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Abstract:



Salty food waste is difficult to manage with previous methods such as composting, anaerobic digestion, and incineration, due to the hindrance of salt and the additional burden to handle high concentrations of organic wastewater produced when raw materials are cleaned. This study presents a possibility of recycling food waste as fuel without the burden of treatment washing with water by pyrolyzing and scrubbing. For this purpose, salty food waste with 3% NaCl was made using 10 materials and pyrolysis was conducted at temperature range between 200–400 °C. The result was drawn from elementary analysis (EA), X-ray photoelectron spectroscopy (XPS) analysis, atomic absorption spectrophotometry (AAS) analysis, water quality analysis and calorific value analysis of char, washed char, and washing water. The result of the EA showed that NaCl in food waste could be volatilized at a low pyrolysis temperature of 200–300 °C and it could be concentrated and fixed in char at a high pyrolysis temperature of 300–400 °C. The XPS analysis result showed that NaCl existed in form of chloride. Through the Na content result of the AAS analysis, NaCl remaining in char after water scrubbing was determined to be less than 2%. As the pyrolysis temperature increased, the chemical oxygen demand (COD) value of scrubbing water decreased rapidly, but the total phosphorus and nitrogen contents decreased gradually. The cleaned pyrolysis char showed an increase of higher heating value (HHV) approximately 3667–9920 J/g due to the removal of salt from the char and, especially at 300–400 °C, showed a similar HHV with normal fossil fuels. In conclusion, salty food waste, which is pyrolyzed at a temperature of 300–400 °C and cleaned by water, can be utilized as high-energy refuse derived fuel (RDF), without adverse effects, due to the volatilization of Cl and an additional process of contaminated water.
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1. Introduction


Food waste can be recycled in various methods, including composting or feed production, heat recovery by combustion, and recovery of methane gas by anaerobic digestion, since it features abundant nutrients, high calorific value and high biodegradation rate [1,2,3,4]. Among those, composting and anaerobic digestion are the most commonly used methods [5]. However, it is difficult to recycle salty food waste due to salts. In Korea, food waste represents a large part of municipal solid waste (MSW), approximately 27.4% [6], due to the unique food culture of Korea, but such food waste has high salt content, making it difficult to manage [7].



Salt affects microbial growth, reducing the efficiency of biological treatment, such as composting and anaerobic digestion, and adversely affecting the quality of products, such as compost or feed [8,9,10]. Incineration also requires salinity treatment beforehand due to the generation of toxic substances or HCI in the combustion reaction [11,12,13]. Therefore, it is advisable to remove salt from food waste by washing off raw material in order to apply such methods. A large amount of high-concentration organic wastewater is generated in the washing process of salty food waste, creating an additional burden to process such waste.



Therefore, it is necessary to find an alternative to composting, incineration, and anaerobic digestion, in order to process salty food waste effectively. The carbonization of organic waste by pyrolysis increases the binding force of carbon content in organic matter, so it can be an excellent way to reduce the discharge of pollutants in the washing process and utilize char as refuse derived fuel (RDF).



Many studies regarding the carbonization of food waste have been carried out. Li et al. [14] showed that the greatest amount of energy was produced at 250 °C, although a change in carbon content was not significant through the characteristic food waste carbonization products using hydrothermal carbonization at 225 °C, 250 °C, and 275 °C. Parshetti [15] and Han et al. [16] presented a possibility to treat contaminated water with carbonized food waste using the fact that char has an adsorption ability according to the carbonization temperature. Ahmed and Gupta [17] carried out the study regarding syngas, hydrogen gas, and energy recovery through food waste pyrolysis and gasification at the high temperature of 800~900 °C and Liu, Haili, et al. [18] studied the effects of chloride salts contained in food waste on the production of bio-oil and gas through pyrolysis using microwave. Caton et al. [19] focused on dehydration and combustion and discovered that commercial food waste showed high calorific value, indicating a higher possibility of being combustion fuel than a wood pellet. The previous studies mainly focused on an indirect method using food waste char or the recovery of energy in the form of syngas or bio oil, and there was a lack of study to produce and utilize RDF as fuel.



Therefore, this study aimed at improving the quality of fuel by removing salts in char through scrubbing and improving the energy potential using the pyrolysis of food waste.




