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Abstract

:

Reduction of tar concentration in biomass gasification with secondary plasma tar cracking unit remains a challenge to meet the requirement for clean syngas energy applications. Typically, the post-treatment of syngas to reduce the tar from an updraft fixed-bed reactor is using secondary plasma tar cracking unit. In this study, an additional trapping train was introduced as a mechanism to harvest byproducts of the tar decomposition process (byproduct carbon functionalized material or BCFM). The measurement in gravimetric and particle size distribution, supported by photoluminescent (PL) and Fourier transform infrared spectroscopy (FT–IR) of BCFM, were conducted to reveal the BCFM characteristic. The gravimetric analysis showed that the application of the secondary plasma tar cracking unit highly reduced the tar concentration. Similarly, the average particle size also decreased significantly. The peak emission spectra of the suspended BCFM particle under the plasma cracking treatment shifted from around 500 nm to around 400 nm. The significant changes in the BCFM functional group occurred due to the successful cracking process. It was concluded that the byproduct received from the plasma cracking process resulted in very low tar content and was revealed to be a carbon functionalized material with a very small size (16.2 nm) and stable suspension.
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1. Introduction


A technique for generating alternative, environmentally acceptable fuels for power generation is biomass gasification. Solid biomass is transformed into useful synthetic gases or syngas comprised of H2 and CO using an indirect combustion process [1]. Drying, pyrolysis, and partial oxidation are the order in which the decomposition of biomass occurs during gasification [2]. Due to incomplete conversion of the liquid products generated by the pyrolysis process, the final product gas contains tar compounds. Tar formation is a severe problem in gasification systems. It causes issues such as clogging in filter pores and cold spots due to coke formation and condensation. Tar in the syngas is considered the Achilles’ heel of gasification [3].



There are several methods for reducing tar concentration in syngas, including catalytic cracking, thermal cracking, condensation, and several others. Plasma cracking is one way to reduce tar in syngas. Both primary and secondary plasma tar cracking systems contain enough energy to initiate tar decomposition reactions. The methods showed promising results in the tar reduction process [4]. Interestingly, recent studies show biomass and coal tar pitch as precursors in synthesizing functionalized carbon quantum dots (CQDs) [5,6]. CQDs can be synthesized using various methods, including hydrothermal, carbonization, microwave irradiation, and chemical oxidation [7,8]. Hsu et al. discovered CD with a diameter of 5 nm synthesized from coffee grounds using a hydrothermal method [9]. Ding et al. discovered that CQDs synthesized from various crop biomasses using the hydrothermal method exhibit strong blue fluorescence properties [10]. Previous studies also show that a small amount of tar is still present in the syngas after plasma treatment [11,12]. Therefore, to further functionalize the remaining tar, it is necessary to characterize it. This study aims to investigate the impact of secondary plasma tar cracking unit power on tar concentration of syngas and also to characterize the byproduct of the tar decomposition process (byproduct carbon functionalized material or BCFM) trapped using the standard impinger method.




2. Materials and Methods


This research was conducted by utilizing the updraft gasification reactor type, which comprises the advantage of easy construction and high thermal efficiency, with a maximum capacity of 1 kg [13]. Corncobs were used in this study as raw materials that had previously been processed through a hammer mill to obtain chunks with relatively uniform size. Smaller corncobs (around 6.7–25 mm in diameter) are required for more reactive biomass. This size range promotes higher efficiency in the gasification process [14].



The Secondary Plasma Tar Cracking Unit used in this experiment consists of a high voltage generator and a plasma chamber. A high voltage generator consists of a 12 V power supply, oscillator module, and flyback transformers. Schematic diagrams of the high voltage generator circuit can be found in Figure 1a,b. Figure 1a can generate a voltage up to 12 kV using 42 Watt of power. Similarly, Figure 1b shows two circuits in Figure 1a connected in parallel at the output, which produces the same voltage (12 kV), but with power doubled (85 Watts). Plasma chambers are made of fire bricks with a hole that has a radius of 3 mm. There are two electrodes with a graphite material, which are placed 4 mm apart. This is shown schematically in Figure 1c,d.



In this experiment, the trapping method was adapted from UNI EN 15,439—2008 [15]. As illustrated in Figure 2, a trapping train of six impinger bottles was used. The trapping train also included a flowmeter and vacuum pump. A 10 L min−1 flow rate was set, and a vacuum pump was used to draw the syngas.



Furthermore, acetone was used as a solvent. The first to fourth impinger bottles were placed in a water bath at about 20 °C and filled with 50 mL of acetone. The fifth and sixth impinger bottles were placed in an ice bath at about −17 °C. After 10 min of sampling (equivalent to 100 L syngas), measurements were made on every impinger bottle.



A schematic of the experiment is illustrated in Figure 3. The experiment was conducted with three different plasma power levels. A plasma power of 0 W was used as a control and 42 Watts and 85 Watts as experimental conditions. Details on experimental conditions are shown in Table 1.



