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Abstract:

 The environmental impact from the use of fossil fuel cum depletion of the known fossil oil reserves has led to increasing interest in liquid biofuels made from renewable biomass. This study presents the first experimental report on the catalytic pyrolysis of Napier grass, an underutilized biomass source, using ZSM-5, 0.3HZSM-5 and zinc exchanged zeolite-A catalyst. Pyrolysis was conducted in fixed bed reactor at 600 °C, 30 °C/min and 7 L/min nitrogen flow rate. The effect of catalyst-biomass ratio was evaluated with respect to pyrolysis oil yield and composition. Increasing the catalyst loading from 0.5 to 1.0 wt % showed no significant decrease in the bio-oil yield, particularly, the organic phase and thereafter decreased at catalyst loadings of 2.0 and 3.0 wt %. Standard analytical methods were used to establish the composition of the pyrolysis oil, which was made up of various aliphatic hydrocarbons, aromatics and other valuable chemicals and varied greatly with the surface acidity and pore characteristics of the individual catalysts. This study has demonstrated that pyrolysis oil with high fuel quality and value added chemicals can be produced from pyrolysis of Napier grass over acidic zeolite based catalysts.
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1. Introduction


Fossil fuels remain the main global energy supply source despite the environmental impacts cum sociopolitical concerns which are well documented in the literature [1,2,3,4]. The fear of energy insecurity in the near future, in addition to the need for reduction of greenhouse gases, has led to the development of energy from alternative renewable sources such as biomass, wind, solar and mini-hydro [5,6,7,8]. Among these renewable resources, biomass is the only renewable resource that has carbon in its building blocks which can be processed into liquid fuel. Lignocellulosic biomass (non-food materials) such as forest residues, agro-wastes, energy grasses, aquatic plants and algae, etc., have been seen as ideal raw materials in this direction as they avoid the initial public perception of food insecurity associated with first generation biofuels which were produced from food materials [9,10]. In addition, they have low levels of sulfur and nitrogen contents which make them relatively environmental friendly. Napier grass (Pennisetum purpureum) is one of the perennial grasses with potential high biomass yield, typically in the range of 25–35 oven dry tones per hectare annually, which correspond to 100 barrels of oil energy equivalent per hectare compared to other herbaceous plants [11,12]. Other advantages of Napier grass includes compatibility with conventional farming practices, and the fact that it outcompetes weeds, needs very little or no supplementary nutrients and therefore requires lower establishment cost. It can be harvested up to four times a year with a ratio of energy output to energy input of around 25:1 which makes it one of the highest potential energy crops for development of efficient and economic bioenergy systems [11,12].



Pyrolysis is currently one of the most promising thermochemical processes for converting biomass materials into products with high energy potential. Bio-oil, bio-char and non-condensable gas products are generally obtained in different proportions in any pyrolysis process. The distribution of pyrolysis products depends heavily on how the process parameters such as pyrolysis temperature, heating rate and vapor residence time are manipulated. Generally, there are different types of pyrolysis namely; slow, intermediate and fast pyrolysis. Slow pyrolysis is also referred to as carbonization. It is carried out at a temperature up to 400 °C, for 60 min to days, with a typical product distribution of about 35% bio-char, 30% bio-oil, and 35% non-condensable gas. Fast pyrolysis can produce up to 80% bio-oil, 12% bio-char, and 13% non-condensable gas at temperature around 500 °C, with high heating rates, a short vapor residence time of about 1 s, and rapid cooling of volatiles [13,14]. For intermediate pyrolysis, the operating conditions are 500–650 °C and the vapor residence time is approximately 10 to 30 s. About 40%–60% of the total product yield is usually bio-oil, 15%–25% bio-char and 20%–30% non-condensable gas. In addition, unlike fast pyrolysis, intermediate pyrolysis produce bio-oil with less reactive tar which can be used directly as a fuel in engines and boilers, and dry char suitable for both agricultural and energy applications [15,16,17].



The pyrolysis reactor represents the core unit of the entire pyrolysis process. It plays a very important role in the product distribution and accounts for about 10%–15% of the total capital cost [14]. A range of reactor designs are available, which include bubbling fluidized-bed reactors, circulating fluidized-bed reactors, fixed-bed reactors, auger reactors, ablative reactors, rotating cone reactors, etc. These reactors have been studied extensively to improve the efficiency of pyrolysis processes and the quality of bio-oil production. However, each reactor type has specific characteristics, pros and cons. In general, a good reactor design should exhibit high heating and heat transfer rates and should have an excellent temperature control capability [14].



