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Abstract:



In recent years, the research regarding waste conversion to resources technology has attracted growing attention with the continued increase of waste accumulation issues and rapid depletion of natural resources. However, the study, with respect to utilizing plastics waste as carbon resources in the metals industry, is still limited. In this work, an environmentally friendly approach to utilize snack packaging plastic waste as a valuable carbon resources for steel carburization is investigated. At high temperature, plastic waste could be subject to pyrolytic gasification and decompose into small molecular hydrocarbon gaseous products which have the potential to be used as carburization agents for steel. When heating some snack packaging plastic waste and a steel sample together at the carburization temperature, a considerable amount of carbon-rich reducing gases, like methane, could be liberated from the plastic waste and absorbed by the steel sample as a carbon precursor for carburization. The resulting carburization effect on steel was investigated by optical microscopy, scanning electron microscopy, electron probe microanalyzer, and X-ray photoelectron spectrometer techniques. These investigation results all showed that snack packaging plastic waste could work effectively as a valuable carbon resource for steel carburization leading to a significant increase of surface carbon content and the corresponding microstructure evolution in steel.
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1. Introduction


Steel carburization is a widely-used case hardening method to enhance steel wear, corrosion, and fatigue resistance without sacrificing its toughness and machinability [1]. It is a process in which low carbon steel is immersed in a carbon-rich atmosphere to make activated free carbon deposit on the steel surface and be absorbed under the condition of high temperature [2]. Modern carburizing processes are dominated by high-temperature gas carburization, which uses natural gas consisting primarily of methane to serve as the carbon resource for steel carburization [3]. However, taking account of the ever-increasing world energy demand, but the dramatic decline of natural gas reserves, it is of vital importance to explore alternative carbon resources for steel carburization [4]. Plastics waste, a carbon-based material derived from petrochemicals, has a significant potential to be used as a carburizing agent for steel carburization.



Plastics are a group of synthetic materials consisting of carbon as a sole or major element [5]. Their rapidly-growing consumption in modern society has inevitably given rise to a large quantity of corresponding waste accumulation [6]. Over the past few decades, the urgency to recover resources from waste plastics has gained unprecedented attention around the world [7,8,9]. However, the technique concerning the reuse of complex snack packaging plastic waste is still not feasible due to its heterogeneous composite constitution and unavoidable external contamination [10,11,12]. Heating plastic waste together with a steel sample at elevated carburization temperatures under an oxygen-free environment could subject plastic waste to pyrolytic gasification and decompose into small molecular hydrocarbon gases [13]. The small molecular hydrocarbon gases, like methane, could, in turn, work as valuable carbon resources for steel carburization. This sustainable carburization practice would not only alleviate the consumption of natural gas used in the conventional gas carburization of steel, but can also reduce the accumulation of plastics waste.



In this work, an environmentally friendly approach to carburize steel samples by using snack packaging plastic waste as a carbon resources is reported. When treating a steel sample together with the post-consumer snack packaging plastic in a horizontal tube furnace, the plastic waste was subjected to high-temperature pyrolytic gasification and generated carbon-rich reducing gases, such as CH4 and CO, which can be absorbed by the steel sample as a carbon precursor for carburization. The carburization mechanism of this approach was studied via continuous monitoring of the primary reaction gases, like CH4, CO, and CO2, liberated from the plastic waste by an infrared gas analyzer. The carburization effect of plastic waste on the steel sample was investigated via microstructure evolution by optical microscopy (OM) and scanning electron microscopy (SEM), quantitative carbon content against depth profile determination by an electron probe microanalyzer (EPMA), and X-ray photoelectron spectrometry (XPS). These investigation results all showed that snack packaging plastic waste could work effectively as a valuable carbon resource for steel carburization and lead to a significant increase of surface carbon content, as well as the corresponding microstructure evolution in steel.




2. Materials and Methods


2.1. Materials


A reference steel sample with a carbon content of 0.39%, diameter of 4 mm, length of 10 mm, and a weight of 1g was used as a carburizing object in this study. Its detailed chemical composition was identified by a carbon sulfur analyzer (CS-230, LECO, Saint Joseph, MI, USA) , inductively-coupled plasma optical emission spectroscopy (ICP-OES, 7300, PerkinElmer, Waltham, MA, USA) and inductively-coupled plasma mass spectrometry (ICP-MS, NexION, PerkinElmer, Waltham, MA, USA) . The elemental composition result of the steel sample is listed in Table 1.



