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Abstract
Rapid expansion of cultivated bamboo negatively impacts on biodiversity and soil microbial community. As such, it is 
important to properly manage and use bamboo to prevent and control such issues. This study focuses on optimizing pyrolysis 
conditions to produce bamboo biochar for agricultural soil amendment, particularly soil potassium (K) and water holding 
capacity. Bamboo chips were pyrolyzed under nitrogen gas at 400, 600, and 800 °C for 1 and 2 h of retention. A total of 
six biochar products were created: 400-1 (i.e., 400 °C in 1 h), 400-2, 600-1, 600-2, 800-1, and 800-2. The 600 °C bamboo 
biochar products were observed to have the greatest potential in increasing soil K and water holding capacity. The 600-1 
product had the highest potassium content (4.87%), with a water holding capacity of 3.73 g g−1, while the 600-2 product 
had the second-highest potassium content (4.13%) and the highest water holding capacity (4.21 g g−1) and cation exchange 
capacity. The K release in 600 °C products was larger and slower than that of the 400 °C and 800 °C products, respectively. 
The results also indicated that the physicochemical characteristics of bamboo biochar, such as yield, pH, surface area, water 
holding capacity, and K content, were significantly impacted by temperature, retention time, or a combination of these 
parameters. The outcomes from this study are a valuable reference for bamboo biochar production targeting agricultural soil 
amendment, particularly when it is directed at increasing soil K and water holding capacity.
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1  Introduction

Biochar may be considered a material that contributes to 
improving environmental sustainability by reducing nutrient 
leaching, decreasing greenhouse gas emissions, sequestering 
carbon, increasing soil fertility, and reducing heavy metal 
contamination in water and soil.

The effect of biochar on soil nutrient leaching and green-
house gas emissions has been found to be dependent on its 

characteristics, soil properties, and the local climatic condi-
tions. Clough et al. (2013) verified the diverse relationships 
between the type of biochar, the soil type, and nitrogen (N) 
dynamics (including nutrient leaching and greenhouse gas 
emissions). Ventura et al. (2013) indicated that the addi-
tion of biochar significantly decreased short-term nitrate 
(NO3

−) leaching from the surface layer of a sub-alkaline 
soil under temperate climatic conditions. Kameyama et al. 
(2012) found that although NO3

− was weakly sorbed by the 
biochar surface, sorption increased with pyrolysis tempera-
ture due to the formation of base functional groups. Liu et al. 
(2019) concluded that biochar significantly reduced green-
house gas emissions by 29% and 41% in paddy fields and 
dryland, respectively. The beneficial effect of biochar on soil 
fertility and its stability against degradation appears to be 
heavily dependent on the interactions between biochar, soil, 
and climatic conditions (Mimmo et al. 2014).

Bamboo is a potential feedstock for biochar production 
that is widely cultivated in the Asia–Pacific region, particu-
larly Japan. Globally, the area cultivated with bamboo in 
tropical, subtropical, and temperate regions is approximately 
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36.8 million ha (Lobovikov et al. 2007). Approximately, 10 
million farmers cultivate bamboo, while there are 35 mil-
lion jobs associated with this feedstock globally (Hogarth 
and Belcher 2013). Bamboo is a versatile crop, and all parts 
of the plant can be used in various industries such as in 
cosmetics, pigments, and medicines, or multiple purposes 
such as chopsticks, mats, craft, plywood, and food. However, 
the rapid growth of bamboo forests has been dwarfing other 
plant species; this has led to monoculture forests, contribut-
ing to the loss of biodiversity and soil nutrition, and damag-
ing soil physical structure (Buckingham et al. 2011).

Experimental research has highlighted the potential for 
bamboo biochar to increase soil available potassium (K) 
and K uptake by crops (Wang et al. 2018a, b), total soil 
K (Wang et al. 2018a, b), and plant-available water in the 
soil (Hien et al. 2017). Bamboo biochar application has also 
been found to increase soybean nodules (Wang et al. 2018a, 
b) and the total sugar content of tomato fruits (Suthar et al. 
2018). These bamboo biochars were pyrolyzed at different 
temperatures (450–500 °C) and contained a K content of 
approximately 1.0–2.6%. However, analytical research on 
the optimal pyrolysis conditions for bamboo biochar to 
maximize K content, K release, and water holding capacity 
is currently lacking.

