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Abstract:



Food-waste-derived biochar structures obtained through pyrolysis and with different NaCl concentrations were investigated. Increased NaCl concentration in the samples inhibited cellulose and lignin decomposition, ultimately increasing the biochar yield by 2.7% for 20%-NaCl concentration. NaCl added in solution state exhibited templating effects, with maximum increases in the Brunauer–Emmett–Teller (BET) surface area and pore volume of 1.23 to 3.50 m2∙g−1 and 0.002 to 0.007 cm3∙g−1, respectively, after washing. Adding a high concentration (20%) of NaCl reduced the BET surface area. In contrast, the mean pore diameter increased owing to the increased NaCl clustering area. Increased NaCl clustering with increased added NaCl was shown to have positive effects on NaCl removal by washing. Furthermore, as the NaCl adhered to the KCl scattered in the food waste, a high NaCl concentration also had positive effects on KCl removal. This study reports on an investigation on the effects of varying NaCl concentrations injected in solution form on the structure of food-waste biochar during pyrolysis. The templating effect was considered using both added NaCl and NaCl already contained in the food waste, with implementation of a desalination process essential for food-waste treatment for recycling.






Keywords:


food waste; food-waste biochar; pyrolysis; NaCl template; desalination












1. Introduction


Carbon-negative biochar can be obtained from biomass via pyrolysis in an oxygen-limited environment [1]. Following the recent 2015 Paris Agreement, which expanded responsibility for greenhouse gas emissions mitigation to both developing and advanced countries, biochar production based on biowaste pyrolysis has become a novel alternative for biomass treatment [2,3,4].



The two main factors determining biochar characteristics are the physical properties of the raw material and the pyrolytic conditions (e.g., temperature, heating rate, and retention time) [5]. Pyrolysis methods can be broadly categorized into fast or slow techniques, respectively featuring a high heating rate of 100–1000 °C·s−1 to produce gas or oil or a low heating rate of 20–100 °C·min−1, which is more effective for biochar production [6,7].



The feedstocks most commonly used in commercial-scale or academic research are green waste materials, such as wood chips, crop residue, switch grass, and sugarcane, and organic wastes, such as sewage sludge and dairy manure [8]. For example, Van Zwieten et al. [9] reported the characteristics of biochar produced from papermill waste via slow pyrolysis at 550 °C, and Kloss et al. [10] analyzed the characteristics of slow pyrolysis for different sources (wheat straw, poplar wood, and spruce wood) at different temperatures (400, 460, and 525 °C). Furthermore, Ronsse et al. [11] compared different feedstocks, including pine wood, wheat straw, green waste, and dried algae, to analyze the corresponding characteristics of the resultant biochar obtained via slow pyrolysis. However, although various feedstocks were comparatively analyzed in previous studies, the feedstocks themselves were mostly limited to the waste of a single organic crop.



Food is the largest waste source containing a blend of various organics and can be a good energy source with high energy content [12]. However, establishing an appropriate recycling method is challenging, as the NaCl content of food waste necessitates specific treatments. At present, composting is the main treatment method for food waste. However, the presence of NaCl continues to affect the compost quality. According to a recent review on food-waste usage by Pham et al. [13], conversion into biochar may be a promising alternative for food-waste treatment, but there is a lack of research on pyrolysis compared to anaerobic digestion and hydrothermal carbonization. Lee et al. [14] verified the potential application of food-waste pyrolysis at 300–500 °C and desalination to biochar production. Nonetheless, the biochar characteristic dependence on the different food source must be investigated.



In Korea, despite seasonal and source differences due to unique food cultures, the average NaCl content of dried food-waste biomass is 3.45% [15]. This implies that desalination is a prerequisite to food-waste recycling, which may increase the value of biochar. Recently, studies using molten NaCl as a template for increasing porosity have been reported. Among them, Fechler et al. [16] generated a porous material by mixing eutectic NaCl with C material and washing the resulting substance with water, and Liu and Antonietti [17] used molten NaCl and glucose to generate a porous C structure. These reports suggest the possibility of a desalination technique that removes the NaCl already present in the food waste, similar to the activation process for activated carbon.



In this context, the present study investigated whether the same activation effects as those obtained for molten NaCl can be achieved by adding NaCl in solution form to food waste. The corresponding changes in biochar structure, Brunauer–Emmett–Teller (BET) surface area, and pore size were examined for varying NaCl concentrations.




