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Abstract

:

The catalytic fast copyrolysis (CFCP) of cork oak (CoOak) and waste plastic films (WPFs) over HBeta(25) (SiO2/Al2O3: 25) was investigated using a thermogravimetric (TG) analyzer and a tandem micro reactor-gas chromatography/mass spectrometry (TMR-GC/MS) to determine the effectiveness of WPFs as the hydrogen donating cofeeding feedstock on the CFCP of biomass. By applying CFCP, the maximum decomposition temperatures of CoOak (373.4 °C) and WPFs (487.9 °C) were reduced to 364.5 °C for CoOak and 436.5 °C for WPFs due to the effective interaction between the pyrolysis intermediates of CoOak and WPFs over HBeta(25), which has strong acidity and an appropriate pore size. The experimental yields of aromatic hydrocarbons on the CFCP of CoOak and WPFs were higher than their calculated yields concluded from the yields obtained from the individual catalytic fast pyrolysis (CFP) of CoOak and WPFs. The coke amount produced from the CFP of CoOak and WPFs over HBeta(25) were also decreased by applying CFCP.
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1. Introduction


The importance of eco-friendly renewable energy is being emphasized due to the energy crisis, increased environmental contamination, and climate change. Among the various renewable energy sources available, biomass is considered as an important material that can produce chemical feedstock because it is the only renewable carbon source in nature. To increase the value of biomass as a source for the production of energy or chemical feedstock, various kinds of thermochemical conversion technologies have been investigated worldwide [1,2,3].



Pyrolysis is a thermochemical conversion process that is suitable for bio-oil production from biomass. Although large amount of liquid product can be obtained from the pyrolysis of biomass due to the intensive studies over the last few decades, its actual commercial use is still limited because of its low quality and instability. Biomass pyrolysis oil has a high oxygen content because large amounts of oxygenates, such as acids, furans, ketones, aldehydes, and phenols, are produced by the primary decomposition of lignocellulosic biomass components (hemicellulose, cellulose, and lignin) [4,5]. The low heating value and high viscosity and acidity of biomass pyrolysis oil make it difficult to be used as a fuel because the direct use of biomass pyrolysis oil to engine can make the problems related with fuel injection system, such as corrosion and clogging [6].



The catalytic fast pyrolysis (CFP) of biomass has been considered as a desirable way to overcome the limited use of biomass pyrolysis oil by upgrading the quality of biomass pyrolysis oil. One of main purposes of the CFP of biomass is to increase aromatic hydrocarbons with high commercial value. Although various kinds of microporous and mesoporous catalysts have been applied to the CFP of biomass, the yields of aromatic hydrocarbons are still unsatisfactory and rapid catalyst deactivation is a problem limiting its actual commercialization [7,8,9,10].



To produce much larger amount of aromatic hydrocarbons on the CFP of biomass, several studies have focused on the catalytic fast copyrolysis (CFCP) of biomass and plastic materials [11]. By adding plastics, such as polyethylene (PE), polypropylene (PP), polystyrene (PS), and so on, as the cofeeding material of biomass, the yields of aromatics can be enhanced because these plastics can act as hydrogen donor to hydrogen deficient biomass. Effective aromatization between the pyrolyzates of biomass and plastics can produce the much larger amount of aromatic hydrocarbons and reduce the coke amount. A decreased coke yield can be expected by applying the CFCP of biomass and plastics, which is meaningful because the total life time of the catalysts can also be increased due to the decreased coke yield [12].