2. Experimental


2.1. Raw Material


The salty food waste specimen was produced as shown in Table 1 in accordance with Ministry of Environment, Korea [20]. Food waste was classified into grains, vegetables, fruits, meat and fish, and 10 types of raw material were used to have the weight ratio of 16%, 51%, 14%, and 19%, respectively. Salty food waste specimens were ground after 30 g NaCl per 1 kg of food waste was added to adjust the salt concentration to 3% [21,22]. At this time, the salt concentration of specimens was measured and the homogeneity was confirmed by spreading specimens on a 50 cm × 30 cm plate thinly, dividing it into 10 cm × 10 cm sections, and collecting each sample.



Table 1. The standard sample of food waste.







	
Classification

	
Composition Ratio (Weight %)

	
Processing Methods of Food Ingredients




	
Food Ingredients

	
Processing Method






	
Grains

	
16

	
Rice (16)

	




	
Vegetables

	
51

	
Napa cabbage (9)

	
Cutting width less than 100 mm.




	
Potato (20)

	
Chop into 5 mm size pieces.




	
Onion (20)




	
Daikon (2)




	
Fruits

	
14

	
Apple (7)

	
Split into 8 pieces in lengthwise.




	
Mandarin/Orange (7)




	
Meat and Fish

	
19

	
Meat (4)

	
Cutting width around 3 cm.




	
Fish (12)

	
Split into 4 pieces.




	
Eggshell (3)

	




	
Total

	
100

	
100

	











2.2. Method


2.2.1. Experimental Methods


As a lesser weight of pyrolysis char required a lesser amount of water for washing, and the pyrolysis process at a lower temperature required less energy. It was intended to select a section where the highest weight reduction occurred at the lowest temperature. Since a rapid weight reduction of most biomass occurred at a temperature between 200 °C and 400 °C, the temperatures for the experiment were decided to 200 °C, 250 °C, 300 °C, and 400 °C [23]. Figure 1 shows the drawing of the pyrolysis experiment device for this study. It consists of nitrogen feeding entrance, specimen vat, specimen waiting room, pyrolysis furnace, cooler and gas combuster. In order to establish an anaerobic condition in the pyrolysis furnace, nitrogen gas was injected continuously to discharge air inside the furnace. Nitrogen gas was injected from 10 min prior to the insertion of specimens to prevent the oxidation of the specimens. Pyrolysis gas is incinerated in the vent device and discharged to the outside through the fan.


Figure 1. Construction drawing of pyrolysis experiment device.



[image: Energies 10 00210 g001]






This experiment was carried out in five stages, including dehydration, pyrolysis, grinding, washing, and dehydration. Two samples were made to compare and confirm the homogeneous. In the dehydration process, the produced standard specimen was dehydrated for 12 h at 105 °C, and its weight was then measured. In the pyrolysis process, the dehydrated specimen was inserted into the pyrolysis device and the pyrolysis process was carried out for two hours at 200 °C, 250 °C, 300 °C, and 400 °C. The specimen was moved and cooled to room temperature. Its weight was measured, and the specimen was then ground. The washing process was carried out in the process in which 10 g of produced char was placed into 100 mL distilled water and stirred for 30 min, and the char and washing water was separated using a filter. The washed char was stored after being dehydrated for 12 h again at 105 °C.




2.2.2. Analytical Methods


The carbonization degree was determined by means of elemental analysis (2400 Series II CHNS/O, PerkinElmer, Boston, MA, USA). Higher heating value (HHV) of carbonization material was measured by a calorimeter (6400 Automatic Isoperibol Calorimeter, Parr, Moline, IL, USA). An atomic absorption spectrometer (AAnalyst400, PerkinElmer, Boston, MA, USA) was used for sodium measurement to determine the sodium chloride content in carbonized food waste. Electron spectroscopy for chemical analysis (K-Alpha, Thermo Fisher Scientific, Tampa, FL, USA) was used to evaluate the relationship between sodium chloride and carbon according to the pyrolysis conditions. All analyses used 1 g of pyrolyzed char sample that was randomly collected, and each analyses was performed three times, and the whole procedure was performed twice.



In order to determine the pollution level of washing water, a spectrophotometer (DR 5000™ UV-Vis Laboratory Spectrophotometer, HACH, Loveland, CO, USA), nitrogen total low range vial (C-mac), oxygen demand, a chemical (CODcr, C-mac, Daejeon, Korea) high range vial (C-mac, Daejeon, Korea), and a phosphorus total high range vial (C-mac, Daejeon, Korea) were used. The total phosphorus, total nitrogen, and chemical oxygen demand were measured through the dilution and recalculating process.