2. Materials and Methods


2.1. Materials


Food-waste samples were prepared using data from the Korean Ministry of the Environment (Table 1) [18]. The food waste was broadly classified into grains, vegetables, fruits, and meat, consisting of 10 ingredients with weight percent (wt %) values of 16, 51, 14, and 19, respectively. Whole ingredients of food waste sample were raw except the cooked rice. And the weight measurements were made at room temperature (25 °C). The prepared samples were dried at 105 °C for 24 h and ground into powder.


Table 1. Standard Food-Waste Samples.





	
Classification

	
Composition Ratio (wt %)

	
Food-Ingredient Processing Methods




	
Food Ingredients

	
Processing Method






	
Grains

	
16

	
Rice (16)

	




	
Vegetables

	
51

	
Napa cabbage (9)

	
Cutting width: <100 mm




	
Potato (20)

	
Chopped into 5 mm pieces




	
Onion (20)




	
Daikon (2)




	
Fruits

	
14

	
Apple (7)

	
Split lengthwise into 8 pieces




	
Mandarin/orange (7)




	
Meat

	
19

	
Meat (19)

	
Cutting width: ~3 cm.




	
Total

	
100

	
100

	











2.2. Experimental Methods


The experiment had four steps: sample preparation, NaCl injection and drying, pyrolysis, and washing. Each independent experiment was repeated twice, and the results were presented as mean values. Solutions of 5, 10, and 20% NaCl were added to 120 g dried food-waste samples, corresponding to 6.32, 13.34, and 15.00 g of NaCl dissolved in distilled water, respectively. The NaCl-free and 5, 10, and 20% NaCl-containing samples are referred to as the 0, 5, 10, and 20%-NaCl samples hereafter. The resulting mixtures were dried at 105 °C for 24 h. Next, the 0%-NaCl dried food samples and those impregnated with NaCl were placed in an electric furnace. The temperature was increased to 500 °C at 20 °C/min (the lowest speed of slow pyrolysis), and the pyrolysis was maintained for 1 h. To prevent sample oxidation, 99.99% N2 gas (SJGAS, Incheon, Korea) was continuously injected into the furnace at 10 L/min through the flowmeter. The samples were subsequently removed from the furnace and cooled at room temperature until the ambient temperature was reached, after which the produced char was weighed. Figure 1 is a schematic of the pyrolysis reactor used in the experiment.


Figure 1. Schematic of the pyrolysis reactor used in this study.
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To analyze and compare the differences in BET surface area among the samples, activated C was prepared as follows to be used as a control: For activation, 1 M sodium hydroxide (NaOH) solution was injected into a 0%-NaCl dried food sample at a 1:2 ratio. The sample was then dried at 105 °C before being subjected to pyrolysis under identical conditions as described above. Then, it was washed until the washing water reached pH 7 and dried.




2.3. Analysis Methods


2.3.1. Characterization Analysis Methods


When pyrolysis was complete, a CHNS analyzer (2400SeriesIICHNS/O, Perkin Elmer, Boston, MA, USA) was used to estimate the biochar elemental composition. Under the assumption that C + nitrogen (N) + O + sulfur (S) + hydrogen (H) + sodium (Na) + chlorine (Cl) = 100%, the O content was calculated using the equation 100 (%) − (C + N + S + H + Na + Cl) = O. To estimate the Cl content of the food-waste biochar, combustion ion chromatography (CIC; AQF-2100H, Mitsubishi Chemical Analytech, Chigasaki, Japan) was used. Note that, although CIC was found to be suitable for quantifying the 0%-NaCl biochar and the washed biochar from which the NaCl had been removed, the unwashed 5, 10, and 20%-NaCl biochar samples exceeded the CIC quantifiable range. This was because the NaCl concentrated during pyrolysis. Thus, the following Equation (1) was used, based on the quantified Na content:


[image: ]



(1)







To quantify the Na content of the biochar, atomic absorption spectroscopy (AAnalyst400, Perkin Elmer, Boston, MA, USA) was used.




2.3.2. Structural Analysis


BET and scanning electron microscopy (SEM)–energy dispersive X-ray (EDX) analyses were conducted to study the influence of the NaCl in the food waste on the biochar. The biochar microstructures were observed using SEM (Hitachi Ltd. S-4800 Ibaraki, Japan) with EDX (Oxford, EDX S-10, Abingdon, UK), and the BET surface areas were measured to check the templating effect before and after washing. The BET surface area was estimated based on N2 gas sorption analysis at 77 K using a specific surface analyzer (BELSORP-MAX, BEL Japan Inc, Osaka, Japan).



