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Abstract: Biochar is the product of the pyrolysis of organic materials in a reduced state. In recent
years, biochar has received attention due to its applicability to organic waste management, thereby
leading to active research on biochar. However, there have been few studies using food waste.
In particular, the most significant difference between food waste and other organic waste is the
high salinity of food waste. Therefore, in this paper, we compare the chemical characteristics of
biochar produced using food waste containing low- and high-concentration salt and biochar flushed
with water to remove the concentrated salt. In addition, we clarify the salt component behavior of
biochar. Peak analysis of XRD confirms that it is difficult to find salt crystals in flushed char since
salt remains in the form of crystals when salty food waste is pyrolyzed washed away after water
flushing. In addition, the Cl content significantly decreased to 1–2% after flushing, similar to that
of Cl content in the standard, non-salted food waste char. On the other hand, a significant amount
of Na was found in pyrolyzed char even after flushing resulting from a phenomenon in which salt
is dissolved in water while flushing and Na ions are adsorbed. FT-IR analysis showed that salt in
waste affects the binding of aromatic carbons to compounds in the pyrolysis process. The NMR
spectroscopy demonstrated that the aromatic carbon content, which indicates the stability of biochar,
is not influenced by the salt content and increases with increasing pyrolysis temperature.
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1. Introduction

The process of dealing with food waste affects climate change by emitting large amounts of
greenhouse gases such as methane and carbon dioxide [1]. The Food and Agriculture Organization
has reported that one-third of the produced food in the world is thrown away annually [2]. As a result,
a new alternative is needed to deal with the vast amounts of food waste.

Biochar is the product that results from the pyrolysis of organic materials in a reduced state.
It is distinguished from charcoal by its usage as a soil amendment [3]. Biochar can be produced
from a variety of materials including wood, agricultural waste, and livestock waste [4]. Biochar also
reduces the release of organic carbon into the air in the form of carbon dioxide by resisting microbial
degradation [5,6]. It also helps to prevent climate change by reducing the emission of greenhouse gases
such as nitrogen oxides from the soil and methane [7]. Mitchell et al. [8] studied the characteristics
of biochar from pyrolyzed lignocellulosic municipal waste, and Prakongkep et al. [9] compared
and analyzed 14 types of tropical plant-waste-derived biochar. In addition, Kwapinski et al. [10]
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analyzed the temperature-related characteristics of biochar generated from pyrolyzing miscanthus,
pine, and willow as a waste management method. They analyzed the characteristics of biochar as a
soil amendment and fertilizer. Most studies on biochar have used wood or vegetable raw materials;
few have used salty food wastes as raw materials.

As the applicability of biochar to organic waste management has received attention, various
studies have been done on its chemical [11] and physical characteristics [12], and its effect on soil [13].
The major difference between other organic materials and biochar is the large proportion of aromatic
carbon [14]. Secondly, biochar consists mostly of immobile carbon and nitrogen that microorganisms
cannot use as energy sources, thereby having chemical stability (ASTM standard methodology) [15].
In addition, the difference involves cation exchange capacity (CEC) of biochar resulting from the surface
charge. Pyrolysis condition is an important factor in determining the physicochemical characteristics
of biochar [16]. Hossain et al. [17] revealed that the composition and chemical structure of biochar
changed according to the pyrolysis temperature by pyrolyzing the sewage sludge at 300–700 ◦C.
Cantrell et al. [18] showed that the source type could alter the physicochemical characteristics by
pyrolyzing five types of manure at 350 and 700 ◦C.

The major difference between municipal waste (organic waste), such as sewage sludge, livestock
waste, and agricultural by-products, and food waste is its high salinity [19,20]. The high salt content of
food waste is a major obstacle to recycling and treating food waste. Therefore, we investigate the effect
of salt on the conversion into biochar by analyzing the characteristics of pyrolyzed char according to
salt content. In this paper, the chemical characteristics of biochar produced using food waste containing
low- and high-concentration salt and biochar flushed with water to remove the concentrated salt are
compared and analyzed. In addition, the salt component behavior of biochar is clarified.