3. Results and Discussion


3.1. Change of Carbon and Salt According to the Pyrolysis Temperature


Table 2 shows the elementary analysis (EA) result of food waste chars including salt. The correlation R2 of EA analysis between experimental results is 0.982.



Table 2. Elementary Analysis of pyrolysis chars per temperature.







	
Temperature

	
Ultimate Analysis % by Weight

	
Proximate Analysis % by Weight

	
Weight Reduction Ratio % by Weight




	
C

	
H

	
N

	
S

	
O

	
Others

	
NaCl






	
Dried

	
47.5

	
12.2

	
2.9

	
1.4

	
29.7

	
6.3

	
8.9

	
33




	
200 °C

	
43.2

	
8.3

	
3.5

	
1.3

	
33.9

	
9.9

	
14.6

	
36.8




	
250 °C

	
44.9

	
8.6

	
3.6

	
1.1

	
30.7

	
11.1

	
14.9

	
38.3




	
300 °C

	
47.4

	
6.1

	
3.9

	
1.2

	
18.7

	
22.9

	
20.8

	
56.9




	
400 °C

	
43.1

	
3.0

	
2.9

	
0.9

	
10.1

	
39.8

	
31.7

	
71.8










The carbon content increases as the pyrolysis temperature increases, then it decreases at 400 °C. Oxygen content and hydrogen content decrease as the pyrolysis temperature increases, and sulfur and nitrogen contents remain constant, unaffected by the pyrolysis temperature. Noncondensable gases such as CO, CO2, H2, and CH4 are the initial product of pyrolysis [24]. Oxygen and hydrogen content decreased due to the volatilization of these initial products by following the pyrolysis process expressed in the below expression:


[image: there is no content]



(1)







The predicted NaCl value shown in Table 2 shows the salt content in comparison to the whole weight when it is assumed that all 30 g of inserted salt remains after pyrolysis. The weight of the char is 205.43 g, 200.42 g, 144.04 g, and 94.4 g at 200–400 °C, respectively. This value is 4.7%, 3.8% larger at 200 °C, 250 °C and 2.1%, 8.1% smaller at 300 °C, 400 °C in comparison to Others values. In consideration of the fact that the “others” part contains both salt and ash, we can see that the volatilization of salt occurred at 200–250 °C and did not occur at 300–400 °C.



When fossil fuel including Cl is pyrolyzed, it is mostly volatilized at a temperature of 200 °C or higher. If it exists in form of chlorides in the fuel, in other words, the condition of NaCl is in a crystal form due to strong bonding between Na and Cl, it will not be volatilized [25,26,27,28]. Additionally, Cl fixed as metal chlorides after pyrolysis when the Cl concentration is high or metal component exists [29,30], and the binding between C and Cl in carbon black which contained approximately 4% to 7% Cl, was rarely found [31]. In the pyrolysis of the driftwood study, Cl emission is reduced when the chlorine is linked with sodium [32]. Collectively, if NaCl content is high, we can expect that the binding between Na and Cl will not break through the pyrolysis. More substances in salty food waste are volatilized into a gas as the pyrolysis is carried out at a higher temperature, while salt is concentrated and remains in a crystal form without being volatilized. This phenomenon can also be confirmed from the X-ray photoelectron spectroscopy (XPS) result.



Figure 2, Figure 3 and Figure 4 show the C 1s, O 1s, Cl 2p XPS spectra of chars according to the pyrolysis temperature. We can see that a peak moves as the pyrolysis temperature increases. This indicates a chemical transition according to the formation of the compound.


Figure 2. Carbon 1s X-ray photoelectron spectroscopy (XPS) spectra.
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Figure 3. Oxygen 1s XPS spectra.
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Figure 4. Chlorine 2p XPS spectra: (a) NaCl; (b) combined.
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Three peaks in the C1s spectra. The peak between 284.6–285.1 eV is related to the existence of a C-C/C-H group, and the peak at 289 eV is related to the carboxyl or ester groups. The peak between 291–292 eV indicates the aromatic rings [31,33]. From the C 1s XPS data, the peak between 291–292 eV appeared at 400 °C and the peak at 289 eV appeared at 200~300 °C and disappeared at 400 °C. This indicates some of the carbon forming C-C bonds and forming carboxyl or ester group changing into aromatic carbon. Additionally, the peak at 284.6~285.1 eV moves to the left suggests that there is a connection between the carbon atom and chlorine atom [31]. However, Figure 2 shows the peak moves to the right direction as the pyrolysis temperature increases. That means the carbon is not connected with Cl and another connection exists. The food waste specimen is in a fluidal state, since it was produced via a grinding method. In this state, NaCl ionized in the food waste water. When the water is vaporized and more heat is added, it seems that sodium and chloride ions combine again. The interaction between Cl and food waste char should be further investigated.