To investigate the structural changes in the food-waste-derived biochar according to NaCl concentration, X-ray diffraction (XRD; DMAX 2500, Rigaku, Tokyo, Japan; 18 kW, 60 kV/300 mA) was employed. The 2θ range recorded for the samples was 10–90 °C. To investigate the presence of NaCl in the biochar as well as its influence, the value for 99%-NaCl powder was estimated, which was compared with the Joint Committee on Powder Diffraction and Standards (JCPDS) entry for NaCl (5–628) to establish the standard value. Fourier transform infrared spectroscopy (FT-IR; VERTEX 80V, Bruker Optics, Billerica, MA, USA) was performed and the KBr pellet method was used, in which a 1 mg sample was mixed with KBr powder and pressurized into a thin film. The structure was analyzed by transmitting 400–4000 nm infrared waves. All biochar samples used in the experiment were analyzed without prior treatment.






3. Results and Discussion


3.1. Biochar Characterization


Table 2 lists the chemical compositions of the food-waste-derived biochar for each NaCl concentration. As the NaCl in biochar can be removed by washing, the biochar samples before and after washing were analyzed to study the changes. The biochars before washing were compared with the 0%-NaCl food-waste-derived biochar as a control. Increased NaCl content was found to be accompanied by decreased C, H, and N contents, whereas the Na and Cl were condensed to crystal form. This indicates that the NaCl injected in an ionized state in the solution formed NaCl crystals during the drying and pyrolysis processes, thereby concentrating the NaCl in the biochar and preventing evaporation during pyrolysis. Regarding the post-wash compositions, the C, H, and N contents increased again in a trend similar to that in the control, whereas the Na and Cl contents decreased. This indicates that, although the increased NaCl content per unit weight made it seem as if the relative C, H, and N contents had decreased, the atomic content per unit weight of these materials was recovered as the washing removed the NaCl.


Table 2. Chemical composition of food-waste-derived biochar with different NaCl contents. (A: washed biochar; B: unwashed biochar; –: Not detected.).





	(wt %)
	C
	H
	N
	S
	O
	Na
	Cl





	B_0%
	76.29 [image: ] 0.05
	2.94 [image: ] 0.02
	6.04 [image: ] 0.15
	–
	14.13 [image: ] 0.10
	0.24 [image: ] 0.03
	0.38 [image: ]0.01



	B_5%
	62.47 [image: ] 0.23
	2.39 [image: ] 0.10
	5.05 [image: ] 0.01
	–
	12.62 [image: ] 0.15
	7.02 [image: ] 0.01
	10.47 [image: ] 0.02



	A_5%
	75.90 [image: ] 0.13
	2.90 [image: ] 0.07
	6.03 [image: ] 0.09
	–
	12.16 [image: ] 0.04
	2.20 [image: ] 0.10
	0.82 [image: ] 0.10



	B_10%
	52.43 [image: ] 0.54
	2.06 [image: ]0.05
	4.04 [image: ] 0.02
	–
	10.59 [image: ] 0.35
	12.29 [image: ] 0.09
	18.60 [image: ] 0.14



	A_10%
	76.21 [image: ] 0.11
	3.00 [image: ] 0.01
	5.91 [image: ] 0.19
	–
	12.04 [image: ] 0.01
	2.09 [image: ] 0.14
	0.77[image: ] 0.16



	B_20%
	38.95 [image: ] 0.89
	1.98 [image: ] 0.50
	3.41 [image: ] 0.05
	–
	8.63 [image: ] 1.08
	18.64 [image: ] 0.99
	28.40 [image: ] 1.53



	A_20%
	74.92 [image: ] 1.36
	3.97 [image: ] 0.72
	6.21 [image: ] 0.01
	–
	12.30 [image: ] 1.09
	2.27 [image: ] 0.30
	0.34 [image: ] 0.15









Comparison of the Na and Cl contents before and after washing showed that the washing removed most of the NaCl. The post-wash Na content in the 5, 10, and 20%-NaCl biochar was higher than that in the 0%-NaCl control. This may be attributed to the influence of the biochar cation exchange capacity, under which a proportion of the Na+ ions generated during washing adsorbed to the biochar [14]. Higher Cl content values were obtained for the 5 and 10%-NaCl biochar samples after washing compared to those of the 0%-NaCl biochar. However, the 20%-NaCl biochar exhibited similar contents to that of the control as the content decreased following washing. This similarity was due to the increased NaCl content of that specimen, which caused the NaCl to cluster rather than disperse. The SEM analysis (Section 3.2.2.) also confirmed that clustered NaCl crystals were scattered throughout the biochar for the 20%-NaCl biochar, whereas relatively small, scattered crystals were observed in the 5 and 10%-NaCl biochar samples. In other words, for 5 and 10%-NaCl content, the crystals were bound to the biochar in a scattered state, and complete NaCl removal through washing was difficult. However, for 20%-NaCl content, a large number of clustered NaCl crystals was obtained. Thus, complete removal is possible.The biochar yield, calculated as follows Equation (2):


[image: ]



(2)







As Table 3 indicates, the food-waste biochar yield after NaCl injection was higher than that for NaCl-free food waste in general. Further, as the impregnated NaCl content increased, the char yield increased. In other words, the NaCl injection influenced the pyrolysis, thereby affecting the char yield.