Published studies have observed changes in the physico-
chemical properties of bamboo biochar with variations in 
temperature and have assessed its ability to adsorb heavy 
metals (Ye et al. 2015) or NO3

−–N (Kameyama et al. 2017). 
Kameyama et al. (2017) also reviewed the potential for 
bamboo biochar to enhance the retention of soil water and 
nutrients although they did not provide the detailed data in 
this study.

This study aimed to grasp a detailed understanding of 
four key aspects: (1) the K content, (2) K release, (3) the 
water holding capacity of different bamboo biochars, and (4) 
the impact of temperature and retention time on the phys-
icochemical properties of bamboo biochar. The results from 
this study will provide a necessary knowledge base for future 
research on the utilization of bamboo biochar for agricultural 
soil, in efforts to improve soil K content, soil water holding 
capacity, and crop productivity.

2 � Materials and methods

2.1 � Biochar production

Bamboo chips (B) that were of 20–40 mm in size were 
placed in a commercial tubular electric furnace (Advantec 
KT-1153, Advantec Toyo Kaisha, Ltd.) and heated with N2 
gas flow. The pyrolysis conditions were adjusted to three 
different temperatures (i.e., 400, 600, and 800 °C) and two 
retention times (i.e., 1 and 2 h).

2.2 � Biochar analysis

To analyze the physicochemical characteristics of the bamboo 
biochar, the biochar was ground and sieved to a size of less 
than 2 mm in diameter. The treated biochars were then used 
in a number of analyses.

2.2.1 � Yield, pH, and electrical conductivity

Biochar yield was calculated as the proportion of the biochar 
weight to the original material weight. The pH and electrical 
conductivity (EC) were determined according to the Japanese 
Industrial Standard (JIS) K 1474. Briefly, 1 g of powdered 
biochar was boiled with 100 mL of distilled water for 5 min. 
After cooling to room temperature, another 100 mL of distilled 
water was added, and the mixture was filtered through filter 
paper (110 mm, Advantec Toyo Kaisha, Ltd.). Finally, a pH 
meter (HM-20, Horiba Co., Ltd.) and a conductivity meter 
(ES-14, Horiba Co., Ltd.) were used to measure the pH and 
EC of the filtrate solution.

2.2.2 � Ash and volatile matter content

The ash content (%) was calculated according to JIS M 8812. 
Briefly, 1 g of dry biochar was placed into a commercial tubu-
lar electric furnace (Advantec KT-1153, Advantec Toyo Kai-
sha, Ltd.), and the temperature was adjusted to 500 °C for 
approximately 60 min and then increased to 815 °C for a fur-
ther 3 h. Then, the remaining product was weighed on a scale 
to the nearest 0.1 mg. The ash content was determined as the 
percentage weight of the collected solid to the weight of the 
initial material.

Volatile matter (VM) was measured based on JIS M 8812, 
where the VM was calculated by recording the weight loss 
after heating 1 g of sample at 900 °C for 7 min.

2.2.3 � Cation exchange capacity

First, the exchangeable cation of biochar (1.00 ± 0.05 g) was 
extracted by 1 M (90 mL) ammonium acetate aqueous solu-
tion, followed by 15 h of shaking and filtration. Then, the pellet 
was washed with 80% ethanol three times (30 mL) to remove 
the excess ammonium acetate. Ammonium was extracted with 
a 2 M potassium chloride aqueous solution (90 mL), and the 
ammonium ion content was determined as the cation exchange 
capacity (CEC) through indophenol blue absorptiometry using 
a flow injection analyzer (AQLA-700-NO, Aqua Lab, Japan) 
(Nurudin et al. 2013).
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2.2.4 � Elemental and nutrient components

The carbon (C), hydrogen (H), and N content were measured 
using a CHN corder (MT-5, Yanaco), while the oxygen (O) 
content was calculated as the difference (100%—C, H, N, S, 
ash %) (Mimmo et al. 2014).

