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Abstract: Disposable bamboo chopsticks (DBCs) are rarely recycled, and there are not many options
for recycling them. Some treatment processes use high technology and complex processes that are
not convenient for production at the local level, resulting in practical difficulties in upcycling DBC
waste. DBC is lignocellulosic biomass; therefore, DBC has the potential to be recycled and upcycled.
The waste management of wood that transforms it into a sustainable material as a biochar with
a pyrolysis process accords well with the circular economy model. This research effort aims to
upcycle DBC to convert it into biochar with different pyrolysis temperature ranges set at 400 °C (DBC-
400), 450 °C (DBC-450), and 500 °C (DBC-500), with a holding time of 60 min. The morphology and
essential physicochemical properties of the biochar were analyzed. The research found that all biochar
had physicochemical properties and structures appropriate to the agricultural and environmental
purposes. Based on the molar ratio of the O/C and H/C, it was indicated that all DBC biochar could
persist in the soil for 100 to 1000 years. The DBC-500 had the least hydrophilic surface of biochar,
while the DBC-400 had a lower degree of carbonization and aromaticity of biochar. The research
concluded that biochar produced at 450 °C had the best properties for supplementary soil and soil
treatment, given the cation exchange capacity, specific surface area, average pore diameter, and
nutrient content. For future research on the practical application of DBC biochar for agronomical
purposes, the results of the properties of DBC biochar with appropriate pyrolysis temperature will
lead to the development of a biochar furnace with appropriate technology that is suitable for the local
area to be able to produce large amounts of biochar that is effectively DBC. In addition, determining
the absorption and release rate of the macronutrients of biochar can predict the frequency of biochar
applied in agricultural areas.

Keywords: disposable bamboo chopsticks (DBCs); urban waste upcycling; wooden biochar;
soil supplementary; circular economy

1. Introduction

The increase in urban waste is a global crisis caused by enormous resource consump-
tion. Developing countries seem to face severe waste management problems; colossal
amounts of waste end up in landfills, which have poorly operated sites and limited capac-
ity, affecting the ecosystem and the quality of life of humans [1,2]. Upcycling and recycling
waste are crucial to effective waste management and achieving sustainable consumption
and a circular economy, especially in high-consumption situations in urban areas. However,
the recycling rate in developing countries is relatively low [3,4]. At the same time, there
is also urban waste that has the potential to be imported into the recycling process, such
as disposable wooden chopsticks, which are rarely recycled, and for which there are not
many options for recycling.

An essential component of Asian cuisine culture is the use of chopsticks, which have
been used for thousands of years. Later, disposable wooden chopsticks, mostly made
from bamboo, became widely used in many countries in Asia and have continuously
expanded and are commonly used throughout the world. China is the largest producer
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of disposable bamboo chopsticks (DBCs) worldwide, with approximately 80 million pairs
per year [5], which are used in China and exported worldwide. There are no records of
DBCs production and consumption data in Thailand, but they can be seen daily in street
food, trunks, canteens, food deliveries, and restaurants. DBCs as single-use utensils are
convenient, cheap, and hygienic; therefore, they are suitable for an urban lifestyle but have
a high cost to the environment. The service life of one pair of chopsticks is just one meal,
and most end up in a landfill. For this reason, managing DBCs is challenging, especially in
Asian countries.

There is an ongoing attempt to study and transform the DBCs wastes using various
technologies, such as torrefaction for cofiring with coal [6] and hydrothermal treatment for
producing uniform carbon fibers for anodes in Li-ion batteries [7]. The mentioned processes
require the use of high technology and complex processes. They are not convenient to
use in production at the household or community level. Pyrolysis, a thermal-chemical
decomposition process, is an attractive process, corresponding to the circular economy,
which converts biomass waste into valuable material [8-10]. It has received increasing
attention because it is inexpensive, readily available, and not complicated [9,11]. The
products of the pyrolysis process are oil, biochar, and syngas, and the proportion of
products depends on the pyrolysis condition, such as temperature, heating rate, and
residence time [10,12,13]. Fast pyrolysis is the most efficient method of producing biofuels.
Li et al. [14] and Huang et al. [15] showed excellent performance from the fast pyrolysis
of algae to produce biofuel. The scientific literature reveals that slow pyrolysis is the
most effective and appropriate for biochar production [16-18], with its yield and simple
and robust process, which can apply to small-scale and agricultural production [19,20].
Therefore, the determination of the pyrolysis condition depends on the product required
from the process.

One promising and exciting method of upcycling disposable wood waste, from
both the perspectives of environmental protection and practical applications, is to con-
vert them to biochar. Biochar is solid carbon-based material produced from biomass
through a thermal decomposition process under oxygen-limited conditions [8,9]. Biochar
can be produced using various types of feedstocks, including agricultural waste and
residues [13,18,21], wood chips and barks [17,19,22], plants [14,23-25], animal manure [26,27],
urban wastes (i.e., food wastes, green waste) [16,18], and biosolids (i.e., wastewater
sludge) [28]. In addition, biochar production can be a waste-to-resource process, mak-
ing biochar an environmentally friendly material with various uses. It can be carried out
on a small scale in a household and on a large scale, such as in the biochar industry [20,29].