2. Experimental

2.1. Raw Material

The food waste samples were prepared as shown in Table 1 according to the composition of the
standard sample, which is the average food waste composition ratio as determined by the Ministry of
Environment of Korea [21]. Food wastes were classified into grains, vegetables, fruits, and meat and
fish, and the composition ratios were set to 16%, 51%, 14%, and 19%, respectively, using 10 kinds of
materials. The food samples were dried at 80 ◦C for 48 h and then ground into powder form. NaCl
solution was added such that the NaCl contents relative to the dry weight of the food samples became
1%, 3%, and 5%. The samples were then dried again.

Table 1. The standard food waste sample.

Classification Composition Ratio (wt %) Methods of Food Ingredient Processing

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.

Egg shell (3)

Total 100 100
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2.2. Experimental Methods

Dry food samples containing 1%, 3%, and 5% NaCl were pyrolyzed in a pyrolysis reactor of
300 ◦C, 400 ◦C, and 500 ◦C. They were pyrolyzed for 1 h and 30 min, and 10 L/min nitrogen gas
was continuously injected. Figure 1 shows the schematic diagram of the pyrolysis apparatus used
in this experiment, which consisted of a nitrogen inlet, specimen vat, sample chamber, furnace,
a cooling device, and gas combustion device. The total dimensions of pyrolysis reactor are
150 cm * 180 cm * 50 cm and the cooler temperature is maintained at 10 ◦C. The specimen vat size
is 4.5 cm * 5 cm * 20 cm (H * W * D) and only two specimen vat put in the reactor. Feed weight is
100 g each specimen vat. Nitrogen gas was injected 10 min before the samples were added to prevent
oxidation of the samples. The temperature in the furnace increased to the target temperature of 300 ◦C,
400 ◦C, and 500 ◦C, and the samples in the sample chamber were then added. The mass yield of
biochar at each temperature is 0.56, 0.38, and 0.32 as the pyrolysis temperature increases 300 to 500 ◦C,
and the biochar yields are decreased as the pyrolysis temperature increases [22].
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After pyrolysis, the samples were removed, cooled to room temperature, weighed, and ground.
They were flushed by stirring 30 g of char in 300 mL of distilled water at a ratio of 1:10 for 30 min.
The flushed char was then separated using a filter paper and dried again at 80 ◦C for 24 h before
being stored.

2.3. Analytical Methods

2.3.1. Characterization

A FLASH EA1112 instrument (Thermo Electron, Waltham, MA, USA) was used for the elementary
analysis (C, H, S, N) of the salty food waste derived biochar. Oxygen is obtained by difference
assuming the sum of C, H, S, N, O, Ash, and NaCl is 100%. In general, either Na or Cl is measured
to determine the salt content. However, one study reported a phenomenon in which Na and Cl are
independently volatilized in the pyrolysis process of saline-containing fossil fuel [23]. Therefore,
both the Na and Cl contents were measured independently. Na content was measured using Agilent
5100 ICP-OES (Agilent Technologies, Santa Clara, CA, USA). Cl was carbonized after mixing 2.5–5 g
samples with the milk of lime and drying. 1–2 drops of potassium chromate were added to the sample,
which was filtrated after adding water and shaking. The solution was titrated with silver nitrate
solution [24]. To measure Cation exchange capacity (CEC) values, 5 g of the sample was then placed
in a 100 mL Erlenmeyer flask, and 50 mL of 1 M NH4OAc solution was added [25]. The sample was
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then shaken for 30 min, filtered, and diluted. The CEC was measured using Agilent 5100 ICP-OES
(Agilent Technologies). The Na, K, Mg, and Ca contents were calculated by converting the measured
absorbance value (ppm) using the Brown’s simplified method.

2.3.2. X-ray Diffraction Spectroscopy

X-ray diffraction (XRD) analysis was carried out to determine the structure of salt in the salty
food waste derived-biochar and the change in the molecular structure both before and after flushing.
The analytical equipment used was DMAX 2500 (Rigaku, Tokyo, Japan), and the X-ray generator had
specifications of 18 kW and 60 kV/300 mA. The 2θ range of the recorded sample was 10–90◦.

2.3.3. FT-IR

The infrared spectroscopic analysis was conducted to investigate the effect of salt in salty food
waste on the biochars during pyrolysis and its effect on flushing. A VERTEX 80V (Bruker Optics,
Ettlingen, Germany) device was used, and infrared rays of 400–4000 nm wavelength were transmitted
to determine the characteristics. A transmission analysis was conducted using KBr powder.