The other chemical components of the biochar, includ-
ing phosphorus (P) and K, were measured using an energy-
dispersive X-ray fluorescence spectrometer (EDX-RF; 
Shimadzu EDX-7000). The elemental quantitation was con-
ducted using the fundamental parameter (FP) method (JP 
No. 03921872, DE No. 60042990. 3-08, GB No. 1054254, 
US No. 6314158). This method uses theoretical intensity 
calculations to determine elemental composition from meas-
ured intensities; it is a powerful tool for the quantitative anal-
ysis of unknown samples. A balanced setting was required to 
use the FP method on the principal components of C, H, N, 
and O; the software automatically sets this balance.

2.2.5 � Surface characteristics

The surface morphology of the bamboo biochar was 
observed using scanning electron microscopy (SEM; 
SU3500, Hitachi Co., Ltd.). The specific surface area 
was determined using N2 sorption isotherms run on 
an automated surface area and the application of the 
Brunauer–Emmett–Teller (BET) and t plot analysis soft-
ware available with the BELSORP mini II (Microtrac BEL) 
instrument.

2.2.6 � Water holding capacity

Biochar samples (50 g) were shaken with distilled water for 
2 h such that the pores were fully saturated. They were then 
filtered through a 110 mm filter paper and placed in a funnel 
to drain for 2 h. The water holding capacity was determined 
as the mass of water retained per mass of dry soil or biochar 
(Mimmo et al. 2014).

2.2.7 � Release of potassium

Biochar samples (500 mg) were mixed with 50 mL of deion-
ized (DI) water and transferred into a 100 mL polyethylene 
plastic flask. Samples were agitated for 15 min, followed by 
centrifugation and decantation. This procedure was carried 
out in triplicate, and decanted solutions were analyzed to 
identify the “freely soluble K” fraction. To determine the 
slower release or encapsulated K, the remaining materials 
were re-mixed with 50 mL of DI water, horizontally shaken 
(15 min), and then kept standing in the incubator at 25 °C. 
From these suspensions, the pH and EC of the soluble K 
were also measured. Following the first measurement day, 
subsamples were taken on days 2, 3, 4, 5, 7, and 10, and this 

extraction procedure was repeated in triplicate for each sam-
ple. The supernatants were passed through a 0.45 μm pore-
size cellulose acetate filter, and soluble K was determined 
using a Horiba K meter (Nguyen et al. 2020).

2.3 � Statistical analysis

Data from this experiment were analyzed using Microsoft 
Excel. A two-way analysis of variance (ANOVA) was con-
ducted using IRRISTAT 4.0. Means were tested using the 
multiple comparisons using the least significant difference 
(LSD) method at p < 0.05.

3 � Results

3.1 � Basic characteristics of different types 
of bamboo biochar

Figure 1 presents the yield, VM content, and ash content of 
bamboo biochars produced under different pyrolysis condi-
tions (i.e., varying temperature and retention times). While 
the temperature, retention time, and the various combination 
of these parameters (temperature × retention time) signifi-
cantly affected the yield and VM of biochar, the ash content 
was not significantly affected by retention time.

Multiple comparisons between treatments indicated 
that the biochar yield decreased in descending order of 
400-1 > 400-2 > 600-1 (39.9%, 33.2%, and 23.2%, respec-
tively), becoming almost stable at 600-1, 600-2, 800-1, 
and 800-2 (23.2%, 23.2%, 22.1%, and 21.5%, respectively). 
Additionally, the VM and ash content showed different 
trends with an increase in temperature and retention time; 
the VM was observed to significantly decrease in descend-
ing order of 400-1 > 400-2 > 600-1, while the ash content 
increased in the same order. The ash content was the high-
est for the 600-1 product and was found to be significantly 
higher than those of the 600-2, 800-1, and 800-2 products.

3.2 � Chemical components of bamboo biochar

3.2.1 � Chemical properties

The pH of all bamboo biochars was alkaline, and tempera-
ture and retention time significantly affected the pH and 
EC of the biochar. The pH measurements showed a signifi-
cant increase in ascending order of 400-1 < 800-1 < 800-2, 
while the EC of biochar increased in ascending order of 
400-1 < 400-2 < 600-1. Two possible reasons for such results 
are the reduction of acid functional groups on the surface 
and an increase in the ash content of biochar at higher tem-
peratures (Fig. 2a, b).
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Retention time was the only parameter that had a signifi-
cant impact on the CEC of the biochar. Multiple compari-
sons highlighted significant increase in CEC because of the 
retention time at 600 and 800 °C. These CEC changes were 
a result of the physical and chemical properties of biochar, 
such as the number of acid functional groups and the nega-
tive surface charge area. The 600-2 produced had the highest 
CEC value (Fig. 2c).

