield of carbon depositions andhydrogen yield in preliminary studies[37]. All the catalysts were thencrushed and sieved to give granules in the size range of 0.05–0.18 mm.No reduction of the catalyst prior to the catalytic pyrolysis was carriedout as the gases produced during pyrolysis-catalytic process such as H2and CO reduced the metal oxides in situ.2.2. Experimental setup and procedureThe pyrolysis-catalysis of waste plastics was conducted in a two-stagefixed bed reactor as shown inFig. 1. The experimental systemconsisted of a quartz tube reactor (I.D. 40 mm) with two temperatureranges (upper: pyrolysis zone, 310 mm height; lower: catalysis zone,310 mm height), a gas supply system, gaseous product condensingsystem with ice and water mixture and a gas cleaning system followedby an off-line gas product, gas analysis system.Three sets of experiment were carried out to determine the influenceof process parameters on the production of hydrogen and carbon na-notubes; the effect of different catalyst type using Ni/γ-Al2O3, Ni/α-Al2O3, Fe/γ-Al2O3, Fe/α-Al2O3and Ni-Fe/γ-Al2O3catalysts; the influ-ence of steam to plastic mass ratios of 0, 0.3, 1, 2.6; and catalytictemperatures of 700, 800, 900 °C. For each experiment, 0.5 g catalystD. Yao et al.Applied Catalysis B: Environmental 221 (2018) 584–597585
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was supported by∼0.2 g stainless steel wire mesh on a perforatedplate, which was placed in the middle of the second catalytic stage,where the temperature was preheated to 800 °C. A quartz boat with 1 gof waste plastic was held in thefirst reactor. High purity nitrogen(99.99%) was supplied as an inert gas at aflow rate of 110 ml min−1.After the second catalyst reactor reached the pre-set temperature andwas stable, the boat containing the plastic sample was introduced intothe middle of thefirst stage pyrolysis reactor. The plastic was heated ata controlled heating rate of 10 °C min−1from room temperature to500 °C and held at 500 °C for 15 min. The condensable product vapourswere collected by a two-stage ice-water condenser. The non-con-densable gas stream was collected with a 20 l gas sample bag. Gascomposition was determined using a dual-channel gas chromatograph(GC) (Micro-GC 3000A, Agilent Technology, USA) equipped withthermal conductivity detectors. H2, CO and CH4were detected bychannel A (molecular sieve 5A column) and CO2,C2H2,C2H4,C2H6were measured by channel B (polystyrene chromatographic column).The reproducibility of the reaction system was examined and experi-ments were repeated to ensure reliability.2.3. Product characterization and analysisThe fresh Ni or Fe based catalysts were characterized using variousanalytical techniques. Metal species and crystal structure were de-termined by X-ray diffraction (XRD, X’Pert PRO, PANalytical B.V.,Netherlands), using a scanning step of 0.026° in the 2θrange from 10°to 85°. Peaks were identified using a High Score Plus software package.Temperature programmed reduction (TPR) of the catalysts was under-taken using a Stanton Redcroft TGH1000thermo gravimetric analyzer(TGA). Approximately 30 mg of catalyst sample was preheated to150 °C at a heating rate of 20 °C min−1and held for 10 min, followedby heating to 900 °C at 10 °C min−1in a reduction atmosphere (5 vol.%H2/95 vol.% N2).The morphologies of deposited carbon on the surface of the catalystswas obtained using a Hitachi SU8230 scanning electron microscope(SEM) operating at 20 kV, and a transmission electron microscope(TEM) using a FEI Tecnai TF20. The thermal stability of the carbon onthe catalysts was analysed by temperature-programmed oxidation(TPO) on a Shimadzu TGA. A 10 mg sample of the reacted catalyst washeated  from  room  temperature  to  800 °C  in  air  (flow  rate,100 ml min−1) with a heating rate of 15 °C min−1and a hold time of10 min at 800 °C. Raman spectroscopy of the deposited carbon wascarried out to determine the graphitic quality, and the spectrogramswere obtained using a LabRAM HR800 (Horiba Jobin Yvon, Japan)Raman spectrometer at a wavelength of 532 nm with Raman shift from200 to 3500 cm−1.The mass of each gas was calculated according to the volume con-tent from GC analysis and theflow rate of carrier gas (N2). The total gasand liquid yield were calculated by gas and liquid mass obtained inrelation to the total weight of waste plastics. Carbon deposition yieldwas determined as the mass difference between fresh and reacted cat-alyst divided by the mass of feedstock. The mass balance was thenobtained based on the sum of gas, liquid and solid yield. For each ex-periment, less than 0.001 g of residue remained in thefirst stage afterpyrolysis, indicating that the plastics were almost completely convertedinto vapours, the additives that might exist from the manufacturingprocess of the plastics were neglected in this work.3. Results and discussion3.1. Pyrolysis-catalysis of waste plastics with different catalyst type3.1.1. Characterization of fresh catalystXRD analyses of the different fresh catalysts are shown inFig. 