Table 1. Elemental composition of the reference steel sample used in this study.







	
Element

	
wt. %






	
C

	
0.39




	
Fe

	
98.95




	
Mn

	
0.564




	
Cu

	
0.108




	
Cr

	
0.085




	
Ni

	
0.06




	
Mo

	
0.019




	
Ca

	
0.015




	
Zn

	
0.005




	
Al

	
0.004




	
Ba

	
0.004




	
Co

	
0.004




	
As

	
0.003










One of the most popular snack packaging plastic waste, a post-consumer chips bag as shown in Figure 1a, was collected and manually shredded into small pieces typically of the size <1 cm2 to utilize as a carbon precursor for steel carburization. Its chemical composition was determined by a LECO analyzer and ICP-OES; crystallographic constitution was characterized by the X-ray diffraction technique (XRD, MPD, PANalytical, Almelo, Netherlands); the polymer type of the plastic contained was identified by Fourier transform infrared spectrometer (FTIR, Spectrum 100, PerkinElmer, Waltham, MA, USA). The thermal degradation behavior of the plastic waste was characterized by a thermogravimetric analyzer (TGA, STA 8000, PerkinElmer, Waltham, MA, USA) under an inert atmosphere in a temperature range of 30–1200 °C at a heating rate of 10 °C/min.


Figure 1. Schematic representation of carburization experiment.
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2.2. Experimental Methods


The schematic diagram of carburization experimental setup is shown in Figure 1. A reference steel sample (Figure 1b) and 0.8 g shredded packaging plastics waste (Figure 1a) was placed together into a covered alumina crucible as a carburization assembly. A horizontal tube furnace (Ceramic Engineering, Sydney, Australia) was adapted in this study for high temperature sustainable carburization process. High-purity (99.9%) argon gas was introduced at a flow rate of 1 L/min into the furnace to employ as a carrier gas. Firstly, the carburization assembly was placed into the cold zone (~300 °C) of the furnace for 5 min to avoid thermal shock. After that, the samples were pushed into the hot zone with a preset temperature of 1200 °C of the surface over 10 min of reaction. Finally, the samples were removed from the hot zone and backed to the cold zone for another 5 min to allow the steel sample to cool down in an inert atmosphere. The gaseous products, methane, carbon monoxide, and carbon dioxide, generated during this process, were monitored by an infrared gas analyzer (IR, AO2020, ABB, Zurich, Switzerland).




2.3. Characterization of Carburization Effect of Plastic Waste on Steel


The microstructure evolution of steel was investigated by OM (EM600L, Nikon, Tokyo, Japan) and SEM (3400, Hitachi, Tokyo, Japan). The chemical state of carbon as well as its content against depth profile was studied using XPS (ESCALAB250Xi, Thermo Fisher Scientific, Waltham, MA, USA). The quantitative carbon distribution in steel was measured by EPMA (JXA-8500F, JEOL, Peabody, MA, USA) fitted with four wavelength-dispersive spectrometers and a silicon drift detector energy-dispersive spectrometer (SDD-EDS, JEOL, Peabody, MA, USA).





3. Results and Discussion


3.1. Characterisation of Snack Packaging Plastic Waste


The crystallographic characterization of post-consumer chips packaging plastic bag determined by XRD is given in Figure 2a. It revealed the plastic waste was mainly composed of polymer, aluminum and a trace amount of titanium dioxide. The polymer is of semi-crystalline characterized by a series of peaks in the range of 10° to 25°. The peaks positioned at 38.5°, 44.7°, 65.1°, and 78.2° unveil the aluminum foil contained in this snack packaging plastic is in a metal state. A trace amount of rutile titanium dioxide, which is widely used in the plastic products as a pigment [14], was found by the presence of weak peaks located at 27.4°, 36.1°, 41.2°, 54.3°, and 56.6°. The specific type of the polymer contained in this plastic waste was further identified by FTIR measurement. As illustrated in Figure 2b, this plastic waste has a typical spectrum of polypropylene (PP): the IR absorption peaks at 2837 cm−1 and 2920 cm−1 are attributed to the CH2 symmetric and asymmetric stretches, respectively [15]; the absorption peak located at 1450 cm−1 is characteristic of CH2 scissor vibrations; the peak at around 1376 cm−1 belongs to the CH3 symmetric deformation vibrations; and other peaks found in the lower frequency region from 1000 to 840 cm−1 are attributed to C–C asymmetric and symmetric stretching [16]. These typical spectrum bands of PP revealed that this plastic waste is primarily constituted of elements C and H [17], which could be a good resource of CH4 for steel carburization under high temperature. The detailed elemental composition of snack packaging plastics waste was determined by LECO, ICP-OES, and ICP-MS. As given in Table 2, the elemental investigation demonstrates that the carbon content in this plastic waste has reached up to 90.2%, followed by N element at 0.40%, and Al element at 4153 mg/kg.