Biochar has various applications for agricultural and environmental purposes [10,30-32].
Furthermore, satisfactory results have been reported for soil and land resources, plant yields,
and plant biomass in the area where biochar is applied [9,11,17,31]. It has been proposed as
a peat substitute [33], but, unlike peat, it does not take long to produce. Biochar exhibits a
high surface area, a high content of the surface functional group, and pH, which are essential
properties for improving the quality of soil resources and soil productivity [31,34,35]. The
various types of biochar porosity provide habitats for symbiotic soil microorganisms and a
suitable condition for their activities in the soil ecosystem [26,27]. Furthermore, the high
porosity of biochar increases water-holding capacity and reduces soil compactness [36,37].
The high content of carbon stability allows biochar to persist in the soil ecosystem over a
long period [8,9,20]. Although biochar has been used for many years, biochar research is
still essential and ongoing because biochar is a highly diverse material. The properties of
biochar change according to the condition of the production process and feedstocks. The
efficiency of biochar for each purpose depends on many factors, especially the properties
of biochar and the condition of the biochar application.

The most crucial point in the effective function and application of biochar is its unique
structural and physicochemical properties [31,36,38,39], which depend on the pyrolysis
process [40-42]. Its chemical structure is characterized by a high degree of aromaticity and
high porosity [43—45]. It has been widely observed that the final structural and physico-
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chemical properties of biochar generally vary by the pyrolysis temperature and feedstock
types [24,34,46,47]. However, previous work in the literature have stated that the properties
of biochar are very diverse and challenging to predict when the feedstock is wood [37,48].
Meanwhile, wood contains varying amounts of lignocellulosic constituents, organic extrac-
tives, and inorganic compounds, which are potential sources for biochar production [49-51].
The transformation of wood waste into biochar has excellent potential as large-scale carbon
sequestration to combat climate change because biochar represents a carbon pool with
greater longevity than its source wood, and the benefits of carbon sequestration of biochar
are tangible [52,53]. Therefore, selecting the appropriate conditions to produce biochar with
the desired properties necessitates understanding the dependent and causative factors, both
quantitatively and qualitatively [54,55]. Moreover, it is crucial to characterize the structural
and physicochemical properties of biochar before its use. This research is intended to
facilitate the upcycling of DBCs to convert them into biochar in the varying temperature
ranges of the pyrolysis process. This research focused on investigating the fundamental
characteristics of the resulting biochar from DBCs, characteristics which affect its usefulness
as a soil amendment and the possibility of upcycling DBCs to produce biochar.

2. Materials and Methods

2.1. Analysis of the Elements and Physicochemical Properties of Disposable Bamboo Chopsticks
Disposable chopsticks are mainly made from bamboo, with specific properties such as

hardness and imperviousness to water. The DBCs waste was cleaned and naturally dried

in sunlight for one day before its essential physicochemical properties and morphology

characterization were analyzed (Figure 1).
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Figure 1. Feedstock and biochar production.

The lignocellulose in biomass feedstock like bamboo is of significant value in biochar
conversion [28,32,56]. The lignocellulosic composition, including cellulose, hemicellulose,
and lignin, was analyzed according to the Association of Official and Analytical Chemists
International (AOAC) standard based on the AOAC 2016 method [57]. Dry matter and
moisture content were determined using an oven drying method that dries at 135 °C for
two hours based on the AOAC 930.15 method [58] and the analysis of the ash content
according to AOAC 942.05 [57].

Morphology characterization was performed using a Scanning Electron Microscope
(SEM) on the SEM machine of model JEOL JSM-6610LV, Oxford X-Max 50, to determine
the porosity morphology and characteristics [59]. In addition, energy dispersive X-ray
spectroscopy (EDS) is used to analyze qualitative and quantitative elements in feedstock
and biochar [37]. The Brunauer-Emmett-Teller (BET) method was used to analyze the
specific surface area (SSA). The Barrett-Joyner-Halenda (BJH) method was used for the



Energies 2023, 16, 771

40f16

analysis of the total pore volume (TPV) and the average pore diameter (APD) [59]. An
Autosorb-1 surface area and pore size analyzer were used to measure SSA, TPV, and APD.

The elemental composition of carbon (C), hydrogen (H), and nitrogen (IN) was analyzed
using the Elemental Analyzer (CHN; LECO, Truspec CHN analyzer, Condition: 950, 850 °C,
O, (HP), He (UHP)) [60]. The pH was measured in deionized water and 1 m KCL solution
in a 1:10 (w/v) ratio [61]. The cation exchange capacity (CEC) was determined at pH 7 using
ammonium acetate extraction [62]. The Kjeldahl method and the distillation apparatus
were used to analyze total nitrogen (N) [63]. Total phosphorus (P,O5) was analyzed using
the Spectrophotometric molybdovanadophoshate method [63], and the total potassium
(K,0) was analyzed using the flame photometric method [63].