2.3.4. NMR

The structure was analyzed using solid-state magic angle spinning 13C NMR analysis to confirm
the formation of aromatic carbons, which indicate the stability of the biochar. A DIGITAL AVANCE III
400 MHz (Bruker Biospin AG, Fällanden, Switzerland) was used with a 4 mm probe.

3. Results and Discussion

3.1. Chemical Composition of Salty Food-Waste-Derived Biochar

Table 2 shows the elementary analysis of the salty food waste derived biochar and Na and Cl
contents. After flushing, the Cl content decreased to the Cl content in the STD sample, non-salted food
waste sample. On the other hand, the Na content significantly increased after flushing compared to
the Na content in the STD sample, non-salted food waste sample.

Table 2. The chemical compositions and atomic ratios of biochar produced by salty food waste.

Sample ID
Component, wt % Atomic Ratio

C H N O Na Cl Ash C/N H/C O/C

Dry 51.46 13.22 3.14 32.18 - - - 16.38 0.257 0.63
300 ◦C_STD 60.97 5.37 5.28 23.66 1.21 1.56 4.72 11.55 0.088 0.39

300 ◦C_1%_B 60.18 5.32 5.29 25.88 3.08 3.17 3.33 11.38 0.088 0.43
300 ◦C_1%_A 61.70 5.59 5.24 25.19 2.02 1.51 2.28 11.77 0.091 0.41
300 ◦C_3%_B 58.96 5.17 5.09 22.53 6.63 6.26 8.25 11.58 0.088 0.38
300 ◦C_3%_A 63.21 5.46 5.16 24.34 2.67 1.50 1.83 12.25 0.086 0.39
300◦C_5%_B 57.29 5.04 4.98 20.83 9.30 8.74 11.86 11.5 0.088 0.36
300 ◦C_5%_A 62.08 5.81 5.42 23.03 2.62 1.50 3.66 11.45 0.094 0.37
400 ◦C_STD 64.69 3.64 5.09 17.82 1.92 1.90 8.76 12.71 0.056 0.28

400 ◦C_1%_B 63.27 3.60 5.38 17.98 4.74 4.18 9.77 11.76 0.057 0.28
400 ◦C_1%_A 68.71 4.28 5.04 17.60 4.01 1.20 4.37 13.63 0.062 0.26
400 ◦C_3%_B 57.85 3.24 4.16 21.08 9.22 8.25 13.67 13.91 0.056 0.36
400 ◦C_3%_A 65.43 3.70 5.26 20.94 3.43 1.19 4.67 12.44 0.057 0.32
400 ◦C_5%_B 56.15 3.20 3.99 18.74 16.53 12.66 17.92 14.07 0.057 0.33
400 ◦C_5%_A 68.43 4.34 4.51 19.47 4.64 1.36 3.25 15.17 0.063 0.28
500 ◦C_STD 70.11 2.81 5.23 8.83 0.51 0.90 13.02 13.41 0.04 0.13

500 ◦C_1%_B 68.82 2.71 5.22 10.45 3.98 3.74 12.80 13.18 0.039 0.15
500 ◦C_1%_A 72.07 2.93 5.13 9.43 3.43 1.03 10.44 14.05 0.041 0.13
500 ◦C_3%_B 65.72 2.69 4.63 10.33 9.65 9.42 16.63 14.19 0.041 0.16
500 ◦C_3%_A 72.10 2.98 5.13 11.32 5.14 1.49 8.47 14.05 0.041 0.16
500 ◦C_5%_B 61.78 2.43 4.44 10.50 15.56 13.80 20.85 13.91 0.039 0.17
500 ◦C_5%_A 73.28 2.92 4.92 11.80 5.35 1.45 7.08 14.89 0.04 0.16
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Carbon content increased with the pyrolysis temperature, and there was a difference in the content
before and after flushing that resulted from a slight increase in the carbon content relative to the total
weight since salt was discharged while flushing.

Hydrogen content decreased as the pyrolysis temperature increased, and there was a difference
in the content before and after flushing that resulted from increased relative weight since salt was
discharged while flushing, as with carbon.