Table 3. Effect of NaCl Concentrations on Food Waste Biochar Yield.





	Added NaCl
	Food Waste (g)
	NaCl Content (g)
	Weight after Pyrolysis (g)
	Char Yield (wt %)





	0%
	120.00
	-
	27.29 [image: ] 0.18
	22.77 [image: ] 0.15



	5%
	120.00
	6.32
	34.79 [image: ] 0.28
	23.73 [image: ] 0.23



	10%
	120.00
	13.34
	42.04 [image: ] 0.41
	23.92 [image: ] 0.34



	20%
	120.00
	30.00
	60.59 [image: ] 2.40
	25.49 [image: ] 2.01










3.2. Structural Analysis


3.2.1. Brunauer–Emmett–Teller Analysis and Pore Size Distribution


Table 4 lists the BET surface area and pore analysis results for the biochar. For the NaCl-free (0%) biochar, the BET surface area was 1.226 m2·g−1. For the NaCl-containing biochar, increases in both BET surface area and pore volume after washing were observed, with differences according to NaCl content. This phenomenon was due to the empty spaces following NaCl removal by washing. Note that the SEM results discussed below (Section 3.2.2.) provide additional support for these findings.


Table 4. Brunauer–Emmett–Teller (BET) Surface Area and Pore Volume Analysis of Food-Waste-Derived Biochar with Different NaCl Contents.





	Sample
	BET Specific Surface Area (m2∙g−1)
	Total Pore Volume (p/p0 = 0.990) (cm3∙g−1)
	Average Pore Diameter (nm)
	Mesopore Surface Area (m2∙g−1)
	Mesopore Volume (cm3∙g−1)





	B_0%
	1.226
	0.00201
	6.552
	0.672
	0.00176



	B_5%
	0.824
	0.00193
	9.475
	0.465
	0.00177



	A_5%
	2.946
	0.00458
	7.556
	1.158
	0.00377



	B_10%
	1.184
	0.00341
	11.505
	0.902
	0.00329



	A_10%
	3.500
	0.00623
	8.501
	1.686
	0.00537



	B_20%
	0.795
	0.00256
	14.119
	0.651
	0.00248



	A_20%
	2.485
	0.00653
	12.610
	1.623
	0.00613



	NaOH
	3.914
	0.01746
	17.845
	2.452
	0.01675









When the total pore and mesopore volumes were compared, almost identical values were obtained; thus, most pores were mesopores. The approximately two-fold increase in mesopore volume after washing also indicated that the mesopores were likely to have been caused by NaCl. The average pore diameter of washed sample is lower than unwashed sample. The average pore dimeter before washing is not induced by NaCl but generated by the volatilization of organic matter. On the other hand, the pore diameter after washing is contained the pore induced by NaCl templating effect. In Section 3.2.2. showed that a single NaCl crystal size is about 2 nm. Therefore the average pore diameter is decreased after washing since the relatively small pore created by NaCl templating effect.



In contrast to the increase in total pore and mesopore volumes with increased NaCl content, the BET surface area exhibited a decreasing trend. An initial increase accompanied the NaCl content increase from 5 to 10%, but this was followed by a decrease when 20%-NaCl content was reached. This is thought to have been due to the excess NaCl allowing the clustered NaCl to exceed the large dispersion of NaCl. In other words, the higher the NaCl content was, the larger the NaCl crystals were; this yielded pores with a larger diameter and volume when the NaCl was removed. In contrast, the BET surface area decreased because of the growth of large mesopores instead of the even dispersion of relatively small mesopores.



There are other studies using NaCl as a template and washing as an activation process. Liu and Antonietti [17] used molten NaCl injected into a single source type, and Lu et al. [19] injected small-particle NaCl powder. But, these approaches differ from that of the present study. The findings of this study suggest that NaCl in solution form can have templating effects, and that the washing process induced activation effects.