2.Broad and weak XRD spectral peaks of NiO were observed for the Ni/γ-Al2O3catalyst, while the diffraction peaks of Ni/α-Al2O3were sharpand intense, indicating a highly crystalline nature. Briquet et al.[38]considered the adsorption of Ni clusters on theα-Al2O3surface to be ofa very limited extent, the crystal NiO andα-Al2O3can be clearlyidentified on the surface of the Ni/α-Al2O3catalyst. Similar to the Ni/γ-Al2O3catalyst, the XRD diffraction patterns of Fe/γ-Al2O3showed at-tenuated and wide features and few peaks indicative of crystallinephases. However, the XRD spectra of the Fe/α-Al2O3catalyst were as-sociated with Fe2O3as well as Al2O3. Compared to Ni/γ-Al2O3and Fe/γ-Al2O3, the Ni-Fe/γ-Al2O3catalyst produced moderate and low diffrac-tion intensities. The presence of Fe-Al and Ni-Fe-Al alloy that was ob-served in the XRD spectra at around 36° with the Ni-Fe/γ-Al2O3catalystindicated the enhanced interaction between metal and support. TheFig. 1.Schematic diagram of the pyrolysis-catalysis process of waste plastics.Fig. 2.XRD analysis of fresh Ni and/or Fe based Al2O3catalysts.D. Yao et al.Applied Catalysis B: Environmental 221 (2018) 584–597586
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presence of nickel-iron oxide (3, 1, 1) and (2, 2, 2) for the bimetallic Ni-Fe catalysts were also reported by Shen at al.[30]at 35.63 and 37.25°respectively. Similar XRD results for bimetallic catalysts were also ob-served by Wu and Williams[27,39], where Ni-Mg, Ni-Al and Ca-Al werefound from the XRD analysis of fresh catalysts. According to theScherrer equation, sharp diffraction peaks were linked to higher meancrystallite size and broad peaks related to smaller metal size on thesurface of the support[40]. The average crystallite size correspondingto the main phase was calculated as 21, 66, 32, 49 and 20 nm for theNi/γ-Al2O3, Ni/α-Al2O3, Fe/γ-Al2O3, Fe/α-Al2O3and Ni-Fe/γ-Al2O3catalysts respectively. Therefore, Ni, Fe as well as bimetallic Ni-Fecatalysts remained well dispersed over theγ-Al2O3support. However,metals on theα-Al2O3supported catalysts were agglomerated intolarger crystallite sizes, which has also been reported in other literature[41].The TPR results for the fresh catalysts are displayed inFig. 3. TheNi/γ-Al2O3catalyst showed two broad peaks at temperatures in therange of 350–500 °C, and at around 650 °C. However, the Ni/α-Al2O3catalyst showed only one reduction peak which occurred at 550 °C. Therelatively higher reduction temperature of the Ni/α-Al2O3catalystcompared to that reported by others[42]may be due to the largerparticle size (recognized by XRD). The reduction of Fe/γ-Al2O3and Fe/α-Al2O3catalysts are complicated and undergoes a number of stages,which has been reported by other literature[43,44]. It is suggested thatFe2O3isfirstly reduced into magnetite at around 400 °C followed byreduction to metallic Fe at higher temperatures, which produces someasymmetric and overlapped peaks. The TPR results of the Ni-Fe/γ-Al2O3catalyst showed a wide range of reductions, including two broad peaksin the range of 300–500 °C and 500–800 °C, respectively.Alberton et al.[40]observed different reduction profiles for Nicatalysts supported byγ-Al2O3andα-Al2O3. Reduction of the Ni/α-Al2O3catalyst was in the range from 300 to 600 °C, whereas it occurredafter 600 °C for the Ni/γ-Al2O3catalyst.Fig. 3shows a division of thecatalyst reduction regimes into two temperature regions. It can be seenthat all of the catalysts are reduced in thefirst region (< 600 °C),however, onlyγ-Al2O3supported catalysts show further reduction attemperatures higher than 600 °C (second region). As derivative peaks atlow temperatures are always related to bulk oxides which hardly in-teract with the support[45], those showing reduction at high tem-peratures are associated with metal oxides strongly bonded to thealumina support[24]. Therefore, it is suggested that the interactionbetween Ni (or Fe) with the Al2O3support was stronger in the case ofγ-Al2O3compared toα-Al2O3. Furthermore, the main TPR reductionpeaks found with the Ni/γ-Al2O3and Fe/γ-Al2O3catalysts were in