2.2. Biochar Production and Its Properties Analysis

According to previous research reports [35], slow pyrolysis can have a higher yield
of wood biochar than does intermediate or fast pyrolysis. Cellulose, hemicellulose, and
lignin in biomass decompose at temperatures ranging from 200-500 °C [37,64,65]. As the
temperature reaches 400 °C, the transformation of biomass to biochar will be practically
complete. However, at temperatures of up to 500 °C, it will be possible to remove the
tar from biochar, and the carbonization stage will be complete [66,67]. Previous research
indicated that pyrolysis at a temperature of ~500 °C could produce more than 30% of
the biochar yield [68,69]. Therefore, DBCs were transformed into biochar using Carbolite
Furnace (model; ELF 11/14, CARBOLITE Parsons Lane, Hope Valley England) in different
temperature ranges set at 400 °C (DBC-400), 450 °C (DBC-450) and 500 °C (DBC-500), a
constant heating rate of 20 °C/min with a residence time of 60 min. The 30 pairs of DBC
feedstock were pyrolyzed at each specified pyrolysis temperature. Biochar samples were
kept in a desiccator prior to laboratory analysis of their structure and essential properties
for soil amendment (Figure 1).

The analysis method for analyzing the physicochemical properties and morphology
of DBC biochar follows the standard product definitions and product testing guidelines
for biochar used in the soil [70]. The physical and chemical properties and nutrients were
analyzed using the same analysis methods as feedstock analysis. Physical and chemical
properties, such as SSA, TPV, pH, CEC, and the elements of C, H, and N, were analyzed.
The oxygen (O) content was calculated from the difference between the percentages of
biomass composition and other components: %C, %H, %N, and ash content when sulfur
content is very low [50,71]. Proximate analysis is used to analyze %volatile matter (VM) [72],
%ash [73], and %fixed carbon [74] in DBC biochar.

The nutrients in biochar were analyzed, including total N, total P, and total K. The
molar ratios of elements that explain the efficiency of biomass to biochar by the pyrolysis
process, the stability of biochar, and the period of biochar persistence in the soil were
calculated as H/C and O/C ratios [19,75,76], and the C/N ratio was calculated [77,78]. The
biochar yield was also calculated for the mass of the feedstock.

2.3. Statistical Analyzes

All statistical analyses were performed with the Social Science Statistical Package
(SPSS) software v.28.0.0.0. Data on the physicochemical properties of feedstock and biochar,
expressed as mean =+ standard deviation (SD), were derived from four replicates. One-
way ANOVA: Post hoc multiple comparisons of the Tukey-B test were used to analyze
the variant of biochar produced from different pyrolysis temperatures. The analysis of
differences in the statistical significance of each data set was at a confidence level of 95%.

3. Results and Discussion
3.1. The Characteristics of Disposable Bamboo Chopsticks
Most generally, DBCs have a variety of sizes; the length is between 18-24 cm, with

a diameter range of 4.20-5.00 mm. Most chopsticks popular in restaurants, street food,
and canteens are 22 cm or 24 cm in length with an average diameter of 5 mm, weighing
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approximately 5.60 g/pair. The result showed that the DBCs had 92.08% dry matter, a
moisture content of 7.92%, and 0.80% ash content. Analytical results of the lignocellulose
content in DBC found that DBCs contain cellulose at 44.12%, hemicellulose at 25.65%, and
lignin at 19.20%. The content of lignocellulose in DBC differs from the analysis result of
the bamboo by Herndndez-Mena et al. [35], who reported that bamboo contains 47.50%
cellulose, 15.35% hemicellulose and 26.25% lignin.

The results of the physical characteristics revealed that the DBCs had an SSA of
0.2774 m?/g and a TPV of 0.00091 cc/g. The pore size was characterized as a mesoporous
type (6.583 nm). The SEM and EDS images of the feedstock are shown in Figure 2. The
highest element in DBC was the C element with 54.86% weight (wt) and 62.26% atomic,
followed by the contents of O (43.73% wt and 37.25% atomic) and K (1.41% wt and 0.49%
atomic), respectively.

Spectrum 1

Full Scale 1758 cts Cursor: 0.000 keV|

Electron Image 1

Figure 2. SEM and EDS images of the pore structure of disposable bamboo chopsticks.

The elemental analysis of DBC feedstock before transformation into biochar revealed
that DBC contained 45.37% C, 6.18% H, 0.34% N, and 48.11% O. The molar ratio of H/C
was 1.63, O/C of 0.80, and C/N of 154.52. The analysis showed that DBC had a pH of 3.96,
EC of 1470 puS/cm, and CEC of 26.38 cmol/kg. The nutrient content of DBCs is: total N
content 0.40% wt, total P,O5 192.63 mg/kg, and total K,O 1646.67 mg/kg.

The properties of DBC are different from the bamboo reported in the literature [35],
particularly for C, moisture, and ash. The DBC had a higher C content (45.37%) than bamboo
(39%), while having a lower moisture (7.92%) and ash (0.80%) content than bamboo, which
had 9.37% moisture and 2.57% ash content.

3.2. Product Yields and Physicochemical Properties of Disposable Bamboo Chopsticks Biochar

The volatile matter, the ash content, the fixed carbon, and the yields of DBC biochar
produced from different temperatures are shown in Table 1. Increasing the pyrolysis
temperature decreased the volatile content and yields, while an opposite trend was found
for the fixed C and ash contents.