3.2.2 � CHO elements

The H and O content were found to decrease with increas-
ing temperature, but they were stable with retention time. 
The H content showed significant reduction with an 
increase in temperature from 400 °C to 800 °C, while the 
O content had significantly reduced in descending order of 
400-1 > 400-2 > 600-1. The reduction of H and O content 
indicated the volatility of H and O compounds within bam-
boo material under different pyrolysis conditions. In con-
trast, the C content had increased with temperature. The C 
in bamboo biochar varied in the range of 74–82%; this shows 

that the application of bamboo biochar to farmlands is able 
to sequester large amounts of carbon (Fig. 3).

Further detail on the H/C and O/C atomic ratios is 
required to understand the aromaticity and polarity of bio-
char (Wang et al. 2015). Figure 4 illustrates a sharp reduc-
tion in the H/C and O/C ratios with an increase in tempera-
ture. The retention time was observed to have a slight effect 
on the H/C and O/C ratios, with the exception of the O/C 
ratios of the 400 °C products. These results indicate that 
bamboo biochars became more aromatic and with reduced 
polarity with an increased in pyrolytic temperatures.

3.2.3 � Macronutrients

Figure 5 shows the chemical elements present in the bamboo 
biochar and their respective quantities, while Fig. 6 presents 
the macronutrient content. The results indicate that the N 
and P content were much lower than the K content.

In bamboo biochar, K accounted for approximately 
78–84% of the total ash content, and the K content varied 
with the pyrolysis conditions. The results indicate that K 
content in bamboo biochar was significantly affected by 

Fig. 1   a Yield; b volatile matter; and c ash content of bamboo bio-
char. Error bars indicate the standard deviations of means (n = 3). Te 
temperature, Ti retention time, Te ˟ Ti the combination of temperature 
and retention time. Asterisks (**) indicates a significant difference at 

p < 0.01, and NS indicates that the difference is not significant. In the 
column, the different lowercase letters indicate the least significant 
difference (LSD) of treatments at LSD 0.05

Fig. 2   a pH; b electrical conductivity; c cation exchange capacity. 
Error bars indicate the standard deviations of means (n = 3). Te tem-
perature, Ti retention time, Te ˟ Ti the combination of temperature 
and retention time. Asterisks (**) indicates a significant difference at 

p < 0.01, and NS indicates that the difference is not significant. In the 
column, the different lowercase letters indicate the least significant 
difference (LSD) of treatments at LSD 0.05
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both pyrolysis temperature and retention time. At low tem-
peratures (400 °C), extended retention times from 1 h to 2 h 
resulted in a significant increase in K content from 1.51% 
to 2.39%. With an increase in temperature from 400 °C to 
600 °C, the highest K content was attained for the 600-1 
product (4.87%), with a slight reduction for 600-2 (4.13%). 
The K content of the 800-1 product was significantly lower 
than that of the 600-2 product; however, no difference in K 
content was found for 600-2 and 800-2.

3.3 � BET surface area and SEM morphology

N gas absorption was used to estimate the BET specific sur-
face area (SSA) and total pore volume (TPV). Analytical 
results indicated that temperature, retention time, and vari-
ous combinations of these parameters significantly increased 
the SSA and TPV of bamboo biochar (Fig. 7).