thefirst region, but changed to the second region in the presence of Ni-Fe/γ-Al2O3. The results suggest that the interaction between metal oxidesand support was enhanced in the case of bimetallic catalysts comparedto monometallic catalysts. In addition, the XRD spectra (Fig. 2) de-monstrated the presence of co-spinel-(Ni, Fe, Al) and nickel iron oxide(Fe2NiO4or FeNi2O4), which were the intermediates that contributed tothe interaction between active metals and support. The interactionchanges due to the introduction of another metal to a monometalliccatalyst have also been reported by other researchers[46,47].The morphologies and the dispersion of active metallic componentsof fresh catalysts were determined by SEM-EDX analysis, as shown inFig. 4. The data shows that the Ni and Fe were well dispersed on theγ-Al2O3support compared to theα-Al2O3, which is suggested to be due tothe porous nature of theγ-Al2O3support. Both the fresh and externallyreduced Ni-Fe/γ-Al2O3catalysts were also characterized using the SEM-EDX (Fig. 4(e) and (f)), little difference in morphologies and metaldispersions between non-reduced and reduced catalyst could be ob-served, indicating the thermal stability of the prepared Ni-Fe/γ-Al2O3catalyst.3.1.2. Product yield and gas compositionThe influence of different types of catalyst on the yield of productswas investigated using the experimental pyrolysis-catalysis system inthe absence of any steam input and at a catalyst temperature of 800 °C.The product distribution in terms the yield of gases, liquids and carbondeposition on the catalyst are shown inTable 1. The mass balance forall the catalytic experiments ranged from 95 to 109 wt.%, indicating thereliability of experiments. The only exception was the low mass balanceof 80.51 wt.% in the absence of catalyst, which was assigned to thecondensed volatiles on the reactor quartz wall, which was difficult tocollect and weigh, reducing the reported liquid yield. In addition, thestandard deviations of the hydrogen yield and carbon deposition for therepeated  experiments  were  calculated  to  be  in  the  range  of1.1–1.5 mmol H2/gplasticand 0.6–1.4 wt.% respectively. It can be seenthat the introduction of a catalyst had a significant effect on the hy-drogen yield and carbon deposition compared to the non-catalytic ex-periment (where sand was used for the second stage in place of cata-lyst). The hydrogen yield and carbon deposition were greatly increased,from 7.9 to 22.5 mmol H2/gplasticand from 2.2 wt.% to 21.1 wt.% re-spectively, when the Ni/γ-Al2O3catalyst was used. The Ni/α-Al2O3catalyst generated a lower hydrogen yield (18 mmol H2/gplastic) thanthe Ni/γ-Al2O3catalyst and was also the lowest yield among thefivecatalysts. This may due to the undesirable dispersion of Ni particlesassociated with a large particle size as indicated by XRD results[48].However, the carbon deposition on Ni/α-Al2O3was 26.1 wt.%, whichwas significantly higher than over the Ni/γ-Al2O3catalyst. This may belinked to the relatively weak interaction between metal and supportwhich is more likely to increase carbon deposition[17].The Fe/γ-Al2O3catalyst produced a H2yield of 22.9 mmol H2/gplasticwhich was higher than the Ni/γ-Al2O3and Ni/α-Al2O3catalysts.As steam was not injected into the reactor system for these experiments,it is suggested that catalytic thermal cracking reactions (Eq.1) whichproduced carbon deposition and hydrogen were dominant during theprocess. Therefore, the catalyst with higher yield of carbon depositionalso produced a higher hydrogen yield. Therefore, the Fe based catalystwas more active in hydrocarbons cracking and thus showed higheryield of carbon deposition and hydrogen yield than the Ni based cata-lyst. Previous results reported by Acomb et al.[24], also found Fe had ahigher hydrogen conversion than Ni, Co and Cu catalysts. The max-imum yield of hydrogen was achieved with the highest carbon de-position in the presence of the Ni-Fe/γ-Al2O3catalyst and had a value of31.8 mmol H2/gplastic. The higher H2yield of the Ni-Fe/γ-Al2O3catalystamong thefive catalysts investigated may be associated with the cat-alyst reduction peak at higher temperatures as shown inFig. 3, whichhas been reported to be responsible for hydrogen production[17].Inaddition, the small particle size andfinely dispersed metal particles(from XRD results) derived from the interaction between metal andγ-Fig. 3.Temperature programmed reduction of fresh catalysts.D. Yao et al.Applied Catalysis B: Environmental 221 (2018) 584–597587
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