In terms of competence, the BET surface areas and pore volumes observed in this study are not comparable to those of activated carbon. To explain this difference, the same sources were used in an experiment in which the activation method was implemented; the results are listed in the bottom row of Table 4. NaOH samples were prepared for activation by NaOH injection, followed by drying and pyrolysis at 500 °C, as in the main experiment. Washing was subsequently performed for neutralization. Between the biochar samples activated using 10%-NaCl and NaOH, the NaOH-treated biochar had a larger pore diameter. However, the difference in BET surface area was not substantial (0.414 m2·g−1). Despite the increased pore diameter, the small increase in BET surface area for NaOH activation may indicate increased pore depth compared to activation based on NaCl crystals.



Studies investigating NaOH activation have reported high BET values for a single organic crop waste source, e.g., fir wood (380 (m2/g)) [20], coconut shell (1842 (m2/g)) [21], and flamboyant pods (1076 (m2/g)) [22]. However, Dai et al. [23] obtained low BET surface area values (12.73 and 12.99 (m2·g−1)) for livestock excretion as a source. This indicates that the BET surface area deviates significantly according to the source, and a lower BET surface area is generally produced when a mixed source is employed. The results of NaCl activation in this study indicate lower BET values than those of the abovementioned studies. However, the overall BET surface area reduction is likely to have resulted from the raw material and not the activation method, based on the comparison with NaOH activation.




3.2.2. Scanning Electron Microscopy Analysis


Figure 2 presents images at different magnifications taken before and after biochar washing according to NaCl content. The NaCl crystals are embedded in the biochar surface. In the pre-wash images, the NaCl crystals are clustered together, except for the 20%-NaCl case, in which they are scattered. When crystals cluster, larger pores remain when they are removed through washing. The post-wash images show square-shaped pores identical to the NaCl crystals on the biochar surface. The pore diameter increased from 1.4 to 1.77 and then to 2.3 nm for NaCl contents of 5, 10, and 20%, respectively. In other words, the NaCl injected into the food waste occupied the interparticle spaces, thereby exerting a templating effect that created pores as it left the spaces upon washing. Higher NaCl content corresponded to larger crystals; hence, larger pores were created. The results also suggest that templating effects can be produced using NaCl in solution in addition to molten NaCl.


Figure 2. (a–j) scanning electron microscopy (SEM) images of biochar samples with different NaCl contents before and after washing: (a) 0%-NaCl-x8000; (b) 5%-NaCl-x8000 (pre-wash); (c) 5%-NaCl-x8000 (post-wash); (d) 5%-NaCl-x2000 (post-wash); (e) 10%-NaCl-x8000 (pre-wash); (f) 10%-NaCl-x8000 (post-wash); (g) 10%-NaCl-x2000 (post-wash); (h) 20%-NaCl-x8000 (pre-wash); (i) 20%-NaCl-x8000 (post-wash); (j) 20%-NaCl-x2000 (post-wash).



[image: Energies 11 02341 g002a][image: Energies 11 02341 g002b]






The EDX results of a marked range of figures (a), (c), and (e) in Figure 3 are shown in (b), (d), and (f) in Figure 3, respectively. The EDX results in Figure 3 indicate the places where intercrystal fusion or binding occurred; peaks corresponding to Na, K, and Cl can be seen together. One possible explanation for this phenomenon is the formation of a novel crystal shape upon binding. This may occur through the reformation of some crystals during sintering, as the melting point decreases when sylvite (KCl) and NaCl coexist [24] or through fusion of the injected NaCl and KCl already present in the food sample.


Figure 3. (a–f) NaCl crystal shape deformations and EDX results for biochar samples with different NaCl contents. (a) 5% biochar; (b) 5% biochar EDX result; (c) 10% biochar; (d) 10% biochar EDX result; (e) 20% biochar; (f) 20% biochar EDX result.



[image: Energies 11 02341 g003a][image: Energies 11 02341 g003b]







3.2.3. Fourier Transform Infrared Analysis


The results of the FT-IR analysis of the biochar according to NaCl content are presented in Figure 4. For the 0%-NaCl biochar sample, a peak appeared at 550 cm−1. For the biochar samples containing NaCl that underwent pyrolysis, a peak appeared at 570 cm−1, as if the peak at 550 cm−1 had shifted to the right. Vandecandelaere et al. [25] reported that peaks at 550 cm−1 indicate the presence of HPO42− ions, whereas peaks at 575 cm−1 are related to PO43− ions. Furthermore, Bekiaris et al. [26] showed that P=O stretching in hydroxyl apatite, apatite, and amorphous calcium phosphate dibasic in biochar yields 570-cm−1 peaks. In other words, if NaCl is present in the biomass during pyrolysis, phosphorus-compound decomposition to PO43− rather than HPO42− is induced. The peak at 520 cm−1 representing C-Cl bonding [27] and that at 646 cm−1 corresponding to C-Cl bending vibration [28] were not detected in the samples examined in this study. Therefore, the NaCl injection did not induce bonding with C.