Waste plastic films (WPFs) are made from various kinds of polymer resin, such as PE, PP, PS, and polyvinylchloride (PVC), depending on its purpose. Recently, the amount of bioplastics made by blending biomass and synthetic polymer resin has also increased due to the demand for eco-friendly products. Although the recycling of WPFs is being emphasized, it is difficult because WPFs also contains various types of polymeric materials. The pyrolysis of waste plastics is a candidate method not only for its treatment, but also for the production of hydrocarbons [13,14,15]. On the other hand, the formation of wax, mainly from the pyrolysis of PE and PP in waste plastics, is a problem in this process because the wax product can foul and block the oil condensing line in the reactor. Therefore, in plastic pyrolysis, the catalytic upgrading process is also essential for converting this wax to low molecular hydrocarbons via an additional cracking reaction. This study, focused on the possible use of WPFs as a cofeeding material on the CFCP of biomass because they also contain large amounts of carbon and hydrogen as the main elements and can act as a hydrogen donating feedstock during the CFP of biomass. For the CFCP of biomass and plastics, HZSM-5 having 3 dimensional micropore structure was widely applied on the production of aromatic hydrocarbons via the CFCP of biomass and waste plastics [12,15]. HBeta is a different kind of 3-dimensional microporous zeolite consisted with two 12 member ring channels (0.66 × 0.67 nm and 0.56 × 0.56 nm) [16]. Owing to the proper micropore structure and high acidity of HBeta for the formation of aromatic hydrocarbons, it was used as the catalyst on the catalytic pyrolysis of plastics [17] or biomass [9,18]. However, its use on the CFCP of biomass and plastics was limited.



Therefore, the in situ CFCP of cork oak (CoOak) and WPFs over HBeta(25) (SiO2/Al2O3: 25) was investigated to determine the effectiveness of WPFs as a cofeeding material and HBeta(25) as a catalyst. Non-isothermal decomposition behaviors of thermal and catalytic pyrolysis of CoOak, WPFs, and their mixture were examined by thermogravimetric (TG) analysis. Tandem microreactor (TMR)-gas chromatography/mass spectrometry (GC/MS) analysis was also used to determine the product property of each pyrolysis reaction. The yields of aromatic hydrocarbons from the CFCP were estimated to identify the synergistic effects of cofeeding WPFs on the CFP of CoOak.




2. Results and Discussion


2.1. TG Analysis


Figure 1 shows the derivative TG (DTG) curves for the thermal and catalytic TG analysis of CoOak, WPFs, and their mixture at 20 °C/min, respectively. The DTG curve of CoOak, as shown in Figure 1a, revealed the typical DTG curve shape of wood biomass, which is consistent with the decomposition of hemicellulose, cellulose, and lignin [19]. The initial left shoulder and major sharp peaks on the DTG curve of CoOak can be assigned to the decomposition of hemicellulose and cellulose [20]. The right tailed peak was attributed to the decomposition of lignin and char stabilization [21]. The catalytic DTG curve of CoOak over HBeta(25) had the same peak shape and its decomposition temperature (Tmax, 374.5 °C) was similar to that (Tmax, 373.4 °C) of the thermal DTG curve of CoOak. This indicates that the catalytic reaction is related to the upgrading of the primary product vapors of biomass [22].