The proximate analysis showed that DBC biochar had volatile matter ranging from
35.99% to 41.87%, and DBC-400 had the highest statistically significant value. Volatile matter
mainly contains CO, CO,, Hy, CHy, Nj, and gaseous carbohydrates; the volatile content
is related to hemicellulose and cellulose and the pyrolysis temperature [23]. Increasing
temperatures resulted in the further crack of the volatile fractions into low-molecular-
weight liquids and gases instead of biochar [18,64]. Ghodake et al. [8] reported several
studies where different feedstock types were pyrolyzed at 500 °C, and the VM of different
types of biochar varied from 9.94 to 67.90. The ash content of biochar obtained from
pyrolysis at different temperatures had similar values at 3.38-3.80%, and all DBC biochar
had no statistically significant differences. The biochar yield decreased from 24.08% to
15.82% when the temperature increased from 400 °C to 500 °C. The results indicated
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that the pyrolysis temperatures significantly influenced it. This was likely due to the
fact that most of the lignocellulosic material was decomposed in this temperature range.
Studies in the literature have shown that during the pyrolysis process, the primary cracks
and secondary decomposition occur at 400-500 °C along with the formation of oxygen
functional groups [12,46,67], and the formation of the biochar structure occurs during these
temperature ranges with the main precursor, lignin [29,65,67]. The lignin content was
reported to be approximately 25% in hardwood and 33% in softwood [56]. The literature
reports that bamboo has a lignin content of approximately 21.95-26.76% [12], depending
on the age and part of the tree [47]. Chen et al. [28], Qian et al. [32], and Tomczyk et al. [64]
reported that biomass feedstock with a high lignin content would likely provide more
biochar yield. On the contrary, Adekunle et al. [48] reported results that are not consistent
with the above trends.

Table 1. Volatile matter, ash, fixed C, yields, pH, and CEC of DBC biochar obtained from different

temperatures.

Parameters DBC-400 DBC-450 DBC-500
Volatile matter (%) 41.87 +0.047 2 36.25 +0.391P 35.99 + 0.613 P
Proximate analvsis Ash content (%) 3.38+0.216° 3.54 + 0.567 # 3.80 +£0.013 2
¥ Fixed C (%) 47.99 +0.268 51.48 +0.350 2 5273 £0.7522
Yields (%) 24.08 £1.219° 16.54 +0.301 ° 15.82 £ 0.673 ¢
Physicochemical pH 450 £00.44° 4.60 £0.163 7 5.02 £0.499 2
properties CEC (cmol/kg) 53.08 + 1.055 P 58.93 £0.370 2 49.26 £0.353 ¢

Remark: Data are shown as mean + SD with harmonic mean sample size = 4. Different superscript letters
(3,2, and ©) represent statistically significant differences between experimental treatments at p < 0.05.

Increasing the temperature from 400 °C to 500 °C accelerated the degree of carboniza-
tion of the DBC biochar; therefore, DBC-500 showed the highest fixed C (52.73%), and the
lowest was found in DBC-400 (47.99%). The fixed C content corresponded to the ash content.
There were no statistically significant differences in the fixed C content between DBC-450
and DBC-500, but the fixed C content in both biochar showed significant differences from
DBC-400. At different pyrolysis temperatures, a general exponential decrease in the yield
of DBC biochar and exponential increases in the fixed C content can be observed, which
is consistent with the work reported in the literature [10,36,54,71]. The ash content of the
DBC biochar produced at 500 °C was lower than the bamboo biochar, which contains 3.9%,
according to Hernandez-Mena et al. [35]. The increase in the pyrolysis temperature (400 °C
to 500 °C) also reveals the ash content and pH of the DBC biochar. The ash content and pH
are a result of the destructive volatilization of lignocellulosic matter in the biochar feed-
stock [16,51,66] and a concomitant decrease in the acidic functional groups [10,18]. Then
the solid phase hydroxides and carbonate phases increase in the ash, thereby increasing the
pH value simultaneously [20,37].

Generally, biochar is usually alkaline [8,21,62,77]; however, the DBC feedstock was
extremely acidic (pH 3.96), so after undergoing the pyrolysis process, the DBC biochar
decreased its acidity, with a pH range of 4.50-5.02, but was still acidic. No statistically
significant differences existed between the DBC produced at the different temperatures.
However, the DBC biochar produced at 450 °C showed a very strong acidity (4.6); different
from the bamboo biochar of strong acidity (5.2) reported by Suthar et al. [11], and signifi-
cantly different from the moderate alkalinity (8.2) reported by Cruz-Méndez et al. [34]. On
the contrary, the pyrolysis temperature significantly affects the decrease in the CEC of DBC
biochar and the CEC (53.88% to 49.26 cmol/kg) when the pyrolysis temperature increases
from 400 °C to 500 °C. The result is consistent with numerous studies [42,47,62]. The
decrease in CEC results from the removal of surface functional groups and the oxidation of
aromatic C, which occurs mainly in the temperature range of 300 °C to 400 °C [41,42,68],
a determination which was supported by the lower O/C ratio. At a temperature range
of 350-650 °C, the chemical bonds in the biomass feedstock are broken and rearranged,



Energies 2023, 16, 771

7 of 16

forming new functional groups, especially carboxyl and phenol [31]. Banik et al. [43] indi-
cated that the negative surface charge could only come from the carboxylate and phenolate
groups. At the pyrolysis temperature at 400 °C, the CEC of DBC biochar (58.93 cmol/kg) is
different from bamboo biochar (41.40 mmol/100 g) reported by Suthar et al. [11].