Bio-oil from biomass pyrolysis is a complex mixture consisting predominantly oxygenated organic compounds, phenolics, light hydrocarbons and traces of nitrogen- and sulfur-containing compounds depending on the nature of the source biomass. The high level of oxygenated compounds in bio-oil is responsible for the oil’s poor physicochemical characteristics such as low pH, low chemical stability, lower energy content and therefore render it unsuitable for direct application as fuel or refinery ready feedstock for the production of quality fuels and other consumer products. In order to meet the target of having alternative fuel sources and reduce the challenges of fossil fuel on our environment, there is need to develop methods for reducing the oxygen content of bio-oil to a minimum level. Several deoxygenation methods are being developed in this direction, one of which is in situ deoxygenation. In situ upgrading involves the use of catalytic material to reduce oxygenated volatiles generated during pyrolysis prior to condensation through a series of chemical reactions such as decarboxylation, dehydration, and decarbonylation where oxygen is removed in the form of CO2, H2O and CO, respectively. The process can be organized either by mixing the biomass with catalyst (in bed mixing) follow by pyrolysis, or by passing the pyrolysis vapor through a bed or beds of catalyst [18,19,20,21,22,23]. The most commonly used catalyst in this application are zeolite-based materials, particularly ZSM-5, due to their high acidity, shape selective pore structure, low affinity for coke formation owing to bulky molecules and high selectivity towards aromatic hydrocarbons [23,24,25]. Process parameters governing the yield and quality of bio-oil produced via the in situ upgrading include pyrolysis temperature, heating rate and catalyst- phthalenes decreased with an increasbiomass ratio (CBR) [26,27,28,29]. Liu et al. [29] studied the catalytic pyrolysis of duckweed with HZSM-5 revealed that the pyrolysis temperature and CBR affect the distribution of organic component in the product bio-oil. A high temperature was shown to favor the production of total monocyclic aromatic hydrocarbons such as benzene, toluene and xylene (BTX) while polyaromatic hydrocarbons (PAH) such as indenes and nae in pyrolysis temperature. This trend was attributed to the exothermic nature of the oligomerization reactions. Similar observations have been reported by Kim et al. [30] during the in situ upgrading of pyrolysis vapor from unshiu citrus peel over HZSM-5. Studies by Ojha and Vinu [31] on resource recovery from polystyrene through fast catalytic pyrolysis using a zeolite-based catalyst also followed a similar trend. In terms of CBR, Liu et al. [29] stated that the increase in CBR promoted formation of BTX, while a downward trend was observed for PAH. This was contrary to the observation made by Ojha and Vinu [31]. They reported that an increase in CBR favored production of benzene among the monoaromatics while PAH yield increased with CBR. This difference in the observed trend could be linked to the characteristics of the respective catalysts used during those studies.



The impact of different zeolite-based catalysts on the production of aromatic hydrocarbons from pyrolysis of biomass materials such rice husk, Miscanthus, rice stalks, wood, corncobs, algae, etc., have been reported the literature. To the best of our knowledge, catalytic pyrolysis of Napier grass with zeolite catalysts has not been carried out. In addition, studies involving lower catalyst biomass ratios with potential practical applications are rarely carried out. Most literature studies employed the pyroprobe technique with high CBR and, in most cases the amount of catalyst used is equal or greater than the feedstock biomass. For large scale processes using in bed mixing technique, a large amount of catalyst material requirement may not be practicable technically and economically. The objective of this study was to investigate effect of the zeolites ZSM-5, and HZSM-5 and zinc-exchanged zeolite-A catalyst loading on the yield and characteristics of Napier grass pyrolysis bio-oil.




2. Experimental


2.1. Materials and Characterization


Napier grass stem (NGS) with a particle size of around 2 mm was used in this study and the biomass has volatile matter, fixed carbon, ash content and higher heating value of 81.51 wt %, 16.75 wt %, 1.75 wt % and 18.11 MJ/kg respectively. Ultimate analysis revealed that the biomass has 48.61 wt % carbon, 6.01 wt % hydrogen, 0.99 wt % nitrogen, 0.32 wt % sulfur and 44.07 wt % oxygen. Other details of its characteristics can be found in Mohammed et al. [12]. ZSM-5 and Zeolite A (zinc-exchanged: ZEOA) catalysts were purchased from Fisher Scientific Sdn. Bhd. (Selangor, Malaysia) and Sigma-Aldrich Sdn. Bhd. (Selangor, Malaysia) respectively. HZSM-5 was obtained from desilication of ZSM-5 with NaOH solution. ZSM-5 (30 g) was mixed with aqueous solution of 0.3 M NaOH (300 mL) for 2 h at 70 °C. The solid was filtered using vacuum filtration with the aid of a polyamide filter and thereafter oven dried at 100 °C. The dried sample was transformed to hydronium form with 0.2 M NH4NO3 solution at 80 °C for 24 h, followed by overnight drying at 100 °C and calcination at 550 °C for 5 h and the final solid was designated as 0.3HZSM-5. All the catalysts were characterized according to standard procedures. X-ray diffraction (XRD; PANalytical X’pertPro, DSKH Technology Sdn. Bhd.: Selangor, Malaysia; CuKα radiation, λ = 0.1541 nm;) was used to examine the nature of the crystalline system at 2θ angles between 10° and 60°, 25 mA, 45 kV, step size of 0.025°, and 1.0 s scan rate. Scanning electron microscopy (SEM, FEI Quanta 400 FE-SEM, Hillsboro, OR, USA) was used to evaluate the surface and structural characteristics. Specific surface area and pore properties were determined using an ASAP 2020 physisorption analyzer (Micrometrics: Norcross, GA, USA). Acidity of the catalyst was determined via ammonia-temperature programmed desorption (TPD) using a ChemiSorb 2720 Pulse Chemisorption system (Micrometrics).