Samples of tar collected were then characterized by Fourier Transform Infrared Spectroscopy (FT–IR), Photoluminescence Spectroscopy (PL), Particle Size Analyzer (PSA), and Gravimetric Analysis. The chemical structure of tar was investigated with FT–IR spectroscopy. A small sample from each impinger bottle was analyzed. IR spectra were obtained in the range of 4000–500 cm−1. Luminescence properties of tar samples were also analyzed using Photoluminescence spectroscopy. The measurements were carried out for every impinger bottle using an excitation wavelength of 254 nm. Furthermore, PSA was used to investigate the effect of plasma on the size distribution of the tar particles trapped in the impinger. Gravimetric analysis was conducted in this study to determine the tar concentration in syngas quantitatively. Following the procedure, the contents of all impinger bottles were mixed in a beaker glass and heated to 60 °C. Within six hours, the solvent, which has a low boiling point (56 °C), would boil and leave a residue. Then, the beaker glass with tar residue was weighed. The difference between it and an empty beaker glass was defined as the tar concentration on the syngas.




3. Results and Discussions


3.1. Gravimetric Analysis


Gravimetric test results are shown in Table 2. According to the gravimetric test, plasma significantly reduced the result of tar concentration in syngas. The tar concentration in syngas without plasma was 0.0562 g L−1. When syngas was exposed to plasma, the BCFM concentration in the syngas decreased significantly to 0.0221 g L−1 and 0.0073 g L−1, correspondingly for the plasma power of 42 and 85 W. Therefore, an increase in plasma power significantly reduced the BCFM concentration. This performance is in line with previous studies utilizing plasma tar cracking secondary units with a tar cracking efficiency of 86–99% [12].




3.2. Particle Size Distribution Analysis


We measured the size distribution of tar and BCFM particles on each impinger bottle (1–6) at different plasma powers. As can be seen in Figure 4a, there is a difference in the average tar particle size across all impinger bottles. Impinger–1 in the control sample has a z–average value of 2301.1 nm; the z–average value then decreases to impinger–6 with a z–average value of 836.5 nm.



A decrease in particle size can also be seen in Figure 4b,c, where the peak of the particle size distribution shifted to a smaller diameter value when the plasma cracking unit was applied. Figure 4b shows that the BCFM average particle size for each impinger decreased significantly when the plasma power of 42 Watts was applied compared to without power (control samples). The z–average value for impinger–1 is 306.7 nm, and for impinger–2 is 58.6 nm. The presence of large particles such as ash in impinger–1 may cause a significant difference in z–average values between impinger–1 and impinger–2. However, the z–average of impinger–5 and impinger–6 were significantly increased to 606.1 nm and 1003.5 nm, respectively. The presence of a new peak on the higher size indicated that the BCFM particles were agglomerated, as shown in Figure 4b. Figure 4c also shows a decrease in BCFM average particle size. When plasma power was doubled to 85 Watts, the z–average on impinger–1 decreased to 137.2 nm. It was highlighted that suspended BCFM particles in impinger–5 and impinger–6 did not exhibit agglomeration. Interestingly, very small particles were obtained in both suspended BCFM particles of impinger–5 and impinger–6, correspondingly with z–average of 37.8 and 16.2 nm. This result showed that plasma power plays an important role in decreasing suspended BCFM average particle size.




3.3. Photoluminescence Spectroscopy Analysis


The luminescence properties of tar and BCFM particles can be analyzed using PL spectroscopy. In the control sample (Figure 5a), the emission spectra on impinger–1–impinger–6 shift from 500 nm to 404 nm with increasing impinger number. Similarly, this shift can be observed in BCFM samples with a plasma power of 42 watts and 85 watts. For BCFM samples exposed to 42 Watts plasma power (Figure 5b), the emission spectra also shift from 486 nm in impinger–1 to 395 nm in impinger–5. Moreover, for samples exposed to 85 Watts plasma power (Figure 5c), the emission spectra also shift from 490 nm in impinger–1 to 403 nm in impinger–4. The shift in emission peak is possibly due to the smaller BCFM particle size known as the quantum size effect as a result of the plasma cracking process. Additionally, the shift can also be caused by the functional groups within the BCFM that change under the influence of plasma, which will be discussed later using FTIR analysis. The emission spectra in Figure 5b,c impinger–5 and impinger–6 were similar to previous studies of carbon quantum dots derived from biomass tar [10].