Figure 4. FT-IR results for (a) 5%, (b) 10%, and (c) 20%-NaCl biochar after and before washing, with the results for 0%-NaCl biochar. (d) FT-IR results for 0%, 5%, 10%, and 20%-NaCl biochar after washing.



[image: Energies 11 02341 g004a][image: Energies 11 02341 g004b]






The broad peak over the 700–1600 cm−1 range in Figure 4 indicates the presence of cellulosic and ligneous constituents. For the NaCl-free (0%) biochar, peaks appeared at 1030, 1070, and 1120 cm−1. With increased NaCl content, the peak at 1030 cm−1 shifted to the right, whereas that at 1120 cm−1 moved to 1130–1150 cm−1. The peaks at 1030 and 1120 cm−1 represent symmetric C-O stretching (cellulose, hemicellulose, and methoxy groups of lignin) and the symmetric C-O stretching characteristic of aliphatic C-O-C in the cellulose group, respectively [29,30]. The shifting of these peaks to the right indicated changes in cellulose from aliphatic C-O-C to alcohol C-O stretching or antisymmetric stretching of C-O-C (glycosyl), as the NaCl in the biochar induces hemolytic cleavage in cellulose [31]. During pyrolysis, cellulose generates levoglucosan production due to heterocyclic cleavage of the glycosidic linkage [31]. However, when NaCl is present, the glycosidic bond breaking is inhibited [31]. Thus, a peak representing the glycosidic linkage appears at 1130–1150 cm−1 for the NaCl-containing biochar.



Although the 0, 5, and 10%-NaCl biochar samples mostly displayed similar peaks, the 20%-NaCl biochar exhibited a phase that could be clearly distinguished. These peaks appeared more prominent at 1230 and 1370–1430 cm−1, positions respectively corresponding to the C-H and O-H bending frequencies in lignin [28,32,33]. The peaks at 2918 and 2850 cm−1 and 3000-3100 cm−1 became more distinct, respectively representing alkanes/aliphatic C-H stretching [34,35,36,37] and C-H stretching in aromatic compounds [38,39]. The peaks at 2918 and 2850 cm−1 are caused by alkyl adsorption and are strongest in the FT-IR spectra of lignin [40]. The peak at 3000–3100 cm−1, which corresponds to aromatic C-H stretching, is another peak appearing in the spectra of macromolecule units such as lignin [38]. In the present study, the finding that food-waste biochar with 20%-NaCl content produced more distinct peaks for lignin than biochar containing 5 or 10%-NaCl did can be taken to indicate that high NaCl content inhibits lignin degradation during pyrolysis. This is further supported by the fact that the peak at 1700 cm−1 corresponding to the carbonyl C=O stretching vibration in cellulose and lignin showed a minor increase for the 5 and 10%-NaCl biochar, whereas a marked increase was detected for the 20%-NaCl biochar. The high NaCl content of the latter probably inhibited the lignin degradation.



The presence of Na during pyrolysis acts as an inhibitor to the conversion of cellulose and lignin into levoglucosan [31,41]. As mentioned above, hemolytic cleavage is induced for cellulose, so that conversion into glycoladehyde and formic acid, rather than levoglucosan, occurs [31]. For lignin, degradation producing a guaiacol group is induced [41]. Thus, for food waste with high NaCl content, a competitive pathway is induced to replace the original degradation pathway, thereby inhibiting fast degradation of lignin and cellulose, and a proportion of these materials is left behind in the biochar. This increase in the residual lignin and cellulose may be interpreted as the cause of the increase in biochar yield reported in Section 3.1 and the increase in H content that accompanied the increase in NaCl content.



The peak at approximately 1560 cm−1 indicates C-N stretching and N-H bending [35,42,43]. The peaks in this region are especially strong for 20%-NaCl biochar, suggesting that high NaCl content may enhance N capture during pyrolysis. The peak representing a nitrile group at 2350 cm−1 is also absent from the 0%-NaCl biochar [28], but gains intensity as the NaCl content increases. This provides additional support for the positive effect of NaCl content on N capture. A possible explanation may lie in the protein coagulation caused by inorganic NaCl, although further research is required to determine the precise cause [44].