2.2. Catalytic Pyrolysis and Pyrolysis Oil Characterization


Our intermediate pyrolysis study was carried out in a fixed bed pyrolysis system as shown in Figure 1. The system consists of a fixed bed reactor made of stainless steel (115 cm length, 6 cm inner diameter), a distribution plate with 1.0 mm hole diameter which sits at 25 cm from the bottom of the tube, two nitrogen preheating sections, a cyclone, a water chiller operating at 3 °C attached to a coil condenser, oil collector and gas scrubbers. 200 g of NGS (bone dry, 2.5 mm particle size) mixed with catalyst was placed on the distribution plate inside the reactor tube and pyrolysis was conducted under nitrogen atmosphere at 7 L/min. A pyrolysis temperature of 600 °C was used and the reactor was heated electrically at the rate of 30 °C/min. The reaction temperature was monitored with a K-type thermocouple connected to a computer through a data logger. The reaction time was kept at 15 min (±2 min) or until no significant amount of non-condensable gas was observed after the reaction temperature reaches 600 °C. Effect of catalyst loading was first evaluated with 0.5, 1, 2 and 3 wt % ZSM-5. The optimum oil yield conditions were then used with 0.3HZSM-5 and ZEOA catalyst. Non-catalytic pyrolysis product yield was used as a control. Characterization of bio-oil collected was carried out according to standard procedures. A WalkLAB microcomputer pH meter TI9000 (Trans Instruments, Singapore) was used to determine the pH. Water content in the bio-oil was determined using a Karl Fischer V20 volumetric titrator (Mettler Toledo: Columbus, OH, USA) [32,33]. Higher heating value was determined using an oxygen bomb calorimeter (Parr 6100, Parr Instruments: Molin, IL, USA) [33,34]. Density and viscosity were determined using an Anton Paar density meter (DMA 4500 M, Ashland, VA, USA) and Brookfield (Hamilton, NJ, USA) DV-E viscometer, respectively. Bio-oil elemental compositions were determined using a Perkin Elmer 2400 Series II CHNS/O analyzer (Perkin Elmer Sdn Bhd.: Selangor, Malaysia). Chemical functional groups in the bio-oil were determined with FTIR (Spectrum RXI, PerkinElmer: Selangor, Malaysia) using a pair of circular demountable potassium bromide (KBr) cell windows (25 mm diameter and 4 mm thickness). Spectra were recorded with the Spectrum V5.3.1 software within the wavenumber range of 400–4000 cm−1 at 32 scans and a resolution of 4 cm−1. Details of the chemical composition of the bio-oil was determined using a gas chromatograph-mass spectrometer (GC-MS) system (PerkinElmer Clarus® SQ 8: Akron, OH, USA) with a quadruple detector and PerkinElmer-EliteTM-5ms column (30 m × 0.25 mm × 0.25 µm) (Akron, OH, USA). The oven was programmed at an initial temperature of 40 °C, ramp at 5 °C/min to 280 °C and held there for 20 min. The injection temperature, volume, and split ratio were 250 °C, 1 µL, and 50:1 respectively. Helium was used as carrier gas at a flow rate of 1 mL/min. The bio-oil samples in chloroform (10%, w/v) were prepared and used for the analysis. MS ion source at 250 °C with 70 eV ionization energy was used. Peaks of the chromatogram were identified by comparing with standard spectra of compounds in the National Institute of Standards and Technology (NIST: Gaithersburg, MD, USA) library.


Figure 1. Experimental set-up. (1) Nitrogen cylinder; (2) nitrogen preheating sections; (3) pyrolysis section; (4) furnace controller; (5) heater; (6) insulator; (7) thermocouples; (8) data logger; (9) computer; (10) water chiller; (11) cyclone; (12) condenser; (13) bio-oil collector; (14) gas scrubber; (15) gas sampling bag; (16) gas venting.
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Samples of the non-condensable pyrolysis product were collected in a gas SKC polypropylene fitted gas sampling bag for each experiment and its composition analyzed using a gas chromatography PerkinElmer Clarus 500 (Akron, OH, USA) equipped with a stainless steel column (Porapak R 80/100) and thermal conductivity detector (TCD). Helium was used as a carrier gas and the GC was programed at 60 °C, 80 °C and 200 °C for oven, injector and TCD temperature, respectively.





3. Results and Discussion


3.1. Catalyst Characteristics


XRD patterns of the zeolites are presented in Figure 2. The parent ZSM-5 exhibited main peaks at around 2θ between 20° and 25°, which are typical characteristic peaks for ZSM-5. The decrease in the intensity of the peaks observed in the 0.3HZSM-5 indicates a loss of crystallinity as a result of desilication [35] which may also be related to the formation of mesoporous structures in the material [36,37,38,39,40,41]. The peaks observed in ZEOA at around 10.1°, 16.1°, 21.4°, 27.1°, 29.9° and 35° are distinctive characteristics peaks of zeolite A [42,43,44]. SEM images showing the morphology of the zeolites are presented in Figure 3.


Figure 2. Diffractograms of ZSM-5, 0.3HZSM-5 and ZEOA.
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Figure 3. Characteristics (SEM, BET and TPD) of (a) ZSM-5, (b) 0.3HZSM-5 and (c) ZEOA.
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The SEM micrographs indicated that ZSM-5 is highly crystalline, with hexagonal prismatic morphology and different particle size of less than 500 nm. 0.3HZSM-5 showed morphological characteristic similar to the parent ZSM-5 indicting that desilication does not affect the morphological integrity of the catalyst. ZEOA exhibited an extremely crystalline system with cubical structure having smooth ages, which is a typical characteristic of zeolite A.