The DTG curve of WPFs revealed two decomposition temperature regions, as shown in Figure 1b. The first decomposition peak on the DTG curve of WPFs had a similar decomposition temperature region (between 200 and 380 °C) to that of CoOak, but, its Tmax1 (349.5 °C) was different from that of CoOak (374.5 °C). This indicates that the polymeric material decomposed from WPFs at this temperature zone is not hemicellulose or cellulose, which are the main biopolymer components of CoOak. One of possible materials decomposed from WPFs in the low temperature zone is starch. Starch is used widely as the main raw material for biodegradable plastics and decomposed at a similar temperature region with the first DTG curve of WPFs [23]. Another raw material most commonly used for a biodegradable WPFs is thermoplastics, such as PE, PP, PS, and polyethylene terephthalate (PET) [24]. Therefore, the second DTG curve of WPFs is made by the overlapping decomposition of these thermoplastics. Although high density PE (HDPE) can be regarded as the main polymer decomposed at the maximum decomposition temperature, Tmax2 on the DTG curve of WPFs was lower than that of HDPE (Supplementary Materials Figure S1). The lower decomposition temperature of HDPE in WPFs can be explained by the radical interaction between the pyrolysis intermediates of the other polymers in WPFs. For example, the decomposition of PS and PP, having lower thermal stability than HDPE, was initiated at a lower temperature than HDPE. Moreover, the pyrolysis intermediates of PS and PP allow the decomposition of HDPE to begin at lower temperatures. Yu et al. [25] also reported that the decomposition temperatures of the polymer can be decreased when they are copyrolyzed with other polymers due to the effective radical interaction between the pyrolysis reaction intermediates. Similar thermal properties to WPFs were also reported on the TG analysis of bio-based plastics. For the production of bioplastics, maleic anhydride PE [26] or PP [27] were used to produce effective cross-linking between the hydrophilic biomass and hydrophobic plastics, and the decomposition temperatures of the plastics in the bioplastics were lower than the pure plastics because radical formation from the decomposition of the cross-linking agent affect the decomposition of the main plastic polymers [28]. Although the decomposition temperature of starch (Tmax: 349.5 °C) was not changed, that of the thermoplastic resins in WPFs was shifted to a much lower temperature (464.0 °C) using HBeta(25). This means that the thermoplastics in WPFs are strongly influenced by the catalysts. Thermoplastics, such as PS, PP, and HDPE, can be decomposed more efficiently on the surface and pores of acid catalysts and its efficiency is related to the high acidity and appropriate pore size, which can allow the high diffusion efficiency of reactant molecules into the pore of catalyst. Marcillar et al. [29] also found the decreased decomposition temperature of PE by the use of HBeta zeolite using a TG analyzer and explained the catalytic effect is related with the external acid sites present in HBeta and its proper pore size. They explained that PE is melt during its non-isothermal heating and decomposed at the lower temperature by the efficient contact between PE molecules and the external sites of HBeta. Therefore, the decomposition of larger molecular polymers in WPFs could be enhanced by external acid sites of HBeta. Also, the efficient contact between smaller thermoplastic molecules and strong acid sites of internal pore may increase the decomposition rate of thermoplastics.



The TG curve of CoOak/WPFs mixture, Figure 1c, revealed the merged DTG peak shape of CoOak and WPFs, but, the peak temperatures of cellulose and HDPE were shifted to lower temperatures than those observed on the DTG curves of CoOak and WPFs, respectively. These also indicate that there is a mutual interaction between the pyrolyzates of CoOak and WPFs, and this mutual interaction lowers the decomposition temperature of the polymers in the mixture of CoOak and WPFs. The decomposition temperatures of the polymers in the CoOak and WPFs mixture were lower than those observed on the catalytic DTG of CoOak and WPFs, respectively. This suggests that the cofeeding of WPFs with CoOak can enhance the effects on the acceleration of polymer decomposition during CFCP over HBeta(25) due to the catalytic effect of HBeta(25) and the efficient interactions between the catalytic reaction intermediates of the polymers in the mixed sample.




2.2. TMR-GC/MS/FID


2.2.1. Non-Catalytic Pyrolysis of CoOak, WPFs, and CoOak/WPFs


Figure 2 shows the TMR-GC/MS chromatograms obtained from the pyrolysis of CoOak, WPFs, and CoOak/WPFs. As expected, the thermal decomposition of CoOak (Figure 2a) produced large quantities of oxygen containing pyrolyzates (acetic acid, levoglucosan, guaiacols, syringols, eugenol, and so on), due to the decomposition of the lignocellulosic components of wood biomass [19,21]. In the case of the thermal decomposition of WPFs (Figure 2b), specific pyrolyzates of plastic resins, such as styrene monomer, dimer, and trimer of PS, alkadienes, alkenes, and alkanes in wide carbon range up to C44 of PE, and 2,4-dimethyl-1-heptane of PP, were mainly detected on the chromatogram. Although levoglucosan was observed, other typical pyrolyzates of wood biomass were not detected on the chromatogram. Possible explanation for this levoglucosan peak without other typical pyrolyzates of wood can indicate the presence of starch in WPFs. Starch can be decomposed at between 200 and 370 °C [23], which is the same decomposition on the first DTG peak of WPFs shown in Figure 1b, and produce levoglucosan by rapid pyrolysis [30]. The phthalate peak on the chromatogram indicates than phthalate was used as an additive of polymers in WPFs. Although the decomposition temperatures of CoOak and WPFs were shifted to a lower temperature by copyrolysis, as shown in Figure 1c, the pyrolyzates of CoOak and WPFs were not changed, as shown in Figure 2c. This means that the copyrolysis of CoOak and WPFs can allow the acceleration of polymer decomposition through a mutual interaction, but their pyrolysis products were not changed noticeably.