Nitrogen content did not show any tendency to increase or decrease according to the pyrolysis
temperature. However, the nitrogen content of the biochar having 1% salt content decreased
after flushing, while the nitrogen contents of the chars having 3% and 5% salt content increased
after flushing.

The higher the pyrolysis temperature and the higher the salt content, the lower the O/C ratio,
which indicates the stability of biochar [26]. There was a difference before and after flushing, but this
phenomenon may have been caused by changes in salt content before and after flushing. When the
O/C ratio is 0.2 or less, the half-life of biochar is estimated to be 1000 years or more. When the O/C
ratio is 0.2–0.6, the half-life is estimated to be 100–1000 years [27]. The H/C ratio decreased as the
pyrolysis temperature increased. There was an obvious difference according to pyrolysis temperature,
but there was no difference according to the salt content. The Lower values of H/C and O/C at higher
pyrolysis temperatures indicate a stable biochar with a low content of O-based functional groups by
demethylation and decarboxylation [28].

A C/N ratio of 12:1 is the most favored for increasing the nitrogen pool plants can use, and a C/N
ratio of 20:1 is used for soil conditioners, fertilizers and compost [29]. As the pyrolysis temperature
increases, the C/N ratio increases [30]. The experimental result showed that the ratio increased and
the ratio was 11–15, which is suitable for use in the soil when the temperature increased from 300 to
500 ◦C.

H/C, O/C, and C/N values are influenced by pyrolysis temperature, and the content of salt
appears to have no noticeable effect on the chemical composition.

The CEC of salty food waste biochars varies depending on raw materials and pyrolysis conditions.
Some studies have reported that the CEC value increases as the pyrolysis temperature increase from
300 to 500 ◦C in relation to the carboxyl groups on the biochar surface [31–33]. Table 3 shows that as
the pyrolysis temperature increased from 300 to 400 ◦C, the CEC value increased, peaked at 400 ◦C,
and decreased again at 500 ◦C. CEC is determined by substitution sites, O-based functional groups such
as –OH or –COOH that are made by decarboxylation and deformation as the pyrolysis temperature.
Although, further study is needed to specify the required energy for deformation to contain high
CEC, it is reliable trend similar to Wu et al.’s study result [32]. These results may relate to specific
surface area. Focusing on O-based functional groups, 300 ◦C should indicate highest CEC value. But in
case of this, complex action between functional group and specific surface area, may be acted on the
explanation of this phenomenon. O-based functional groups are decreased gradually as the pyrolysis
temperature increases. Specific surface area is increased as the pyrolysis temperature increases [34].
At 300 ◦C, there could be more O based functional groups but there is lower specific surface area.
Overall, the surface area of pyrolyzed char at 300 ◦C, including O-based functional groups, may be
smaller than at 400 ◦C. About this assumption, further study is needed.
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Table 3. CEC of salty food waste derived-biochar before and after flushing.

Sample ID CEC (cmol/kg)
Extractable Cations (cmolc/kg)

Ca K Mg Na

300 ◦C_STD 25.57 0.39 12.68 0.34 5.56
300 ◦C_1%_B 22.20 0.29 7.77 0.12 6.99
300 ◦C_1%_A 18.14 0.45 4.95 0.15 4.67
300 ◦C_3%_B 22.42 0.17 4.06 0.06 11.08
300 ◦C_3%_A 20.35 0.47 3.99 0.16 8.04
300 ◦C_5%_B 110.71 0.35 16.59 0.24 86.26
300 ◦C_5%_A 22.67 0.58 3.89 0.22 10.07
400 ◦C_STD 62.94 1.10 44.07 1.37 14.21

400 ◦C_1%_B 120.39 1.19 62.59 1.15 49.98
400 ◦C_1%_A 36.65 0.90 18.00 0.64 12.71
400 ◦C_3%_B 163.48 0.96 52.17 1.23 108.91
400 ◦C_3%_A 52.60 1.30 16.17 1.00 24.68
400 ◦C_5%_B 250.72 0.65 53.19 1.29 185.03
400 ◦C_5%_A 39.46 1.06 9.90 0.86 22.80
500 ◦C_STD 54.91 0.89 60.38 1.58 1.07