Fig. 3   a Percentage of hydrogen; b percentage of oxygen; c percent-
age of carbon. Error bars indicate the standard deviations of means 
(n = 3). Te temperature, Ti retention time, Te ˟ Ti the combination of 
temperature and retention time. Asterisks (** and *) indicate the sig-

nificant differences at p < 0.01 and p < 0.05, respectively. NS indicates 
that the difference is not significant. In the column, the different low-
ercase letters indicate the least significant difference (LSD) of treat-
ments at LSD 0.05

Fig. 4   Van Krevelen plot of elemental ratios for bamboo biochar pro-
duced at different pyrolysis conditions. Individual points are averages 
(n = 3), and error bars are standard deviations

Fig. 5   X-ray fluorescence 
diagrams of bamboo biochar at 
different pyrolysis conditions
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Figure 8 presents the SEM imagery with different magni-
fications of bamboo biochars; high-resolution images indi-
cated a smoother surface for the 600-2, 800-1, and 800-2 
products compared with the 400-1, 400-2, and 600-1 prod-
ucts. This phenomenon may be attributed to the volatiliza-
tion of compounds because of the high temperatures and 
retention times.

3.4 � Water holding capacity of biochars

Biochar water holding capacity varied according to the 
pyrolysis conditions (Fig. 9). At 400 °C, there was no dif-
ference in the water holding capacity between 1 h and 2 h of 
heating. However, the water holding capacity significantly 
increased in ascending order of 400-2 < 600-1 < 600-2. The 
water holding capacity reduced from 4.21 g g−1 (600-2, the 
largest) to 3.22 g g−1 (800-1, the lowest) and increased again 
to 3.85 g g−1 with 800-2. The changes in physicochemical 
properties of the biochar, such as SSA, TPV, and CEC, cre-
ated a change in the water holding capacity of all six types 
of bamboo biochars.

3.5 � Release of K

The amount of K released in the DI water of bamboo biochar 
varied depending on the pyrolysis conditions (Fig. 10); the 

K content increased with temperature and retention time (at 
600 and 800 °C), while the experimental duration was also 
observed to increase the amount of K released. The amount 
of soluble K on the first day of the experiment was much 
larger than that of the subsequent 9 days, particularly for 
the 800 °C biochar products. The 600 °C biochar products 
contained the largest cumulative soluble K from the second 
to tenth day of the release experiment. These results indicate 
that the K content in the 600 °C biochar products may have 
been released at a more gradual rate than the K content in 
the other biochar products.

4 � Discussion

4.1 � Improved basic soil conditions

Bamboo biochars were characterized as alkaline with high 
porosity (especially for the 600 and 800 °C products). As 
such, the application of bamboo biochar was expected to 
improve several aspects of agricultural soil, including the 
bacterial community and soil nutrient content, especially 
in acidic soils.

Soil pH is one of the factors governing soil microbial 
abundance and activity (Aciego Pietri and Brookes 2008; 
Lehmann et  al. 2011). However, fungal and bacterial 

Fig. 6   a Percentage of nitrogen; b percentage of phosphorus; c per-
centage of potassium. Error bars indicate the standard deviations of 
means (n = 3). Te temperature, Ti retention time, Te ˟ Ti the combina-
tion of temperature and retention time. Asterisks (**) indicates a sig-

nificant difference at p < 0.01. In the column, the different lowercase 
letters indicate the least significant difference (LSD) of treatments at 
LSD 0.05

Fig. 7   a BET specific surface 
area; b total pore volume. 
Error bars indicate the standard 
deviations of means (n = 3). 
Te temperature, Ti retention 
time, Te ˟ Ti the combination of 
temperature and retention time. 
Asterisks (**) indicates a sig-
nificant difference at p < 0.01. 
In the column, the different low-
ercase letters indicate the least 
significant difference (LSD) of 
treatments at LSD 0.05
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populations react differently to changes in pH; increas-
ing soil pH up to ~ 7 had been found to increase bacterial 
abundance, while there was no change in the total fungal 
biomass with this pH increase (Rousk et al. 2010). As the 
bamboo biochars were alkaline, their application in acidic 
soil is likely to increase soil pH, thus supporting the growth 
of soil microbial communities. Moreover, biochars pro-
vide favorable habitat for soil microbes by increasing soil 

porosity, nutrient content, and water retention (Ahmad et al. 
2014; Jaafar et al. 2014, 2015; Mohamed et al. 2016; Ye 
et al. 2017).