Figure 2. (a) XRD pattern for the snack packaging plastics waste and (b) FTIR spectrum for the snack packaging plastics waste.
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Table 2. Elemental composition of snack packaging plastic waste.







	
Ultimate Analysis






	
C

	
90.4

	
wt. %




	
N

	
0.4




	
S

	
0.04




	
Al

	
4153

	
mg/kg




	
Ca

	
419




	
Cu

	
309




	
P

	
203











3.2. Mechanism of Steel Carburization by Using Plastic Waste as a Carbon Resource


The thermal degradation behavior of snack chips packaging plastic waste investigated by TGA is shown in Figure 3a. It gives an overall decomposition performance of plastic waste. The mass loss TGA and differential thermal analysis (DTG) curves demonstrate that snack chips packaging plastic waste has only one degradation step by the presence of one single peak in the DTG curve. The major decomposition started at around 388 °C and ended at approximate 490 °C; the maximum degradation rate was achieved at temperature of 463 °C with a calculated degradation rate of 26.82 wt. %·min−1. When the pyrolyzing temperature was increased to 500 °C, 93% of the waste was vaporized and left 7% of the waste as a final residue. In the following increase of pyrolyzing temperature process, no further weight changes of the residue can be observed implying the completion of plastic gasification at a temperature of 500 °C.


Figure 3. (a) TGA-DTG curve for the snack packaging plastics waste. (b) IR gas analysis for the gases emission from plastic waste at 1200 °C.



[image: Metals 08 00078 g003]






When a steel sample was heated together with some plastic waste under a carburization temperature of 1200 °C, two types of reaction would be involved in this process. One is the pyrolytic gasification of plastic waste and the other is the carburization reaction between steel and the gaseous products decomposed from plastic waste.



The pyrolytic gasification reaction will mainly refer to the degradation of the packaging plastics waste, which can be expressed as:


[image: ]











As the polymer type contained in the plastic waste is polypropylene, which is constituted of methyl groups [18], the released volatiles will primarily be composed of hydrocarbon gases like methane, ethane, propane, and ethylene, etc. [19] and the amount of smaller molecular gases will increase with the rising of the pyrolytic temperature [20]. At a temperature of 1200 °C, the smallest monomer hydrocarbon gas, methane, would dominate the whole gas emission system as more secondary cracking reactions will occur at this temperature to facilitate further hydrocarbon gas decomposition.



Methane is one of the main conventional carbon resources used for steel carburization. During the carburization process, methane will deposit on the steel surface and react with the steel as [2,21]:


[image: ]



(1)







Fe(C) represents the carbon solution in austenite (γ-Fe).



Through this gas-solid chemical reaction, carbon from methane will be deposited on the steel surface and be absorbed to increase the carbon content of steel.



In addition to methane, carbon monoxide, which could be decomposed from food contamination, like carbohydrates, is also a good carbon resource for steel carburization. Carbon monoxide will react with steel as:


[image: ]



(2)







Considering the hydrogen generated from reaction 1, the reaction between carbon monoxide and steel will be further enhanced by:
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(3)







At high temperature, these reactions are all reversible. The reduction gas components, CO, CH4, and H2, facilitate carbon solution into iron to form Fe(C), leading to carburization; while oxidizing gases, CO2, and H2O, negatively carry the carbon off from Fe(C) to cause decarburization. The overall direction of these reactions depends on their corresponding equilibrium constants and gas composition in the whole atmosphere.



In this study, the continuous liberation of CH4, CO, and CO2 gases from the pyrolysis of packaging plastics waste at a temperature of 1200 °C was monitored by an IR gas analyzer. As illustrated in Figure 3b, the emission of reduction gases CH4 and CO is far beyond the release of oxidizing gas CO2 in this process. The dominant emission of CH4 and CO from snack packaging waste will significantly facilitate the reactions proceeding in the steel carburization direction which, theoretically, evidenced the potential of utilizing snack packaging plastic waste as a carburization agent for steel.