3.3. The Elemental Characteristics of Disposable Bamboo Chopsticks Biochar

The results of the ultimate analysis are presented in Table 2 and show that C content in
biochar was the highest value in DBC-500 with 63.47%, which was statistically significantly
higher than DBC-400 (60.10%) and DBC-450 (60.68%). The H content was highest in DBC-
400 with values of 3.22%, and the lowest was found in DBC-500 with 2.83%. There were no
statistically significant differences between DBC-450 and DBC-500 in H and N contents.
The highest N content was found in DBC-500, and the lowest value was found in DBC-400.
The O content of all biochar ranged from 29.11% to 32.73%, and there was no statistically
significant difference between DBC-400 (32.73%) and DBC-450 (32.30%).

Table 2. Elemental composition and nutrient content of DBC biochar obtained at various
pyrolysis temperatures.

Parameters DBC-400 DBC-450 DBC-500
%C 60.10 4 1.200 P 60.68 = 1.035 P 63.47 £1.2842
Elemental analysis %H 322 + 0.0352 2.96 + 0.068 2.83 4+ 0.038 P
%N 0.57 + 0.026 0.64 +0.0322 0.65 + 0.030 2
%0 32.73 £ 1.009 2 32.30 £ 1.649 2 29.11 £ 2.377b
, H/C ratio 0.64 +0.0192 0.56 = 0.007 P 0.54 4+ 0.009 b
Molar ratio 0/C ratio 0.41 4+ 0.0212 0.40 4 0.027 2b 0.35 £ 0.040 b
C/N ratio 122.99 + 1.2222 109.63 + 1.470 © 11357 £ 1.172b
Total N (%) 0.53 & 0.042 2 0.55 & 0.070 2 0.47 4+ 0.021 2
Nutrient contents Total P,Os (g/kg) 3.33+0.0212 2.77 +0.026 ° 2.62 +0.025€¢
Total KO (g/kg) 494 +0.012°¢ 8.26 + 0.084 2 7.89 +0.030 P

Remark: Data are shown as mean + SD with harmonic mean sample size = 4. Different superscript lowercase
letters (%, °, and ©) represent statistically significant differences between the experimental treatment at p < 0.05.

The results indicated that increasing the pyrolysis temperatures increased the C con-
tent of the DBC biochar, whereas the H and O content decreased. This result is consistent
with previous results [25,50,55,71]. The increase in C content was due to high carbonization
at high temperatures of high C content in the aromatic structures through volatilization
loss of other elements, particularly H and O [36,38,41]. On the other hand, the H and O
content decreased due to dehydration reactions and the removal of hydrocarbons, tarry
vapors, CO,, and organic surface functional groups during the carbonization process [51].
As pyrolysis increases, O is released at a higher rate than H. As a result, the final biochar
product is characterized by a reduced H/C ratio and contains lower O content. All DBC
biochar had a C/N ratio of 110-123, which was lower than that of bamboo biochar (C/N ra-
tio of 191 reported by Cruz-Méndez et al. [34] where bamboo was pyrolyzed at 450-550 °C).
The C/N ratio of biochar depended on the type of feedstock. The C/N ratio of grape
wood biochar was 96.50, and the poultry litter biochar had a C/N ratio of 24.5 when both
feedstocks were pyrolyzed at 700 °C [77].

The atomic molar ratios obtained from the ultimate analysis, as presented in Table 2,
are commonly used to determine the degree of aromaticity by H/C ratio and the polarity
by O/C ratio and have been used for biochar characterization, which varies with the type
of biomasses and the pyrolysis temperature [27,49,75]. An increase in the pyrolysis tem-
perature decreases the H/C and O/C ratios, indicating that the structural transformations
induce a carbonization process. The results indicated that the H/C and O/C ratios of the
DBC biochar decreased with increasing pyrolysis temperature from 400 °C to 500 °C. These
results align with those obtained by Li et al. [25] and Ahmad et al. [41]. However, IBI [70]
stated that biochar with a H/C ratio lower than 0.7 has more incredible fused aromatic
ring structures.
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The relationship between C, H, O, and pyrolysis temperature, as shown in the Van-
Krevelen diagram (Figure 3), may be helpful in discerning biochar longevity in soil sys-
tems [55,73]. As the H/C ratio decreases, the aromaticity of biochar increases [9,43,71], and
as the O/C ratio increases, the polarity increases [18,67]. The study results indicated that
DBC-400 showed a lower degree of carbonization. At the same time, DBC-500 presented
the least hydrophilic surface of biochar with the lowest O/C ratio (0.35), and the highest
degree of aromaticity.