From the result of the physisorption analysis (Figure 3), ZSM-5 displayed a type I isotherm according to the IUPAC classification. The isotherm showed a very strong adsorption in the initial region and a plateau at high relative pressure (>0.9). This pattern indicates that ZSM-5 is a microporous material [44]. 0.3HZSM-5 displayed a combination of type I and IV isotherms with a low slope region at the middle which indicates the presence of few multilayers and a hysteresis loop at relative pressures above 0.4 that could be attributed to capillary condensation in a mesoporous material [45,46]. This observation is in good agreement with the XRD results. ZEOA also displayed an isotherm similar to that of 0.3HZSM-5 with a visible but less pronounced hysteresis loop. This indicates that ZEOA is made up of some mesoporous structures. Other characteristics and physisorption analysis are summarized in Table 1. Comparing ZSM-5 and 0.3HZSM-5, Brunauer Emmet Teller (BET) specific surface area (SBET) and Smicro decreased after desilication. A decrease in the micropore volume of the 0.3HZSM-5 was also observed after desilication compared to the parent ZSM-5, which suggest that the conversion of the microporous structure during the desilication contributed to the resultant mesoporosity in the 0.3HZSM-5 [45]. The results of NH3-TPD analysis (Figure 3) showed two peaks at temperatures around 219 and 435 °C for ZSM-5, while single peaks around 258 °C and 229 °C was observed for 0.3HZSM-5 and ZEOA, respectively. The high temperature peak represents the desorption of NH3 from strong acid sites while those at temperatures between 219 and 258 °C are attributed to desorption of NH3 from weak acid sites [31,35,36,46]. Disappearance of the strong acid sites in the 0.3HZSM-5 is attributed to desilication. Similar observations have been reported in the literature [45,46]. The area under each peak was evaluated and the corresponding total surface acidity was 3.8085 mmol/g for ZSM-5, while 2.9635 and 1.21 mmol/g were recorded for 0.3HZSM-5 and ZEOA, respectively.


Table 1. Textural characteristics of ZSM-5, 0.3HZSM-5 and ZEOA.


	Property
	ZSM-5
	0.3HZSM-5
	ZEOA





	Si/Al ratio
	20.7600
	12.5100
	1.0000



	SBET (m2/g)
	385.2000
	374.8800
	367.0000



	Smicro (m2/g)
	356.5400
	240.2300
	315.7200



	Smeso (m2/g)
	28.6600
	134.6500
	93.3100



	Vmicro (m3/g)
	0.1383
	0.1114
	0.1240



	Total acidity (mmol/g)
	3.8085
	2.9635
	1.2100










3.2. Pyrolysis Product Distribution


The effect of ZMS-5 loading with respect to pyrolysis product distribution compared to the non-catalytic pyrolysis (NCP) is shown in Figure 4a. Bio-oil here constituted the total liquid product (organic: OR and aqueous: AQ phase); bio-char is the total solids, including coke. The bio-oil recorded from the NCP (raw) was 41.91 wt % (12.34 wt % OR; 29.57 wt % AQ) with corresponding bio-char and non-condensable gas values of 29.24 and 28.85 wt %. For the catalytic process, the bio-oil yield decreased to 40.07 wt % (11.25 wt % OR; 28.82 wt % AQ) at a catalyst loading of 0.5 wt %. Increasing the catalyst loading from 0.5 to 1.0 wt % showed no significant decrease in the bio-oil yield, particularly for the organic phase, and 38.88 wt % oil (11.15 wt % OR; 27.74 wt % AQ) was recorded. Thereafter, the oil yield decreased to 33.29 wt % (9.43 wt % OR; 23.86 wt % AQ) and 30.35 wt % (7.48 wt % OR; 22.87 wt % AQ) at catalyst loadings of 2.0 and 3.0 wt %, respectively. Comparing with the existing literature, most researchers employed high catalyst to biomass ratios which generally lead to less liquid yield and more gas production [21,47,48,49]. Studies involving catalyst loadings similar to the ones used in this study, particularly between 0.5 and 1.0 wt %, are seldom carried out. Research conducted by Park et al. [50] on catalytic pyrolysis of Miscanthus with ZSM-5 using a catalyst to biomass ratio of 0.1 and a reaction temperature of 450 °C in a fixed bed reactor resulted in a high yield of organic phase (21.5 wt %). Similarly, the work of Elordi et al. [51] on catalytic pyrolysis of polyethylene with ZSM-5 using a catalyst/biomass ratio of 0.03 at 500 °C in a spouted bed reactor generated about 25 wt % organic product. Furthermore, under low ZSM-5 loading conditions (0.5 and 1.0 wt %), a high yield of organic phase was recorded compared to 2.0 and 3.0 wt % ZSM-5 loading. This could be attributed to the generation of less reactive pyrolysis vapor via simultaneous dehydration, decarboxylation, and decarbonylation reactions. The non-condensable gas yield under this catalytic condition was higher compared to the non-catalytic pyrolysis and also increased with catalyst loading, suggesting a high degree of decarboxylation and decarbonylation reactions. The bio-char yield during the catalytic process with ZSM-5 was 29.24, 29.79, 30.12 and 30.22 wt % at 0.5, 1.0, 2.0 and 3.0 wt catalyst. These values are similar to that of bio-char yield obtained with the NCP (29.24 wt %). The small increment, particularly at ZSM-5 loadings from 1.0 to 3.0 wt %, could be attributed to coke deposits. This observation is in good agreement with the literature [48,52]. Also, comparing the impact of ZSM-5 with 0.3HZSM-5 and ZEOA, the bio-oil yield obeyed the following order: ZEOA > ZSM-5 > 0.3HZSM-5. The bio-oil from ZEOA constitutes a large percentage of the AQ phase (34.89 wt %) which is largely water resulting from deoxygenation reactions. The low yield of the OR phase with the ZEOA catalyst is an indication of secondary reactions in which oxygen is removed in form of water as the main reaction product. The non-condensable gas yield recorded with ZEOA was lower than that 0.3HZSM-5 and ZSM-5, while the bio-char yield was comparable to those obtained with the other catalysts. The overall impact of ZEOA on the product distribution could be attributed to a combined effect of the zinc cation in the catalyst, its acidity and porosity [53]. Therefore the non-condensable fraction may also consist of substantial amounts of CO2. A similar trend of pyrolysis product distribution related to zinc cation in the catalyst and low SAR has been reported in the literature [54,55].