In addition, CH4 can also react with CO2 and H2O, leading to the generation of reducing gases, CO and H2, to enhance the carburization process proceeding further:


[image: ]



(4)
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(5)







Additionally, the existence of aluminum in the packaging plastic, as discussed in the XRD section, will also contribute to the building of reducing gas atmosphere for steel carburization as [22]:


[image: ]



(6)







Above all, the pyrolytic characteristic of snack packaging plastics waste provided the theoretical basis to be used as a carbon precursor for steel carburization.




3.3. Characterisation for the Carburization Effect of Metallized Plastics Waste on Steel


The steel microstructure depends highly on its carbon content [2]. The microstructure of carburized steel usually gives a different structure constitution with the raw material as more carbon is absorbed for a higher carbon content. Figure 4 illustrates a microstructure comparison between the reference steel sample and the as-carburized steel sample. Figure 4a1 is the overview microstructure (50×) for the reference steel sample with a carbon content of 0.39 wt. %. It has a homogenous ferrite-pearlite steel constituent [23,24] which gives a microstructure of some pearlite with a few pro-eutectoid ferrite phases lying along the prior austenite grain boundary. In this microstructure, ferrite is a carbon-poor phase which is in a body-centered cubic form of iron with a maximum carbon solubility of 0.02 wt. % at 723 °C and 0.001% at 0 °C [25]; pearlite is a lamellar two-phase microstructural constituent with alternating layers of ferrite and cementite [26,27], which is a carbon-rich phase with an orthorhombic unit containing 12 iron atoms and four carbon atoms having a formula of Fe3C as well as 6.67% carbon by weight [28]. With the increase of carbon content in steel sample, the volume fraction of ferrite will decrease but the volume fraction of cementite will increase which in turn further increases the volume fraction of pearlite [29]. Figure 4b1 gives the overview microstructure (50×) of the as-carburized steel sample treated with plastic waste at a temperature of 1200 °C over 10 min. It can be clearly seen that the volume fraction of carbon-poor ferrite phase got significantly reduced but carbon rich pearlite structure got dramatically increased, which indicated an increase of carbon content in steel. Furthermore, the microstructure located at the outer surface of the as-carburized steel sample demonstrated a typical eutectoid pearlite microstructure equivalent to a steel sample with carbon content around 0.7 wt. % [2,26]. Figure 4(a2, b2) gives a detailed microstructure comparison (500×) between the reference steel sample and the as-carburized steel sample. It can be observed that the volume fraction of carbon-poor proeutectoid ferrite phase on the reference steel sample is much more than that in the as-carburized steel sample, which was also verified by the higher magnification (3000×) investigation of SEM as shown in Figure 4(a3,b3). The significant increase of volume fraction for pearlite structure and decrease of ferrite phase on the surface of as-carburized steel sample implies the increase of carbon content on the steel surface. This evidenced the carbon rich reducing gas liberated from snacking packaging as discussed in the mechanism section did react with the steel sample and led to a significant carburization effect on the steel surface.


Figure 4. (a1–a3) Microstructure for the reference steel sample under magnifications of 50×, 500×, and 3000×. (b1–b3) Microstructure for the as-carburized steel sample under magnifications of 50×, 500×, and 3000×.
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To further understand the high-temperature reactions occurring between the plastic waste and the steel sample, the chemical state of carbon, aluminum, titanium, as well as the carbon content against the depth profile of the as-carburized steel surface were determined by the XPS technique. The sample was firstly ultrasonically cleaned in acetone for 5 min to eliminate hydrocarbon contamination at the surface. Then the selected area of analysis was ion beam sputtered for 12 min at a rate of 0.3 nm per second for carbon distribution analysis. A total of six layers of surface carbon analysis was conducted after various etching times, including 0 s (top surface), 60 s, 180 s, 300 s, 420 s, and 720 s etching, corresponding to the depth of 0 nm (top surface) 18 nm, 54 nm, 90 nm, 126 nm, and 216 nm, respectively. The detailed C 1s spectrum deconvolution, as given in Figure 5a, shows that C 1s were mainly composed of two fitted components: the predominant C 1sA peaked at 283.0 eV corresponding to the compound of carbide and a small peak C 1sB fitted at 284.1 eV relevant to the other form of carbon [30,31]. The specific carbon content against the depth (etching time) profile, as illustrated in Figure 5b, revealed an obvious carbon gradient with distinctly higher surface carbon concentration detected on as-carburized steel. Considering the carbon mainly exists as a compound of carbide (peak C 1sA), this increased carbon content would have the capability to create a corresponding microstructure evolution as observed in the microscopy investigation section.