0.7
® DBC-400 = [
06 e DBC-450 g "%
0.5 DBC-500 E T
S 2
T 0.4 «
5] en
‘3 =
s 0.3 ]
0.2 =
= v
————
0.1
Decreasing polarity
0
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45

Atomic O/C

Figure 3. Van-Krevelen diagram of DBC biochar obtained from different pyrolysis temperature.

The result found that the pyrolysis process alters the nutrient content in biochar.
Thermal degradation affects total P,Os and the total K,O but has no significant effect upon
total N content. The total N content decreased from 0.53% to 0.47% with increased pyrolysis
temperature from 400 °C to 500 °C, suggesting an ignition loss of N during pyrolysis. The
maximum content of total K,O (8.26 g/kg) was observed in DBC-450, while the minimum
(4.94 g/kg) was found in DBC-400. Increasing the temperature from 400 °C to 500 °C
decreased total P,O5 content from 3.33 g/kg to 2.62 g/kg. The nutrient content tends
to decrease when the temperature increases due to the loss of volatile compounds (C, H,
and O) in the feedstock and the relatively small loss of alkali nutrients in the gaseous
phase [11,22,78]. However, K and P vaporize at higher temperatures; therefore, the DBC
biochar had a higher total P,O5 and a higher total K,O than the DBC feedstock, and
DBC-500 had a lower nutrient content than DBC-450.

3.4. Morphology Characteristics and Physical Properties of DBC Biochar

Biochar made from DBC feedstock developed high porosity, and different temperature
ranges from 400-500 °C affected the formation of the pores. The BET surface area of DBC
biochar obtained from different temperature production processes also varied considerably
from 356.521 m? /g to 465.313 m?/g, and the average pore volume ranged from 0.535 cc/g
to 1.087 cc/g. Biochar was produced at different temperatures, with an average pore
diameter ranging from 9.833 A to 10.968 A. Table 3 summarizes the analysis of the physical
characteristic and morphology of DBC biochar made at different pyrolysis temperatures.

Table 3. Electron Microscopy Analysis of DBC biochar.

Specific Surface Area

Sample (m?/g) Average Pore Volume (cc/g) Average Pore Diameter (A)
DBC-400 356.521 £+ 1.335 0.535 £ 0.045 10.944 + 0.018
DBC-450 434.366 £ 0.946 0.659 £ 0.021 9.833 4+ 0.105
DBC-500 465.313 + 0.370 1.087 £ 0.012 10.968 + 0.011

The pore size of all DBC biochar is classified as micropore type, as in the reported
literature on biochar produced from wood at the same temperatures (400-500 °C), such
as cotton stalk [23], cotton seed [27], and bamboo [35]. However, some previous studies
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found that wooden biochar had a mesoporous type, such as Samanea saman (Jacq.) Merr.
And Streblus ilicifolius (Vidal) Corner. [19]. The pores of biochar originate from the vascular
bundles of feedstocks [7]. Shaaban et al. [37] showed that rubber wood sawdust biochar
produced at 500 °C with 60 min of holding time had a small surface area of 2.2 m?/g, a large
APV of 11 nm and a TPV of 6.1 x 1072 cm?®/g. Increasing the temperature from 400 °C
to 500 °C resulted in sudden jumps in the surface area of DBC biochar of 356.521 m?/g
to 465.313 m? /g and the pore volume of 0.535 cc/g to 1.087 cc/g. This trend of results is
similar to the literature reports of Domingues et al. [17], Bonelli et al. [21], Cheng et al. [23],
and Ferreira et al. [24].

Biochar is made from different feedstocks with different sizes of surface area. Song and
Guo [62] reported that poultry litter biochar produced at different pyrolysis temperatures
of 300 °C to 600 °C had surface areas of 2.0 m? /g to 3.2 m? /g, while Tag et al. [16] reported
that orange pomace biochar and vine pruning obtained from the same pyrolysis condition
had surface areas of 1.2 m?/g and 8.1 m? /g, respectively. The results of Shaaban et al. [37]
stated that the rubber wood sawdust biochar obtained by pyrolysis at 300 °C to 700 °C
had a surface area of 1.399 m?/g to 5.493 m?/g. The surface area of the mentioned biochar
is smaller than the surface area of DBC biochar, which is the result of feedstock types.
Wood-based biochar had a larger surface area than biochar produced from non-wooden
feedstock, such as punning, poultry, sludge, agricultural waste [65]. However, the results
by Jindo et al. [65] showed that biochar produced from different types of wood feedstocks at
the same pyrolysis temperature provides a different surface area size. The high temperature
in the pyrolysis process resulted in ruptures on the surface of biomass and influenced the
formation and volatilization of intermediate melts [11,37,68].

In terms of SSA and APV of hardwood biochar, this reduces the relatively large
wood-based cellular structures into smaller pores, which increases the SSA and APV [44].
Furthermore, SSA and APV will be created during the release of volatile or water volatiliza-
tion processes associated with pyrolysis and loss of micro-molecule organic components,
both of which can result in the formation of voids within the biochar matrix during their
processes [20,54,65]. As a result, the DBC feedstock pyrolysis at 500 °C (DBC-500) resulted
in the lowest volatile matter and the highest pore volume. The analysis of the pore structure
of DBC biochar obtained from the different pyrolysis temperatures is shown in Figure 4.