2.2.2. Catalytic Pyrolysis of CoOak and WPFs


Figure 3 presents the TMR-GC/MS chromatograms obtained from the in situ CFP of CoOak, WPFs, CoOak/WPFs over HBeta(25). As shown in Figure 3a, the chromatogram for the CFP of CoOak contained the peaks for light hydrocarbons (<C4) and aromatic hydrocarbons. On the other hand, peaks for oxygen containing compounds were not detected, which indicates that the efficient catalytic conversion of oxygen-containing pyrolyzates of CoOak to light hydrocarbons and aromatic hydrocarbons can be achieved using HBeta(25). The hydrocarbon pool mechanism is known as the major reaction pathways for the formation of aromatic hydrocarbons from biomass over acid zeolite catalysts [31]. Typical pyrolyzates of woody biomass, consisting of acids, furans, levoglucosan, aldehydes, and phenols, can be converted to light hydrocarbons, mainly olefins, via a catalytic dehydration, decarboxylation, and decarbonylation reaction over the catalyst. These light hydrocarbons form a hydrocarbon pool and produce aromatic hydrocarbons via an additional aromatization reaction. In this step, the acidity, pore size, and pore structure are the most important factors affecting the overall reaction efficiency.



Although large amounts of aromatic hydrocarbons were produced by the CFP of CoOak, much higher peak intensities for aromatic hydrocarbons were observed on the TMR-GC/MS chromatogram for the CFP of WPFs, as shown in Figure 3b. This can be explained by the pyrolyzates of WPFs. Although small amounts of oxygen-containing pyrolyzates were observed on the pyrogram of WPFs (Figure 2b), most of the pyrolyzates of WPFs consisted of hydrocarbons, which can be divided into alkanes, alkenes, alkadienes, and aromatic hydrocarbons. These hydrocarbons can be converted to light hydrocarbons over the HBeta(25) catalyst and finally produce aromatic hydrocarbons via a hydrocarbon pool mechanism [32]. Larger amounts of aromatic hydrocarbon formation from WPFs also can be explained by the lower contents of oxygen-containing pyrolyzates in WPFs than CoOak. The formation efficiency of aromatic hydrocarbons from polymer materials can be expected with their effective hydrogen to carbon ratio (H/Ceff). The H/Ceff ratios of PS, PP, and HDPE, which are the main components of WPFs, were much higher than that of CoOak. This suggests that much larger amounts of aromatic hydrocarbons can be produced from the CFP of WPFs than that of CoOak. Although the summed amount of char and ash in WPFs was larger than that in CoOak (Table 1), the CFP of CoOak produced the larger amount of solid residue (36.8 wt %) than that of WPFs (22.0 wt %). This indicates that the CFP of CoOak produces a larger amount of coke than that of WPFs over HBeta(25). The high coke yield during the CFP of biomass has been reported by other researchers [33]. They explained that oxygen-containing pyrolyzates can be converted to coke more easily than hydrocarbons. For example, phenols, the main pyrolyzates of lignin, can produce large amounts of coke due to their oligomerization inside the pores of the catalysts. Resasco et al. [34] indicated that the formation of coke from the lignin over acid zeolites occurs via a “phenolic pool mechanism”.