Figure 5. (a) C 1s spectrum for the carbon contained in the as-carburized steel; (b) relative carbon intensity against the depth (etched time) profile in the as-carburized steel. (c) Al 2p spectrum for the carbon contained in the as-carburized steel; and (d) the Ti 2p spectrum for the carbon contained in the as-carburized steel.
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In view of the existence of aluminum and titanium dioxide in the plastic waste, as mentioned in the XRD investigation, high-temperature reactions relevant to aluminum and titanium might also be involved in this process and left some reaction products on the steel surface. Thus, the chemical state of aluminum and titanium on the as-carburized steel surface were also analyzed by XPS. As shown in Figure 5c, the aluminum detected on the steel surface is found in the Al–O state peaked at 75.7 eV, referring to aluminum oxide [32], which showed that the reaction between aluminum and carbon dioxide did occur as discussed in the mechanism section. This reaction can not only help to build a reducing gas atmosphere for steel carburization, but can also enhance the steel wear and corrosion resistance with the introduction of surface alumina [33]. The Ti 2p spectrum detected on the steel surface is given in Figure 5d. It can be deconvoluted into four peaks at 461.3 eV, 460.7 eV, 455.5 eV, and 455.0 eV, which correspond to Ti2O3, TiNx, TiN, and TiNxOy, respectively [34]. These different forms of titanium oxides and nitrides revealed the carbothermal reduction of titanium dioxide, as well as its nitridation attributed to the presence of carbon and nitrogen in plastic waste as determined in the ICP analysis [35]. Similarly, these titanium nitrides deposited on the steel surface could also provide good protection for steel against wear and corrosion.



To accurately estimate the carburization effect of snack packaging plastic waste on steel, the EPMA technique was adapted to quantitatively investigate the accurate carbon content against the depth distribution on the as-carburized steel. As shown in Figure 6, the carbon content from the steel surface to the center of the as-carburized steel sample and the reference steel sample (raw material) were both analyzed by EPMA. It is obvious that the carbon distribution on the reference steel sample gives a minor fluctuation from steel surface to the center, averaging 0.39 wt. % with a standard derivation of 0.02 wt. %. This result is consistent with its bulk calibration carbon content (0.39 wt. %) and homogenous ferrite-pearlite microstructure as observed from OM and SEM studies. Different with the uniform fluctuation on the reference material, the carbon distribution on the as-carburized steel sample demonstrated a significant carbon gradient as given in Figure 6. The highest carbon content on the steel surface reached 0.72 wt. %, which approximates the carbon content of eutectoid steel [36] as discussed in the microscopy investigation section. Additionally, it can also be clearly seen that the carbon concentration higher than 0.55 wt. % has extended to a depth of 0.3 mm, giving a significant case surface with relatively higher carbon concentration in agreement with the microstructure observation mentioned above.


Figure 6. Detailed carbon concentration distribution in the reference steel sample and the as-carburized steel sample.
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4. Conclusions


In this research, a sustainable approach to utilize post-consumer snack packaging plastic as a carbon resource for steel carburization is investigated. When treating a steel sample together with some packaging plastic waste in a horizontal tube furnace under a temperature of 1200 °C, a considerable amount of carbon-rich reducing gases, CO and CH4, were released from the snack packaging plastic waste and served as carburization agents for steel carburizing. The carburization effect of plastic waste on the steel was investigated by the techniques of OM, SEM, XPS, and EPMA. All the investigation results revealed the snack chips packaging plastic waste did effectively work as a carbon precursor for steel carburization by giving rise to a remarkable increase of surface carbon concentration and the corresponding microstructure evolution formed on the steel surface. Additionally, the aluminum and titanium dioxide contained in the plastic waste also took part in the high-temperature reactions in this system and left alumina and titanium nitride ceramics on the steel surface to provide further protection for steel against wear and corrosion. This sustainable steel carburization approach could not only alleviate the consumption of natural gas used in the conventional gas carburization of steel, but can also significantly reduce the accumulation of plastics waste.
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