3.2.4. X-ray Diffraction Analysis


The results of the XRD analysis of the NaCl powder are presented in Figure 5e. The NaCl peaks appear at 27.4, 31.5, 45.5, 56.5, 65.5, 75.5, and 84°. In Figure 5, the XRD result for the 0%-NaCl food-waste biochar indicates peaks at 18.5, 28.4, 30.1, 40.5, 50.3, 66.5, and 74°, with a broad peak in the vicinity of 25°. To analyze the influence of the NaCl content on the biochar structure, the results shown in Figure 5a–d for the biochar samples with varying NaCl concentrations before and after washing were compared with those for the control 0%-NaCl biochar shown in Figure 5e.


Figure 5. XRD results for (a) 5%, (b), 10%, and (c) 20%-NaCl biochar samples after and before washing, with 0%-NaCl biochar result. (d) XRD results for 0%, 5%, 10%, and 20%-NaCl samples after washing. (e) XRD result for NaCl powder.



[image: Energies 11 02341 g005a][image: Energies 11 02341 g005b]






Table 5 summarizes the XRD peaks for each sample. The pre-wash biochar samples clearly display NaCl peaks. For the post-wash biochar samples, the NaCl peaks either disappear or lose intensity, indicating that the washing removed most of the NaCl content. The pre-wash results indicate that increased NaCl content in the samples generally shifted the NaCl peak from 31.2 to 31.4 and 31.7°, i.e., from left to right, for 5, 10, and 20%-NaCl content, respectively. This shifting of the peak to a lower angle indicates expansion of the space lattice [45,46]. In the BET surface area analysis discussed above (Section 3.2.1.), the average post-wash pore diameter was found to increase with the NaCl content. The increased pore diameter following the NaCl removal indicates that the increase in NaCl content in turn increased the NaCl crystal size. In other words, the peak shifting from left to right may have been due to the increased crystal size reducing the expansion when the imparted energy was the same, so that a larger expansion occurred in the biochar with lower NaCl content because of the small crystal size.


Table 5. X-ray diffraction analysis peaks for NaCl and food-waste-derived biochar with different NaCl contents.















	NaCl
	0%
	B_5%
	A_5%
	B_10%
	A_10%
	B_20%
	A_20%





	
	18.7

(4.74)
	
	
	
	
	
	



	
	
	20.8

(4.27)
	20.8

(4.27)
	20.8

(4.27)
	20.8

(4.27)
	
	20.8

(4.27)



	
	
	
	23.5

(3.78)
	
	23.5

(3.78)
	
	23.5

(3.78)



	27.4

(3.25)
	
	27

(3.30)
	27.2

(3.26)
	27.2

(3.27)
	27.2

(3.27)
	27.4

(3.25)
	27.2

(3.27)



	
	28.4

(3.14)
	28.8

(3.10)
	28.4

(3.14)
	28.8

(3.10)
	28.4

(3.14)
	28.8

(3.10)
	28.4

(3.14)



	
	30.8

(2.90)
	
	
	
	
	
	



	31.5

(2.84)
	
	31.2

(2.86)
	31.6

(2.83)
	31.4

(2.85)
	31.6

(2.83)
	31.7

(2.82)
	31.6

(2.83)



	
	
	33

(2.71)
	33

(2.71)
	
	33

(2.71)
	
	33

(2.71)



	
	
	34.3

(2.61)
	34.3

(2.61)
	34.3

(2.61)
	34.3

(2.61)
	34.3

(2.61)
	34.3

(2.61)



	
	40.5

(2.22)
	41

(2.20)
	40.5

(2.22)
	41

(2.20)
	40.5

(2.22)
	41

(2.20)
	40.5

(2.22)



	45.5

(1.99)
	
	45

(2.01)
	45.5

(1.99)
	45

(2.01)
	45.5

(1.99)
	45.5

(1.99)


	45.2

(2.00)



	
	50.3

(1.81)
	51

(1.79)
	50.3

(1.81)
	
	50.3

(1.81)
	
	50.3

(1.81)



	
	
	
	
	53.5

(1.71)
	
	53.8

(1.70)
	



	56.5

(1.63)
	
	55.5

(1.65)
	56.5

(1.63)
	56

(1.64)
	56.4

(1.63)
	56.5

(1.63)
	56.2

(1.63)



	
	
	61.5

(1.51)
	61.5

(1.51)
	
	
	
	



	65.5

(1.42)
	
	65.2

(1.43)
	
	65.7

(1.42)
	
	66.2

(1.41)
	



	
	66.5

(1.40)
	67.5

(1.39)
	66.5

(1.40)
	
	66.5

(1.40)
	
	



	75.5

(1.26)
	
	74

(1.28)
	
	74.7

(1.27)
	
	75.2

(1.26)
	



	84

(1.15)
	
	82.5

(1.17)
	
	83.5

(1.16)
	
	84

(1.15)
	









The peaks at 3.14, 2.22, and 1.81 Å correspond to KCl (JCPDS #41–1476) [34,47]. Regardless of NaCl concentration, the peaks for the pre-wash biochar shifted to the right and then shifted back to the left after washing, being detected at 28.4° and 40.5°, i.e., the same positions as the KCl in the control. The peaks detected in the pre-wash biochar appeared in the position between standard KCl and halite. Note that, when KCl and NaCl are present together, the melting point decreases and reformation occurs during sintering [24]. As shown in Figure 3, the crystal cube shape was deformed for the K, Na, and Cl bindings.