500 ◦C_1%_B 75.22 0.83 62.37 1.10 14.88
500 ◦C_1%_A 24.79 1.07 18.23 0.68 7.67
500 ◦C_3%_B 156.81 0.76 67.59 1.22 92.30
500 ◦C_3%_A 18.90 1.29 10.63 1.00 9.27
500 ◦C_5%_B 262.08 0.63 73.55 1.31 189.90
500 ◦C_5%_A 24.86 1.34 10.29 1.07 14.58

STD: Standard food waste biochar sample without NaCl. A: Salty food waste derived biochar after flushing. B: Salty
food waste derived biochar before flushing.

Compared to the CEC value of the char unaffected by salt, the measured CEC value was higher
before flushing and lower after flushing. This may have been the result of the phenomenon in which
ionized Na+ is adsorbed on the biochar surface during the flushing. VAN ZWIETEN et al. [35] showed
that the application of biochar in a ferrosol significantly increased CEC of soil. In other words, the
pyrolyzed salty food waste biochar is able to hold many cations which are nutritional content used by
plants and helps the soil fertility improvement.

The extractable values of Na and K were much higher than those of other elements and
significantly decreased after flushing. However, the extractable value of Ca increased after flushing.
The value of Mg also increased in the case of 1% and 3% at 300 ◦C. This phenomenon will be discussed
in relation to the result of Fourier transform infrared spectroscopy (FT-IR).

The CEC of soil is an important criterion for determining the ability of plants to retain the cations
they use. Sandy soil, with its low organic content, has a CEC value of less than 3 cmolc/kg, but heavy
clay soil or soil with a high organic content has a CEC value higher than 20 cmolc/kg [36]. Every
sample except post-flushing samples (300 ◦C, 1%; 500 ◦C, 3%) obtained values higher than 20 cmolc/kg;
therefore, it is expected that they are able to be used as soil conditioners.

3.2. XRD Analysis of Salty Food-Waste-Derived Biochar

Figures 2–5 show the XRD results of salty food waste chars before and after flushing according to
the pyrolysis temperature, as well as those of NaCl. The crystalline form of NaCl has peaked at 32◦,
45.5◦, 56.5◦, 66◦, 75◦, and 84◦ (2θ). When comparing these peaks with the XRD peaks of the salty food
waste biochar, the graph before flushing clearly shows the NaCl peaks. On the other hand, the graph
after flushing shows that the peaks of NaCl become blurred, and the peaks show a similar tendency to
the peaks of standard food waste biochars containing no salt.

In other words, even after carbonization, NaCl remains in the form of crystals. However, after
flushing, the remaining NaCl has washed away, and the peaks resemble those of the standard state.
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The peak near 23◦ (2θ) corresponds to the diffuse graphite [37,38]. As the pyrolysis temperature
increases, the peak shifts from 20◦ to 25◦ (2θ). This means that cellulose crystallinity decreases and
turbostratic crystallinity increases [39].

As the pyrolysis temperature increases from 300 ◦C to 500 ◦C, the peak intensity near 28◦ (2θ)
increases. This peak confirms the presence of calcite [40], and the sharper the peak, the better the
calcite crystallization.
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3.3. FT-IR Analysis of Salty Food-Waste-Derived Biochar

Figures 6–8, which show the FT-IR results for salty food waste biochars before and after flushing
according to pyrolysis temperature, illustrate that the tendency varies significantly depending on the
pyrolysis temperature.
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Carboxylic (COOH) bonds have a peak of 1700 cm−1 and are associated with CEC
capability [41,42]. The peak near 1700 cm−1 that appeared clearly at 300 ◦C and 400 ◦C had almost
disappeared at 500 ◦C. Decarboxylation occurred as the pyrolysis temperature increased, thereby
decreasing the CEC value.

The peak near 1420–1440 cm−1 increased after flushing. This peak indicates a carboxylate
anion [43]. It seems that NaCl is ionized while flushing and Na ions bind to the carboxylate anion,
thereby intensifying the peak. The CEC values of Na and K were lower after flushing because Na was
already bound, decreasing the capacity to exchange monovalent cations.