Figure 4. Pyrolysis products distribution (a) Effect of ZSM-5 loading; (b) impact of 0.3HZSM-5 and ZEOA at 0.5 wt % loading compared to ZSM-5.
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Bio-oil yield from 0.3HZSM-5 was 31.14 wt % (10.03 wt % OR and 25.11 wt % AQ phase) compared to 40.07 wt % (11.25 wt % OR; 28.82 wt % AQ) ZSM-5 oil yield. The reduction in the organic phase recorded with 0.3HZSM-5 may be attributed to the improved pore structures which perhaps led to cracking of large organic molecules. This can also be backed up by the higher non-condensable gas amount of 34.29 wt % recorded, compared to 30.69 wt % from ZSM-5. This shows that improvement in the pore structure reduces the diffusion resistance of large oxygenates which will otherwise be deposited on the catalyst surface as coke which is generally encountered with microporous materials [45].




3.3. Physicochemical Properties of Organic Phase Product


The properties of the organic phase bio-oil collected are summarized in Table 2. The pH values of the oil from all the ZSM-5 loadings and HZSM-5 were between 2.79 and 2.98, while the oil from ZEOA had a pH value of 3.57. Comparing the oil from the catalytic process with that from the non-catalytic process (pH of 2.71), some level of improvement in the acidity of the oil was recorded which can be attributed to a reduction of phenolic compounds through decarbonylation reactions. The water content of the catalytically produced oil was between 9.1 and 10.8 wt % compared to 8.64 wt % recorded for the oil from the non-catalytic process. Decreases in the density and viscosity of the oil from all the catalysts was observed compared to the oil from the non-catalytic process. This indicates that the catalysts increased the production of small molecules, which contributed to a lower viscosity [39]. A high content of reaction generally accounts for the lower density and viscosity of bio-oils [56,57,58]. From the ultimate analysis result (Table 2), the impact of catalyst on the elemental composition of the bio-oil was more pronounced on its carbon and oxygen contents, which also directly affected the heating value.



Table 2. Physicochemical properties of the organic phase bio-oils.



	
Bio-Oil

	

	
ZSM-5 (wt %)

	
0.3HZSM-5

	
ZEOA






	
Property

	
Raw

	
0.5

	
1.0

	
2.0

	
3.0

	
0.5

	
0.5




	
Proximate analysis




	
pH

	
2.71 ± 0.01

	
2.83 ± 0.01

	
2.93 ± 0.01

	
2.98 ± 0.01

	
2.79 ± 0.01

	
2.91 ± 0.01

	
3.57 ± 0.01




	
H2O (wt %)

	
8.64 ± 0.23

	
9.50 ± 0.25

	
9.60 ± 0.23

	
10.00 ± 0.26

	
10.20 ± 0.23

	
9.60 ± 0.24

	
10.80 ± 0.26




	
Viscosity (cP) *

	
2.82 ± 0.14

	
2.80 ± 0.13

	
2.80 ± 0.13

	
2.78 ± 0.13

	
2.74 ± 0.14

	
2.81 ± 0.15

	
2.70 ± 0.13




	
Density (g/cm3) *

	
1.082 ± 0.0

	
1.059 ± 0.0

	
1.056 ± 0.0

	
1.040 ± 0.0

	
1.002 ± 0.0

	
1.051 ± 0.0

	
0.998 ± 0.0




	
Ultimate analysis (wt % w.b)




	
Carbon (C)

	
49.97 ± 1.50

	
59.92 ± 1.79

	
61.65 ± 1.66

	
63.84 ± 1.84

	
64.69 ± 1.82

	
65.61 ± 1.80

	
63.98 ± 1.79




	
Hydrogen (H)

	
6.79 ± 0.07

	
6.82 ± 0.07

	
6.63 ± 0.06

	
7.47 ± 0.07

	
6.6 ± 0.06

	
6.46 ± 0.07

	
6.34 ± 0.07




	
Nitrogen (N)