Figure 3c shows the TMR-GC/MS chromatogram obtained from the CFCP of CoOak and WPFs over HBeta(25). Interestingly, the experimental yields of aromatic hydrocarbons obtained from the CFCP of CoOak and WPFs were larger than their calculated values derived from the respective experimental yields obtained from the CFP of CoOak and WPFs over HBeta(25) (Table 1). This indicates that the synergistic effect on the production of aromatic hydrocarbons can be achieved by applying a mixture of CoOak and WPFs as a sample for catalytic pyrolysis over HBeta(25). Figure 4 shows the possible reaction pathway on the formation of aromatic hydrocarbons during the CFCP of CoOak and WPFs over HBeta(25). The effects of cofeeding WPFs as a hydrogen donor to CoOak and the effective Diels–Alder reaction between the pyrolyzates of CoOak and WPFs can be explained as the main reaction mechanism enhancing the synergistic formation of aromatic hydrocarbons [35]. The effective hydrocarbon pool formation due to the strong acidity and appropriate pore size of HBeta(25) play an important role in the increased production of aromatic hydrocarbons. Owing to the three dimensional structure and pore size of the HBeta catalyst, the products obtained from the catalytic pyrolysis of biomass over HBeta has higher selectivity for aromatic hydrocarbons [36,37]. An additional Diels–Alder reaction between the furans and light olefins also can produce aromatic hydrocarbons over the HBeta catalyst [38], as depicted in Figure 4. Although HBeta can produce large amounts of coke during the CFP of biomass [20], the experimental yield of solid residue obtained from the CFCP of CoOak and HDPE (26.4 wt %) was lower than the calculated yield (29.4 wt %). This indicates that the coke amount also can be decreased by applying the CFCP of CoOak and HDPE. The lower coke formation due to CFCP can be explained as the efficient Diels–Alder reaction between the pyrolyzates of biomass and plastics. The conversion of oxygen containing pyrolyzates, such as furans, to coke by their oligomerization reaction can be reduced because the conversion to aromatic hydrocarbons can be increased by the efficient Diels–Alder reaction between the pyrolyzates of biomass and plastics. This effective Diels–Alder reaction can act as an inhibition factor for the formation of coke. Reduced coke accumulation is a very important factor because the total life time of the catalyst can be extended by reducing the amount of accumulated coke [39].






3. Materials and Methods


3.1. CoOak and WPFs


CoOak powder, which was obtained from the Korean native oak tree, was sieved to a particle size smaller than 500 μm. WPFs, which was emitted as municipal waste in Seoul city, was cut to make a film size lower than 1 mm2. Both CoOak and WPFs were dried at 80 °C for 6 h and kept in a desiccator before each experiment. Table 2 lists the proximate and ultimate analysis results of CoOak and WPFs. Both CoOak and WPFs had large amounts of volatiles and fixed carbon [24,39]. Compared to CoOak, WPFs had a higher ash content. As expected, WPFs had a high C (64.2%) and O (25.4%) content. This indicates that a considerable amount of WPFs contained a biopolymer with biomass in its structure and/or PET having oxygen as one of its main elements. The higher C and H content of WPFs than CoOak suggests that WPFs can act as hydrogen donor to CoOak during the catalytic copyrolysis reaction.




3.2. Catalyst


HBeta(25) was purchased from Zeolyst International. According to the specification sheet supplied by the manufacturer, HBeta(25) had a pore size of 0.74 nm and Brunauer–Emmett–Teller (BET) surface area of 780 m2/g. NH3-TPD curve of HBeta(25), as shown in Figure 5, which indicates that HBeta (25) has strong acidity.




3.3. TG Analysis


The same amount (4 mg) of CoOak, WPFs, and their mixture (CoOak/WPFs: 1/1) were heated non-isothermally from ambient temperature to 800 °C at 20 °C/min under nitrogen atmosphere in a TG analyzer (Pyris Diamond, Perkin Elmer, Inc., San Diego, MA, USA). For catalytic pyrolysis, 4 mg of HBeta(25) was also blended with the sample and the same TG analysis conditions were applied.