3.4. Fourier Transform—Infrared Spectroscopy Analysis


There is a difference in the IR spectrum between impinger 1 and 6. Figure 6a shows the IR spectrum for tar and BCFM samples in impinger–1. The broadband between 3250 and 3500 cm−1 with a peak at 3400 cm−1 corresponds to O–H stretching, which indicates the presence of alcohol and phenol [16]. The effect of plasma can be seen more clearly in the BCFM sample on impinger–6 (Figure 6b). The intermolecular bonds between the oxygen and hydrogen were no longer visible on impinger–6 on BCFM samples with plasma power 42 and 85 W, indicated by the disappearance of peaks between 3250 and 3500 cm−1. The peak at 2950 cm−1 can be seen in Figure 6a and also corresponds to O–H stretching bond between the atoms. This particular bond clearly disappeared under the effect of plasma, as shown in Figure 6b.



The peak at 2830 cm−1 and 1700 cm−1 correspond to C–H and C=O bonds, respectively, which indicates the presence of aldehyde and conjugated aldehyde in the tar samples. The presence of the C=O bond in BCFM samples is responsible for the green luminescence colour [17]. The C–H bond did not significantly change due to the presence of plasma. Interestingly, the peaks corresponding to C=O bonds decreased significantly when plasma was applied, as shown in Figure 6a. The peak at 1514 cm−1 in BCFM samples corresponds to the N–O bond, indicating the presence of nitro compounds. The reaction between Nitrogen and Oxygen occurs because plasma consists of free radicals, electrons, ions, and excited molecules (highly reactive environment) [4]. A similar condition also increases the probability of tar chemical bond breaking. For example, the peak at 1644 cm−1 (correspond to C=C bond in tar) decreased significantly under the influence of 42 and 85 W plasma power (Figure 6b). At 1422, 1360, 1225, 1094 cm−1, the peaks correspond to the O–H and C–O functional groups, which also decrease under the influence of plasma. The peak at 1028 cm−1 corresponds to the C–N functional group, which is responsible for blue luminescence in BCFM samples [18]. It is highlighted that the BCFM trapped in impinger–6 for both 42 and 85 W plasma powers possesses very low tar content due to the success of the secondary plasma tar cracking unit. Remarkably, the obtained byproduct was revealed to be a carbon–functionalized material with a very small size (16.2 nm) and well-dispersed suspension. Upon further analysis of particle size distribution, luminescence properties, and the various types of bonds that comprise the BCFM, it is verified that the luminescence phenomenon in BCFM particles is caused by a combination of the quantum size effect and the presence of the surface state in BCFM particle [19].





4. Conclusions


The increase of secondary plasma tar cracking unit power substantially impacts the BCFM characteristics during the cracking process. Plasma power affects not only the concentration of BCFM in syngas but also its size distribution, luminescence properties, and molecular structure. Gravimetric results show a significant reduction in BCFM concentration. The change in particle size distribution was confirmed by tests using a particle size analyzer with a 16.2 nm z–average after plasma treatment.



Further, plasma treatment also alters the BCFM luminescence properties, with the emission peak shifting towards a blue colour in different impinger bottles. This shift in emission peaks occurs due to the changes in the particle size distribution of BCFM on every impinger bottle. The FT–IR result shows that the peaks changed significantly before and after plasma treatment, indicating a change in BCFM molecular structure. These results show that the byproduct of the secondary plasma tar cracking unit was revealed to be a carbon functionalized material with a very small size (16.2 nm) and well-dispersed suspension.
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Figure 1. Diagram of a high voltage circuit with 42 Watts of power (a) and 85 Watts of power (b), and diagram of the plasma chamber, showing the front (c) and side (d). 
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Figure 2. Sampling train schematic diagram. 
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Figure 3. Experimental setup. 
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Figure 4. The effect of different plasma powers. (a) 0 Watts, (b) 42 Watts, and (c) 85 Watts on the particle size distribution of tar (0 W) and BCFM (42 and 85 W) in impinger 1–6. 
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Figure 5. The effect of different plasma powers: 0 Watts (a), 42 Watts (b), 85 Watts (c) on the emission spectrum of tar in impinger 1–6. 
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Figure 6. IR spectrum on impinger–1 (a) and IR spectrum on impinger–6 (b). 
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Table 1. Experimental condition.






Table 1. Experimental condition.





	Parameter
	0 W
	42 W
	85 W





	Reactor type
	Updraft
	Updraft
	Updraft



	Biomass
	Corncob
	Corncob
	Corncob



	Reactor temperature
	828 °C
	783 °C
	775 °C



	Water bath temperature
	22.3 °C
	21.5 °C
	20.5 °C



	Ice bath temperature
	−17.4 °C
	−15.7 °C
	−18.7 °C



	Sampling time
	600 s
	600 s
	600 s



	Flow rate
	10 L min−1
	10 L min−1
	10 L min−1



	Solvent
	Acetone
	Acetone
	Acetone
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Table 2. The effect of plasma on tar concentration.






Table 2. The effect of plasma on tar concentration.





	Plasma Power (W)
	Tar Concentration (g L−1)





	0
	0.0562



	42
	0.0221



	85
	0.0073
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