	
1.35 ± 0.03

	
0.95 ± 0.02

	
0.85 ± 0.02

	
0.53 ± 0.02

	
0.97 ± 0.02

	
0.89 ± 0.02

	
0.57 ± 0.02




	
Sulfur (S)

	
0.6 ± 0.01

	
0.51 ± 0.01

	
0.46 ± 0.01

	
0.43 ± 0.01

	
0.4 ± 0.01

	
0.44 ± 0.01

	
0.41 ± 0.01




	
Oxygen (O) **

	
41.29 ± 1.07

	
31.8 ± 0.86

	
30.41 ± 0.88

	
27.73 ± 0.83

	
27.34 ± 0.79

	
26.6 ± 0.88

	
27.34 ± 0.88




	
HHV (MJ/kg)

	
26.23 ± 0.10

	
28.29 ± 0.10

	
27.87 ± 0.10

	
27.57 ± 0.10

	
28.23 ± 0.10

	
28.24 ± 0.10

	
27.29 ± 0.10




	
Ultimate analysis (wt % d.b)




	
C

	
54.7

	
66.21

	
68.2

	
70.93

	
71.17

	
72.58

	
71.73




	
H

	
6.38

	
6.37

	
6.15

	
7.07

	
6.15

	
5.97

	
5.76




	
O

	
36.79

	
25.81

	
24.2

	
20.93

	
21.18

	
19.99

	
21.41




	
HHV (MJ/kg)

	
28.92

	
31.5

	
31.07

	
30.88

	
31.29

	
31.48

	
30.87




	
DOD (%)

	
0.00

	
29.85

	
34.22

	
43.11

	
42.43

	
45.66

	
41.80








* Measured at 20 °C; ** by difference [O = 100 − (C + H + N + S)].








All the catalytically produced oils have higher carbon and lower oxygen contents, which resulted in higher energy content compared to the oil produced without catalyst. Increased ZSM-5 loading and the improved pore characteristics of 0.3HZSM-5 and ZEOA produced oil with higher carbon and lower oxygen content. The dry basis elemental composition and relative degree of deoxygenation (DOD) was computed according to Equations (1), (2), (3) [59] and (4), respectively:
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(1)
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(2)
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(3)
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(4)




where C, H and O is carbon, hydrogen and oxygen content in wt %; H2O is the water content of the oil (wt %); MWH and MWO is atomic weight of hydrogen and oxygen; Ocat and ONcat are the oxygen contents (wt %) of oil from the catalytic and non-catalytic process. The results show that better quality bio-oil can be produced with high catalyst loading, but at the expense of quantity.




3.4. Thermogravimetric Analysis of the Organic Phase Bio-Oil


The use of thermogravimetric method for analyzing bio-oil provides insights into the type or groups of organic compound present in the oil based on thermal characteristics such as evaporation and reactivity with respect to temperature. The bio-oil collected in this study was subjected to a thermogravimetric study (TGA) using a Perkin Elmer simultaneous thermal analyzer thermogravimetric analyzer (STA 6000) in a nitrogen atmosphere, flow rate 20 mL/min at temperatures between ambient to 500 °C and a heating rate of 10 °C/min. Approximately 10 mg of sample was used in each run and the results are shown in Figure 5.


Figure 5. DTG (a,b) and TG (c,d) curves of organic bio-oil produced with and without catalysts.
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The bio-oil fractions have been grouped into light, medium and heavy fractions. The light fractions consist of volatile organic compounds such as acids, alcohols and other compounds with boiling points close to the boiling point of water. Phenolics, furans and simple sugars such as levoglucosan constitute the medium fractions, while oligomers derived from hemicellulose, cellulose and lignin made up the heavy fractions [60]. The study by Garcia-Perez et al. [61] categorized bio-oil fractions into macro-groups such as volatile non-polar and polar compounds, monolignols, polar compounds with moderate volatility, sugars, extractive derived compounds, and heavy polar and non-polar compounds. From the results obtained in this present study (Figure 5), the DTG curves exhibited four (4) characteristic peaks at temperatures between of 45–100 °C, 140–230 °C, 275–365 °C and 370–440 °C. The peaks between 45 and 100 °C could be due to evaporation of the light fractions. ZSM-5 loading led to formation of a shoulder around 70–80 °C (Figure 5a). This represents a generation of more volatile organic compounds during pyrolysis with catalyst loading which may be ascribed to alkanes, alcohols and alkenols. Alkenols are generally intermediate products of the decarboxylation of acetic acid at elevated temperature [62]. The peak around 83 °C for the oil from the non-catalytic process shifted to 93, 96, 98 and 99 °C for ZSM-5 loadings of 0.5, 1.0, 2.0 and 3.0 wt %, respectively. These may be attributed to vaporization of volatile non-polar compounds such as aromatic hydrocarbons [61]. The peaks observed around 140–230 °C may be related to vaporization of phenolics and hydroxybenzenes. The peak in this temperature range was more pronounced with increased ZSM-5 loading which can be attributed to the presence of more hydroxybenzenes in the bio-oil produced with catalyst. Peaks observed at 275–365 °C and 370–440 °C may be attributed to extractive-derived compounds such as oligomers from the structural carbohydrates [60,62]. The peaks level off with ZSM-5 loading which are indications of a reduction of oligomers by ZSM-5 during the pyrolysis. A similar trend was also observed with 0.3HZSM-5 and ZEOA as presented in Figure 5b. The TG curves (Figure 5c,d) give the percentage of weight lost with respect to the temperature. It provides information about the volatile fraction of bio-oils. At 250 °C, the total weight loss of the raw bio-oil was about 60 wt %, which corresponds to the amount of volatiles present in it. This fraction increased to about 72 wt % in the oil produced by the catalytic process. The weight loss observed above 250 °C could be attributed to the thermal degradation of oligomers. Furthermore, this result suggests that only 60 wt % and 72 wt % of the bio-oil from the non-catalytic and catalytic pyrolysis can be analyzed with GC-MS. Hence, the injector temperature of 250 °C chosen in Section 2.2 above for the GC-MS analysis is adequate.