In the O 1s spectra, three peaks at 400 °C and two peaks at 200~300 °C are shown. Three peaks include the peak between 532.4–533.1 eV indicating C-OH or C-O-C groups, a peak at 530.5 eV indicating C=O, and the peak at 535 eV indicating chemisorbed oxygen or water [34]. This result shows that the carboxyl group exists and, as the temperature increases to 400 °C, the amount of oxygen and hydrogen being volatilized and carbon combining with the remaining oxygen in double bonds, through the appearance of C=O carbonyl group, increases.



In the Cl 2p spectra, two peaks are shown near 200 eV and 197.8 eV. The Cl 2p spectra of NaCl also have two peaks at the same positions, and these two peaks indicate chloride. As the peak moves to the left, it suggests the formation of organic Cl [31,35]. The peak moves to the right from 200 °C to 400 °C, implying that binding to chloride rather than binding with organic matter increases, and this can explain the decrease in the amount of volatilized components as the pyrolysis temperature increases. The peak at 200 °C is at 198.7 eV, which is on the left side of the other temperatures, and this indicates that the organic Cl is stronger so that volatilization may occur.



Chlorine shows the peak of chloride and the peak also moves to the right, which means no binding between organic matter and chlorine occurs even if the pyrolysis temperature increases. Carbon also shows its peak moving to the right, and no connection between a carbon atom and a chlorine atom is made. In other words, Cl exists in form of chloride. As the pyrolysis temperature increases and the gasification amount increases, salt is concentrated in the form of chloride and the binding force between Na and Cl increases so that it is not volatilized, even at a high temperature.




3.2. Effects of Pyrolysis Temperature on Salt Washing


Figure 5 shows the analysis results of Na content in salty food waste pyrolysis char and washed char per temperature through atomic absorption spectrophotometry (AAS). The R2 value of the AAS analysis between the experimental results is 0.935.


Figure 5. Na content in pyrolysis char (atomic absorption spectrophotometry (AAS) analysis).
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The predicted value is calculated by multiplying the predicted salt ratio in Table 2 with the molar mass of Na divided by the molar mass of NaCl. It was assumed that all 30 g of salt remained. The predicted value of Na content and actual Na content before washing are similar and it decreases 12.5% to 5% as the pyrolysis temperature decreases. This is because the ratio of carbon or other substances is higher than that of salt in comparison to the total weight as the pyrolysis temperature decreases as shown in Table 2, not that Na content actually decreases. Around 1% Na remains after washing, although there is a little difference.



The reason for a difference in Na content according to the pyrolysis temperature after washing in Figure 5 is as follows: According to the carbon XPS peak in Figure 2, the peak moves from 284.6–285.1 eV which is the C-C gradually binding to 283 eV of metal carbide as the pyrolysis temperature increases [33,36]. As more Na ions participate such binding, less Na ions will be removed at the time of washing. The data in Figure 3 actually shows that slightly more Na remains in the pyrolyzed residue at a higher temperature after washing than in the pyrolyzed residue at a lower temperature.



Except for the effects of metal carbide, we can see that Na content after water flushing decreases to 1.6% [image: there is no content] 0.3%. Since salt exists in the form of chloride in the char, it is removed after being ionized in the water. If Na dissolves in water and is removed, Cl also dissolves in water in an ionic state, so we can expect that it will be removed at the same time.




3.3. Effects Pyrolysis Temperature and Salt on the HHV


After washing, the HHV of pyrolyzed specimen increased to 23.7–29.3 KJ/g as the pyrolysis temperature increased. The HHV of the pyrolyzed specimen containing salt increased to 20–22.96 KJ/g to 200–300 °C and it then decreased to 19.4 KJ/g at 400 °C. The predicted value assumes that all 30 g of the salt is removed based on the HHV of the pyrolyzed specimen that contains salt. The predicted value is similar to the HHV value of washed char. The correlation value of HHV analysis shows high repeatability: 0.987.