SEM analysis of the three DBC biochar products revealed that the pyrolysis tempera-
ture influenced the morphology of the biochar under an identical residence pyrolysis time
and the same biomass. The significant elements found in all DBC biochar were C, O, and
K, except for Mg, which was presented in DBC-400 with 0.49% wt and 0.26% atomic. The
C element was the highest in DBC-500 with 81.60% wt and 85.91% atomic, followed by
DBC-450 with 78.57% wt and 84.15% atomic, and DBC-400 with 78.44% wt and 84.39%
atomic, respectively. The % weight and % atomic element of K found in DBC biochar were
opposite to the % weight of the C element. The DBC-400 had the highest % wt and %
atomic element of 3.51% and 1.16%, respectively, followed by DBC-450 (2.92% wt and 0.96%
atomic) and DBC-500 (0.96% wt and 3.10% atomic), respectively. The highest % wt and
% atomic of the O element (18.51% and 14.89%) were found in the DBC-450, followed by
the DBC-400 (17.57% wt and 14.19% atomic) and DBC-500 (17.44% wt and 13.78% atomic),
respectively.

3.5. The Potential and Suitability of Biochar Produced from DBC for Application in Agricultural
and Environmental Purposes

DBC is made from bamboo as lignocellulosic biomass, which can produce biochar
with a high C content of almost 50%, a low moisture content (7.92%), and a low ash content
(0.80%). The elemental content of DBC, including C, P, and K, was considered essential as
a biochar feedstock applied for soil amendment. The results showed that upcycling the
DBC wastes by pyrolysis process at a temperature of 400 °C, 450 °C, and 500 °C provided
the product classified as biochar according to IBI and EBC standard with C content, H/C,
and O/C ratios. IBI proposed that material classified as biochar should have a C content
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of more than 10% and a H/C of less than 0.7 [70]. At the same time, the EBC stated that
material sufficient to classify as biochar must have a C content greater than 50%, a H/C
ratio not exceeding 0.7, and O/C should be lower than 0.4 [60]. Furthermore, the quality
of all DBC biochar is classified in class 1, according to the IBI, with more than 60% of C
content [70].

Spectrum 1
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Figure 4. The pore structure of DBC biochar produced from various pyrolysis temperatures analyzed
by SEM and EDS image. (a) DBC-400, (b) DBC-450, and (c) DBC-500.

Biochar is a versatile material for various applications, and each application demands
specific qualities. Biochar has been used for various agricultural and environmental pur-
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poses, such as an application for soil amendment, an adsorbent in soil and water treatment,
and as carbon sequestration to mitigate climate change [13,30,32,53,54]. However, to effec-
tively use biochar for various purposes, it is necessary to select it with suitable properties
for the application. The results indicated that the biochar derived from DBC had various
properties depending on the pyrolysis temperature, which makes the overall DBC biochar
properties suitable for soil amendment, adsorbent, and carbon sequestration.

When biochar is an absorbent, the properties most needed are high porosity, a large spe-
cific surface area, and large surface functional groups for the adsorption mechanism [26,44,50]
based on electrostatic interaction, ion exchange, pore filling, and precipitation [26,40]. The
porosity of all DBC biochar is classified as microporous, which are the main contributors to
the biochar surface area of biochar and are also responsible for efficient adsorbents sup-
ported by previous studies [10,27,30,43]. Moreover, previous research works of the literature
indicated that wooden biochar provided the greatest SSA and could promote more remark-
able changes in soil physical characteristics over other feedstock-based biochar [20,64].
Moreover, Uchimiya et al. [27] indicated that the properties attributable to functional
groups at the surface of biochar, including VM, O content, and pH, control the capacity of
heavy metal sequestration in the soil.

Suppose that C storage in the soil is a goal. In that case, DBC-500 is the best biochar
suitable for this purpose due to the highest C content and the highest degree of aromaticity
and condensation represented by the H/C ratio. Furthermore, regarding the stability of
biochar in the soil represented by the O/C ratio [76], the result indicated that all DBC
biochar is moderately stable with a half-life between 100 to 1000 years (O/C ratio = 0.2-0.6).
Therefore, the biochar with the most longevity in the soil would be the DBC-500. How-
ever, Schimmelpfennig and Glaser [55] recommended that the biochar suitable for soil
amendment and carbon sequestration should have an O/C ratio < 0.4, H/C ratio < 0.6,
black carbon > 15%, and a surface area > 100 m?/g. Meanwhile, applications of biochar to
mitigate greenhouse gas emissions, such as reducing N»O from the soil, should use biochar
with a low N content and a C/N ratio of more than 30 [78]. In this sense, DBC-450 and
DBC-500 are appropriate for soil amendment and can lead to climate change mitigation
from the agricultural sector.

As a material for soil amendment, the overall properties of all DBC biochar indicated
that DBC biochar obtained from different pyrolysis temperatures could be used as a soil
amendment. Data from a few works in the literature showing the application of biochar as
a soil amendment in various conditions is presented in Table 4.

Table 4. Applying biochar as a soil amendment.