3.5. Functional Group Analysis of Bio-Oils


The FTIR spectra of chemical compounds in the bio-oil samples are shown in Figure 6a,b. The broad peak around 3420 cm−1 in all bio-oil samples is an indication that samples contain chemical compounds with hydroxyl groups (–OH) such as water, alcohols and phenols [63,64]. The peak became wider (Figure 6a) in the oil produced by the catalytic process with increasing ZSM-5 loading, which can be ascribed to the increased moisture level in the oil samples. The peak at a frequency around 2920 cm−1 is due to the C–H stretching vibrations of methyl and methylene groups which are common to all the bio-oil samples, indicating the presence of saturated hydrocarbons while the broad peak at frequency around 2091 cm−1 is attributed to [image: there is no content] functional groups which denote the presence of alkynes [63,64]. Sharp vibrations observed around 1707 cm−1 in the oil produced by the non-catalytic process are ascribed to [image: there is no content] which signifies the presence of aldehydes, ketones or carboxylic acids. This peak diminished in all the oils from the ZSM-5 process with increasing catalyst loading. Also, the stretching vibration observed in the former around 1625 cm−1 due to the [image: there is no content] functional group of ketones disappeared completely in the latter. These observations confirm the extent of deoxygenation in the oil by the ZSM-5 catalyst. The vibrations around 1462 and 1384 cm−1 common to all the samples are ascribed [image: there is no content] and [image: there is no content], indicating the presence of alkenes/aromatic hydrocarbons and alkanes, respectively [65,66,67]. The sharp band around 1220 is due to [image: there is no content] vibrations indicating the presence of alcohols and esters. The fingerprint region bands between 900 and 620 cm−1 are ascribed to aromatic [image: there is no content] bending vibrations while the ones at around 550 cm−1 are due to alkyl halides [63,64,65,66,67,68]. Similar spectral characteristics were observed with bio-oil produced with HZSM-5 and ZEOA (Figure 6b) with respect to the oil from the non-catalytic process. However, comparing the spectra of oils from HZSM-5 and ZEOA with ZSM-5, improvements in the peaks around 1462 and 1384 cm−1, and the fingerprint region between 900 and 620 cm−1 were also noted, which implies more alkenes in the oil. This may be connected to the improved pore characteristics of the respective catalysts which promote the deoxygenation of large oxygen-containing organic molecules to smaller hydrocarbons [45].


Figure 6. Averaged FTIR spectra (a) auto-smoothed and (b) auto-baseline corrected) of bio-oil samples.
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3.6. GC-MS Analysis of the Organic Phase Bio-Oil


Identification of chemical compounds in the bio-oil samples was carried out by GC-MS. A library search using the MS NIST Library 2011 revealed that the oil was made up of various hydrocarbons, aromatics, phenols, furans, acids, ketones and alcohols . These organic compounds were further categorized into hydrocarbons, aromatics, phenolics, alcohols and other oxygenates (Figure 7) in order to evaluate the effect of ZSM-5 catalyst loading on the distribution of chemical compounds in the oil. The hydrocarbons consist of alkanes, alkenes and alkynes which account for 23.2% in the oil from the non-catalytic process while 29.52%, 23.20%, 28.89% and 26.95% was recorded in the oil produced with 0.5, 1.0, 2.0 and 3.0 wt % catalyst loading, respectively. The proportion of olefins in the total hydrocarbons in the oil from catalytic process (12.4%–29.53%) was higher than that obtained from the non-catalytic process (1.55%). This observation can be attributed to the acidity of the ZSM-5 catalyst which is known for the selective production of olefins through cracking of oxygenated compounds at higher temperatures similar to the temperature (600 °C) used in this study [29,69,70]. The aromatic hydrocarbons were detected only in the oil from the catalytic process which consist of 4a-Methyl-1,2,4a,5,8,8a-hexahydro-naphthalene, 1,1′-ethylidenebisbenzene, and bis (methylthio) methylbenzene. These compounds are produced via a series of complex chemical reactions such as cracking, oligomerization, dehydrogenation, and aromatization promoted by the Brønsted acid cites of the ZSM-5. With increasing catalyst loading, the total aromatic yield increased. 12.18% and 15.19% naphthalene was recorded with 0.5 and 1.0 wt % ZSM-5 loading, respectively, which is mainly the product of condensed fragments from the surface active cites of the ZSM-5 while 15.69% and 18.88% of benzene was observed with 2.0 and 3.0 wt % catalyst loading. Similar observations have been reported in the literature [23,31,71]. The phenolics, mainly phenols and other oxygenates observed in the bio-oil decreased with catalyst loading as a result of dehydration, decarbonylation and decarboxylation which transformed them to smaller molecular units such as benzene [23,31,71]. Comparing the product distribution of ZSM-5 with 0.3HZSM-5 and ZEOA, the hydrocarbon yield from 0.3HZSM-5 and ZEOA was 23.51% and 30.69% (Figure 7b), respectively, compared to ZSM-5 which had 29.52%.