Figure 6 shows the HHV of the food waste char at each pyrolysis temperature.


Figure 6. Higher heating value (HHV) per pyrolysis temperature.
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As the pyrolysis conducted at a higher temperature, a number of fixed carbon increases and the HHV also increases [37]. Therefore, the highest calorific value should be shown at 400 °C, but the HHV of char before washing tends to decrease. This is because the volume of salt becomes larger than the volume of organic matter in a unit weight while the pyrolysis is being carried out. Compared with the HHV and the result of the elementary analysis in the Table 2, the HHV decreases at the same time when carbon content at 400 °C decreases. Washed char shows a higher HHV as the pyrolysis temperature increases due to the carbon concentration increment and the salt removal. Low-rank coal HHV is about 23~28 KJ/g [38]. Since washed food waste char has 23.7–29.3 KJ/g HHV, the food waste pyrolysis product can be a fossil fuel alternative.




3.4. Change in the Pollution Level of Scrubbing Water


COD, nitrogen, and phosphorus contents were measured in order to check the pollution level of scrubbing water used for removing salt in the food waste pyrolysis char. The graph in Figure 7 shows the total COD, nitrogen and phosphorus contents in washing water diluted by 10 times.


Figure 7. Pollution level of washing water for each pyrolysis temperature.
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As the pyrolysis temperature increased from 200 °C to 400 °C, total phosphorus content decreased from 13 ppm to 8 ppm, which was not significant. However, the COD concentration decreased from 1982.5 ppm to 62.5 ppm and the total nitrogen content also decreased from 45 ppm to 1 ppm. The pollution level of the scrubbing water decreased significantly. Especially, a significant COD change occurred because the amount of fixed carbon increased as the pyrolysis temperature increased, and the conversion into aromatic carbon insoluble in water occurred, as shown in Figure 2.



When the pyrolysis temperature increases from 200 °C to 400 °C, the amount of nitrogen existing as a pyrrolic or pyridinic group inside the char increases and the amount of the quaternary nitrogen group decreases [39]. In other words, the nitrogen of the quaternary nitrogen group, such as ammonium ions, change to pyrrolic or pyridinic group. The binding energy of the pyrrolic and pyridinic group are 400.3 ± 0.3 eV, 398.7 ± 0.3 eV, respectively, and the binding energy of quaternary nitrogen, like ammonium ions, is 401.4 eV [40,41]. Figure 8 shows the comparison of N 1s XPS spectra for each pyrolysis temperature. Because the amount of nitrogen in the sample is very low, as shown in Table 2, the peak is scattered. However, the result shows a comparable tendency with Gorbaty and Kelemen et al. [39]. The peak near approximately 401.5 at 200 °C decreases and moves to the right as the temperature increases to 400 °C, and a peak occurs near 398.7 ± 0.3 eV. At 400 °C, the quaternary peak disappeared, and the pyrrolic and pyridinic peaks are clearly indicated. In other words, as the pyrolysis temperature increases, substances, such as ammonium ions, that are easily soluble in water change to the pyridinic groups that are less soluble in water, so the amount of nitrogen that dissolves in scrubbing water is reduced.


Figure 8. Nitrogen 1s XPS spectra (a) 200 °C; (b) 250 °C; (c) 300 °C; (d) 400 °C.
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4. Conclusions


This study intended to analyze a possibility of recycling salty food waste as RDF through the pyrolysis of salty food waste and water scrubbing of char.



Salt in fossil fuel is volatilized in the pyrolysis process at a high temperature, but the food waste with high salt content is not volatilized in the pyrolysis process at 300–400 °C. Additionally, salt is concentrated in forms of chloride without combining with organic matters, so it is able to wash out using water.



It was confirmed that as the pyrolysis temperature increased from 200 °C to 400 °C, metal carbide was generated so that the fixed amount of sodium increased from 1.33% to 1.94%, but most of the salt was removed by washing.



The HHV of char at 200–300 °C increases from 20 KJ/g to 22.96 KJ/g but, at 400 °C, decreases to 19.4 KJ/g since the carbon content per unit weight decreases due to salt concentration. The HHV after washing increases to approximately 3.7–10 KJ/g.



The pollution level of scrubbing water decreases since the amount of pollutants being dissolved decreases (the carbon changed 1982.5 to 62.5 ppm, the nitrogen changed 45 to 1 ppm , and the phosphorus changed 13 to 8 ppm) as the pyrolysis temperature increases.
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