3.4. TMR-GC/MS Analysis


TMR-GC/MS (RX-3050TR, Frontier Laboratories Ltd., Fukushima, Japan; 7890A/5975C inert, Agilent technology, Santa Clara, CA, USA; Supplementary Materials Figure S2) was used for the iso-thermal and CFP together with their product analysis. For non-catalytic pyrolysis, 1 mg of CoOak, WPFs, and their mixture (CoOak/WPFs: 1/1) were pyrolyzed in a microreactor at 600 °C by free-falling the sample cup into a preheated furnace. In the case of CFP, 5 mg of HBeta(25) was also mixed together with 1 mg of sample (Catalyst/Sample: 5/1). The product vapor was transferred to a separation column and cryo-focused at the front part of the column by liquid nitrogen (−195 °C) using Micro-Jet Cryo Trap (MJT-1030E, Frontier Laboratory Ltd., Fukushima, Japan) via GC inlet. After a sufficient reaction time (3 min), the chemicals cryo-focused inside the column were vaporized by shutting off the liquid nitrogen supply and GC oven heating program. The separated chemicals were detected by MS. Each peak on the MS chromatogram was identified using MS libraries (NIST 8th; National Institute of Standard and Technology, Gaithersburg, MD, USA and F-search; Frontier Laboratory Ltd., Fukushima, Japan). The MS peak area for each product was integrated to compare its product selectivity. External standard (ESTD) calibration for aromatic hydrocarbons was also performed with the MS peak area to quantify the yields of aromatic hydrocarbons. The ESTD calibration curves for each aromatic hydrocarbon was made by analyzing the different amounts of aromatic hydrocarbon standard mixture. Table S1 summaries the detailed TMR-GC/MS operation conditions.





4. Conclusions


The effectiveness of WPFs and HBeta(25) as a hydrogen donating cofeeding material and catalyst, respectively, on the CFP of CoOak was demonstrated. By applying the CFCP of CoOak and WPFs over HBeta(25), the thermal decomposition temperature of CoOak and WPFs shifted to a lower temperature than their individual CFP reactions due to the effective interaction between the pyrolysis intermediates, and the use of HBeta(25) having strong acidity and appropriate pore size. The synergistic effect on the formation of aromatic hydrocarbons and the decrease of coke were also enhanced by applying the CFCP of CoOak and WPFs due to the increased hydrocarbon pool mechanism, which can increase the Diels–Alder reaction between the pyrolysis intermediates of CoOak and WPFs.
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Figure 1. DTG curves obtained from thermal and catalytic pyrolysis of (a) CoOak; (b) WPFs; and (c) CoOak/WPFs over HBeta(25). 
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Figure 2. Pyrograms obtained from non-catalytic pyrolysis of (a) CoOak; (b) WPFS; and (c) CoOak/WPFS. (1: acetic acid, 2: 1-hydroxy-2-propanone, 3: furfural, 4: 5-(Hydroxymethyl)dihydro-2(3H)-furanone, 5: guaiacol, 6: creosol, 7: vinylguaiacol, 8: syringol, 9: isoeugenol, 10: levoglucosan, 11: vinylsyringol, 12: propenylsyringol). 
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Figure 3. Pyrograms obtained from catalytic pyrolysis of (a) Cork Oak; (b) WPFS; and (c) Cork Oak/WPFS over HBeta(25). (1: benzene, 2: toluene, 3: ethylbenzene, 4: xylenes, 5: ethyltoluene, 6: trimethylbenzene, 7: naphthalene, 8: methylnaphthalene, 9: anthracene, 10: pyrene). 
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Figure 4. Possible reaction pathway for the synergistic formation of aromatic hydrocarbons during the CFCP of CoOak and WPFs over HBeta(25). 
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Figure 5. NH3-TPD profiles of HBeta(25). 
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Table 1. The yields of aromatic hydrocarbons obtained from the catalytic pyrolysis of CoOak, WPFs, and their mixture (Unit: wt %).
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Cork Oak

	
WPFs

	
CoOak/WPFs




	
Theoretical Value

	
Experimental Value






	
2.90

	
11.75

	
7.31

	
7.85
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Table 2. Physicochemical characteristics of CoOak and WPFs.
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Sample

	
CoOak [39]

	
WPFs [24]






	
Proximate analysis

	
Water

	
2.5

	
1.3




	
Volatiles

	
81.1

	
80.8




	
Fixed carbon

	
15.1

	
11.6




	
Ash

	
1.3

	
6.3




	
Sum

	
100

	
100




	
Ultimate analysis a

	
C

	
46.3

	
64.3




	
H

	
5.9

	
9.8




	
O b

	
47.4

	
25.4




	
N

	
0.4

	
0.5




	
S

	
-

	
-








a On a dry basis, b By difference.
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