Figure 7. Groups of organic compounds detected in the bio-oil samples using GC-MS (a) ZSM-5 loading (0.5–3.0 wt %); (b) 0.5 wt % loading of ZSM-5, 0.3HZSM-5 and ZEOA.
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The aromatic production was 21.45% and 19.22% with 0.3HZSM-5 and ZEOA while that recorded with ZSM-5 was 12.18%. Phenolics recorded with ZSM-5 were 31.14%, but decreased to 28.53% and 18.89% with ZEOA and 0.3HZSM-5. Also, other oxygenates decreased with ZEOA (3.77%) and 0.3HZSM-5 (12.69%) while 18.59% oxygenate was observed with ZSM-5. The increase in the aromatics, hydrocarbons and reduction in the phenolics and other oxygenates in the oil produced with ZEOA and 0.3HZSM-5 can be linked to the mesoporousity of the respective catalyst which perhaps reduces the steric hindrance of large organic molecules associated with the microstructure of ZSM-5 [45,69,72]. Furthermore, the composition of aromatics from 0.3HZSM-5 and ZEOA was mainly benzene, compared to the aromatics from ZSM-5 which mainly consisted of naphthalene (PAH). The increase in the benzene content and reduction of phenols could also be attributed to the differences in the amount of acid sites. Similar observations have been reported in the literature [45,72].




3.7. GC Analysis of the Non-Condensable Gas


The composition of the non-condensable gas analyzed by GC is summarized in Table 3. High levels of methane in the non-condensable gas from the non-catalytic pyrolysis implies thermal cracking mechanisms that produce small organic molecules during the pyrolysis. The proportion of methane in the gas decreased in the catalytic pyrolysis. With increasing ZSM-5 loading, a significant drop in the methane yield was observed, which suggests that the catalysts promoted the conversion of methane precursors to form aromatic hydrocarbons [73]. Higher composition of CO and CO2 in the non-condensables from the catalytic process was recorded, compared to the non-catalytic pyrolysis which is an indication of decarbonylation and decarboxylation [27,49,66,67,68,69,70,71,72,73,74].



Table 3. Composition of non-condensable gases.



	
Catalyst Type

	
Catalyst Loading (wt %)

	
Gas Composition (vol %) N2-Free Basis




	
CH4

	
H2

	
CO

	
CO2






	
Raw

	
0.00

	
2.72

	
0.56

	
14.04

	
25.32




	
ZSM-5

	
0.50

	
2.40

	
0.32

	
20.87

	
29.94




	
ZSM-5

	
1.00

	
2.26

	
0.31

	
22.97

	
33.32




	
ZSM-5

	
2.00

	
2.01

	
0.34

	
24.67

	
36.07




	
ZSM-5

	
3.00

	
1.94

	
0.36

	
26.14

	
37.95




	
ZEOA

	
0.50

	
2.19

	
0.33

	
26.16

	
31.65




	
0.3HZSM-5

	
0.50

	
2. 32

	
0.29

	
29.23

	
31.80












4. Conclusions


This study gives a background on the catalytic pyrolysis of Napier grass. It dwells on the operating parameters that affect the product distribution and the quality of the resulting bio-oil and discusses experimental results using three zeolite-based catalysts: ZSM-5, 0.3HZSM-5 and zinc exchanged Zeolite A. The results summary can be summarized as follows:

	
ZSM-5 catalyst loading between 0.5 and 1.0 wt % had no significant impact on the oil yield compared to higher catalyst loadings at 2.0 and 3.0 wt %. The yield of non-condensable gas increased with catalyst loading. Impact of ZSM-5 on the yield of bio-char was minimal.



	
Organic compounds in the bio-oil produced with ZSM-5 were made up of mainly hydrocarbons, aromatics and phenols. Catalyst loadings between 0.5 and 1.0 wt % promoted the yield of polyaromatic hydrocarbon (naphthalene) while benzene dominated the aromatics when 2.0 and 3.0 wt % catalyst loading were employed.



	
Desilication of ZSM-5 with NaOH produced a mesoporous 0.3HZSM-5. Bio-oil yield decreased with HZSM-5 and increased with ZEOA compared to ZSM-5 at 0.5 wt % loading. The organic phase composition of the bio-oil from 0.3HZSM-5 and ZEOA were lower than that from of ZSM-5. Higher hydrocarbon yield was recorded, particularly with ZEOA, and the aromatics were mainly benzenes. Reduction in the phenolic content and other oxygenated compounds were also recorded. This observation was attributed to the improved pore structure and the acid sites of the catalysts. Higher composition of CO and CO2 was observed in the non-condensable gas from the catalytic pyrolysis compared to the non-catalytic pyrolysis and was attributed to decarbonylation and decarboxylation reactions.



	
This study has demonstrated that bio-oil with high fuel quality and other value added chemicals can be produced from pyrolysis of Napier grass over acidic zeolite-based catalysts.
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