Biochar

Pyrolysis Temperatures

Suitable Pyrolysis Temperature

for Application Objective References

° Bamboo

450-550 °C 450-550 °C Improve soil characteristics [34]

. Water hyacinth
. Chicken manure
Wood

Improve water retention
300 °C and 600 °C 300 °C and 600 °C properties and seed [36]
germination index

. Brazilian

Sorption and leaching of

pepperwood 300 °C, 450 °C, and 600 °C 600 °C nitrate, ammonium, [42]
. Peanut hull and phosphate
° Prunin i i

residue% 300 °C and 500 °C Improve soil properties and [46]

germination test

. Rice straw

400 °C, 500 °C, 600 °C, and 700 °C 500-600 °C Seed germination [68]
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Biochar interacts with the physical, physicochemical, and biological properties of soil.
Reviews and meta-analyses by Joshep et al. [9] indicated that the mechanism of biochar
in the soil occurs from the short term (within three weeks) to the long run (more than six
months). Many previous studies have reported that biochar could adjust soil pH, which
controls nutrient availability for root uptake, and the liable rate of organic C releases to be
utilized by plant and soil microbes [11,26,46,68]. Huang et al. [36], Liang et al. [46], and
Chandra and Bhattacharya [68] reported that biochar enhances germination and seedling
growth range. The pH in the soil solution affects the elaboration of the nutrient release
rate from biochar; therefore, seed germination rates vary in soils with different pH [68]. In
sum, selecting biochar with suitable pH for soil conditions is important to the fundamental
mechanism in the soil that supports the growth of plants.

Most biochar has been reported as alkaline and is used for acid soils [8,11,34]. However,
all DBC biochar was acidic with a pH of 4.50-5.02, which is appropriate for improving
alkaline soil. Cruz-Méndez et al. [34] reported that by applying bamboo biochar (pH 8.2) at
a rate of 20% and 50% to cultivate tomatillos in soil with low buffer capacity (pH 7.6), the
soil pH was 7 and 7.7, respectively, after harvest. However, it is also necessary to study the
behavior of biochar to adjust the pH of soil due to the buffering capacity of the soil [68]. The
mechanism of CEC is related to pH-dependent, variable charge properties, as well as the
presence of soluble salt. Therefore, increasing CEC in the soil from amended biochar takes
time because additional functional groups form on the biochar surface, increasing its ability
to absorb and retain cations and anions [20,23,37,41]. The CEC is an important property
that affects the better retention of nutrients in the soil and reduced fertilizer leaching [17,42].

Soil density influences the water retention of the soil and is an obstacle to the growth of
plants. Biochar is a porous material with a low bulk density in relation to the soil [9,20,37];
therefore, adding biochar to the soil can improve water retention and water holding ca-
pacity of different soil types [36,69]. Given the porosity and large surface area of all DBC
biochar, it has a positive effect on soil aeration and water retention in the soil. Biochar
with micropores types and a large pore volume presents better water retention and water
holding capacity [9,20,50,69]. Accordingly, DBC-500, with the highest porosity, is likely
to increase soil aeration more than DBC-400 and DBC-450. However, the crucial funda-
mental properties are the capacity of biochar to adsorb cation nutrients in the soil with
pH and CEC [9,16,17,68] and the nutrient of biochar. Therefore, DBC-450 seems to be the
best biochar choice for soil supplementation. The previous literature indicates that the
efficiency of biochar application as a soil amendment depends on the selection of appropri-
ate biochar given the soil conditions, the particle size of biochar, and the rate of biochar
applied [11,36,42,46,58]. Nonetheless, previous research has suggested that selection of
biochar for agronomical purposes must be made case-by-case based on the biochar’s
characteristics, the soil’s properties, and the goal function [27].

This research has pointed out that DBC waste could be repurposed for biochar, which is
beneficial for agricultural applications and leads to sustainable consumption. Furthermore,
the appropriate temperature for the production of biochar for soil amendment was chosen
to develop a practical biochar furnace for wide use at the community and local levels.

4. Conclusions

The study indicated that DBCs are urban wastes that have the potential to be used
as feedstock to produce biochar. The DBC feedstocks were produced at different pyrol-
ysis temperatures, specifically, 400 °C, 450 °C, and 500 °C, with the same holding time
of 60 min. The morphology and physicochemical properties of DBC biochar changed
with the pyrolysis temperature. The influence of variable pyrolysis temperature (400 °C,
450 °C, 500 °C) was found in the physicochemical properties of the biochar, which could be
summarized as a decrease in volatile materials, H, O, and nutrient contents and an increase
in ash content, pH and C contents as affected by the pyrolysis temperature.

The DBC biochar obtained from different pyrolysis temperatures provides appropriate
properties, including morphology and physicochemical properties, for agriculture. The
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DBC biochar was acidic, had high stability, and could remain in the soil for a long time.
The study concluded that DBC biochar produced at 450 °C is the most suitable to apply as
a soil amendment substance based on CEC, SSA, APD, and nutrient content.

Funding: This research was funded by the Thailand Science Research and Innovation Fund (fun-
damental fund), a basic research plan to drive the BCG economy under the project Urban Organic
Waste Upcycling for Agricultural and Environmental, Chulalongkorn University (CUFRB65_BCG
(36) 214_54_01).
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