The distinctive peak change at 2800–3000 cm−1 indicates a change in aliphatic C-H, and the peak
at 3600–3200 cm−1 reveals O-H hydroxyl groups [41,44]. As the pyrolysis temperature increased, the
peak of the aliphatic C-H that was clear at 300 ◦C sharply decreased. The intensity of the peak was
insignificant at 500 ◦C. The peak intensity of hydroxyl groups also gradually weakened. According to
the elemental analysis, this demethylation phenomenon may have caused the decreased C/H ratio as
the pyrolysis temperature increased.

The peak of aromatic C-H at 700–900 cm−1 [32,39] and the aromatic skeletal vibration peak at
1515–1590 cm−1 [42,45] became clearly visible and increased in intensity as the temperature increased
from 300 ◦C to 500 ◦C. This confirms that aromatization occurred as the pyrolysis temperature and
stability of biochar increased.

There were differences between the standard peak without any salt and the peak of pyrolyzed
carbide containing salt. The peak shift from 550 cm−1 to 570 cm−1 was clearly shown as the pyrolysis
temperature increased and salt content was higher. The peak near 550–600 cm−1 indicates C=O
deformation of aromatic ketone [46]. Porchelvi and Muthu [47] investigated that the 552 cm−1 peak
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results from SO2 bound to deformed aromatic ketone and found that the 560 cm−1 peak appears due
to cyano bound to a deformed aromatic ketone. In other words, a higher salt content induces more
bonding of a specific compound to the aromatic ketone deformed in the pyrolysis process. More
research is necessary for compounds that show a peak at about 570 cm−1. In addition, the peak at
700 cm−1 appears in the standard without salt, while the peak is weak or does not appear at all in
the presence of salt. This peak indicates the rocking vibration and binding of CH2 with asymmetric
deformation of aromatic ketone [47]. When salt is present, this bond is not induced. Thus, the salt
contained in the food wastes affects the aromatic carbon in various biochar structures during the
pyrolysis process.

Additionally, the peak at 520 cm−1, which indicates the bonding of C-Cl [47], is not shown
regardless of the pyrolysis temperature and salt content. This result demonstrates that the NaCl does
not affect the biochar structure in the discrete state as Na+ and Cl−.

3.4. NMR Analysis of Salty Food Waste Derived Biochar

Figures 9–11 show the solid-state 13C-NMR spectra. Although there is an apparent difference in
the spectra according to the pyrolysis temperature, the peak shift by and influence of salt are negligible.
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The peaks at 300 ◦C are shown at 16.5, 25–35, 64.5, 132, and 174.5 ppm, while broad peaks are
seen from 128–132 ppm at 400 ◦C. At 500 ◦C, a weak peak is shown from 18–27 ppm and the distinct
peak are seen from 110–150 ppm. The peak near 15 ppm represents CH3 carbon, while the peak near
30–65 ppm indicates CH2 carbon [48]. The aromatic C peak is shown narrowly around 130 ppm and
also appears broadly in the range of 90–160 ppm [49,50]. The peak at 160–200 ppm means carboxylic
or ketone C=O [41,50].

At 300 ◦C, significant amounts of CH3 and CH2 are present and form the main peak, while
aromatic C is insufficient until demethylation occurs. As the pyrolysis temperature increases to 400 ◦C,
sufficient dehydration occurs, and aromatic C is formed. At 500 ◦C, clearly visible aromatic C indicates
the stabilized biochar.

4. Conclusions

In this paper, we analyzed the characteristics of pyrolyzed char according to salt content and
temperature (300 ◦C to 500 ◦C) in order to determine the effect of salt on conversion into biochar.
After flushing, NaCl that remains in crystalline form is washed away under all conditions, and some of
Na ions that were washed off and ionized in water are adsorbed again. The pyrolysis temperature is a
more important parameter than salt content for the biochar characteristics. As the charring temperature
increases, salty food waste became a more stable biochar with lower H/C and O/C values and higher
C/N values and aromatic carbon content. Salt content affects aromatic ketone bonding. The higher
content of salt in food waste induces more bonding of a specific compound to the aromatic ketones
formed in the pyrolysis process. Flushed salty food waste biochar could be recommended as a soil
amendment, further studies are needed about the effect of aromatic ketone formation on the soil.
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