According to Broström et al. [24], XRD analysis of a mixture of NaCl and KCl showed the KCl peaks shifting to the right compared to the standard, i.e., to 29 and 41°. This could be explained by partial binding between the NaCl injected into the food waste during pyrolysis and the KCl already present in the food waste, which caused the KCl peak to shift to the right (to 28.8 and 41°). This was followed by the emergence of peaks at 28.4 and 40.5° due to the independent KCl content remaining after washing, which removed only the KCl bound to NaCl. As Figure 5d shows, the larger the NaCl injection volume was, the smaller the KCl peak intensity was. The peak intensities at 28.4 and 40.5° were 3872 and 1827, 3831 and 1849, 3582 and 1741, and 3248 and 1560 for the 0, 5, 10, and 20%-NaCl samples, respectively. This indicates a decrease in peak intensity with increased NaCl content. As the NaCl content was increased, a higher proportion of the KCl dispersed in the food waste could combine with the injected NaCl. Thus, the amount of residual KCl decreased as the larger amount of KCl bound to the NaCl was removed by washing.



Peaks at 3.78 and 2.61 Å were not detected in the 0%-NaCl biochar but did appear in the NaCl-containing biochar. The peaks at these positions indicate the presence of cellulose [48,49]. As mentioned in Section 3.2.3., when NaCl is added to cellulose undergoing pyrolysis, decomposition of the cellulose into levoglucosan is inhibited [31]. For NaCl-free food waste, the cellulose decomposes to produce levoglucosan during pyrolysis. However, cellulose degradation is inhibited for food waste containing NaCl. Thus, the residual cellulose produced the above peaks. In the pre-wash biochar, the peaks appeared indefinite around 3.78 Å. This can be explained by the strong intensity of the NaCl crystal peak comparatively weakening the cellulose peaks. Therefore, although it was difficult to detect both peaks together in the 20%-NaCl biochar, which had the strongest NaCl peaks, they became discernible after washing, which reduced the NaCl peak intensity.



Finally, the 0%-NaCl biochar had a peak at 30.8°, which indicates the presence of dolomite (CaMg(CO3)2) [34]. On the other hand, biochar samples with added NaCl had peaks at 20.8° and 33°, which indicates the presence of struvite (NH4MgPO4·6H2O) [50], and there is no peak at 30.8°. As mentioned in Section 3.2.3, when NaCl is present during pyrolysis, phosphorus compound decomposes to the form of PO43− not the form of HPO42−. These XRD results support those of the FT-IR. A magnesium (Mg) component contained in the food waste became dolomite during pyrolysis. When NaCl is present during pyrolysis, Mg combined with PO43− and crystallized.






4. Conclusions


Food waste is difficult to recycle due to the innate NaCl content. It is essential to remove NaCl in order to utilize food waste biochar. The use of NaCl in food waste and desalination process as a template and activation process, respectively, could be a way to improve the value of the biochar. Therefore, this study investigated changes in biochar structure according to varying NaCl solution concentrations added to food waste and desalination. As the NaCl concentration increased from 0% to 20%, cellulose and lignin decomposition inhibited during pyrolysis, ultimately increasing the biochar yield by 2.7% for 20%-NaCl concentration. Furthermore, the added NaCl formed crystals exerting a templating effect, inducing an increase in BET surface area and pore volume in the biochar when it was washed. In comparison to the NaOH-based activation method, the NaCl templating method yielded a minor difference BET surface area, while the pore depth was found to be shallower. Adding 20% NaCl reduced the BET surface area while the mean pore diameter increased, owing to the increased NaCl clusters. The phenomenon in which the NaCl clustering increases as a NaCl concentration increases was shown to have positive effects on NaCl removal through washing. Further, as the NaCl adhered to the KCl scattered among the food waste, the high concentration of NaCl also had positive effects on the KCl removal. Finally, a NaCl induced form of struvite and yielded a valuable biochar that can be used as a soil fertilizer.
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