In acidic soils, high concentrations of aluminum (Al), 
iron (Fe), and manganese (Mn) were observed. These solu-
ble compounds combined with P to create insoluble com-
pounds and reduce the available P in the soil solution. With 
the application of bamboo biochar at pH > 7, the free Fe, 
Al, and Mn oxide concentrations had been reduced by trans-
forming into hydroxide forms; this increased the soil equi-
librium P solution. The application of biochars may also 
increase the ionic strength of the solution due to the release 
of soluble salt. This soluble salt may decrease the positive 

Fig. 8   SEM imagery of bamboo biochar at two resolutions of 600 and 2500 times

Fig. 9   Water holding capacity of bamboo biochar. Error bars indicate 
the standard deviations of means (n = 3). Te temperature, Ti reten-
tion time, Te ˟ Ti the combination of temperature and retention time. 
Asterisks (** and *) indicate a significant difference at p < 0.01 and 
p < 0.05, respectively. In the column, the different lowercase letters 
indicate the least significant difference (LSD) of treatments at LSD 
0.05
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electric potential of the acidic soil surface through the 
screening effect, resulting in the reduction of soil P sorption 
(Dume et al. 2017). To strengthen this conclusion, Glaser 
and Lehr (2019) found that biochar application had signifi-
cantly increased plant-P availability with 95% confidence for 
an acidic to neutral soil (pH ≤ 7.5), and observed that this 
enhancement was able to be sustained for at least 5 years.

4.2 � Increase in water holding capacity

The water holding capacity of bamboo biochar impacts the 
soil water regime. Biochar produced under different pyroly-
sis conditions had different physicochemical characteristics 
that affected the water holding capacity.

Physical absorption, determined by the porosity (includ-
ing SSA and TPV), is considered an important factor in 
determining the water retention of biochar (Batista et al. 
2018). Therefore, an increase in the water holding capacity 
in ascending order of 400-1 < 400-2 < 600-1 < 600-2 may be 
attributed to the increase in the SSA and TPV of the bio-
char. Pores sized of 0.5–50 µm have been identified as being 
able to retain water and nutrients for some plants (Batista 
et al. 2018). The bamboo biochars in our study contained a 
large number of 0.5–50 µm pores, as indicated by the SEM 
imagery (Fig. 8). These pores may be classified into two 
classes: fine-coarse pores (10–50 µm) and medium-sized 
pores (0.2–10 µm). The fine-coarse pores are ideal for water 
holding at field capacity, while the medium-sized pores are 
able to maintain a greater volume of plant-available water 
(Blume et al. 2016).

Chemical adsorption is considered as the second most 
influential parameter for water holding capacity of the bio-
char (Batista et al. 2018; Kizito et al. 2019). Between 600-2 
and 800-1 products, 800-1 showed the significant increase 
in BET surface area, no difference in TPV (Fig. 7); how-
ever, the H/C and O/C ratios showed the large reduction 
(Fig. 4). The changes in H/C and O/C ratios indicated that 
800-1 became more aromatic and less polarity compared 
with those of 600-2 and resulted in the reduction of water 
holding capacity. In addition, 800-2 had the largest BET 
surface area, no difference in the H/C and O/C ratios com-
pared to those of the 800-1; this reasoned for the increase in 
holding water of 800-1 to 800-2.

Bamboo biochar has greater potential for retaining water 
compared to other feedstocks such as rice husk and wood. 
In this study, the water holding capacity of bamboo char 
varied from 3.22 to 4.21 g g−1, while that of Miscanthus bio-
char, Cateenga, and Cashew wood biochars was 0.31–0.49, 
0.61–2.64, and 0.28–0.60 g g−1, respectively (Gondim et al. 
2018; Mimmo et al. 2014). Bamboo biochar also increased 
the plant-available water in soil to a much greater extent than 
that of rice husk char (Hien et al. 2017). Among all produced 
bamboo biochars, the 600 °C products showed the greatest 

potential in terms of enhancing water holding capacity. At 
600 °C, extending the retention time from 1 h to 2 h created 
an increase in porosity (SSA, TPV), CEC, and ultimately 
resulted in better water holding biochar for the 600-2 product 
compared to its 600-1 counterpart.

4.3 � Increase in soil fertility

Biochar application increased the P available for crop in 
acidic conditions by increasing soil pH. The high CEC of 
biochar also highlights its potential to retain cations, includ-
ing soil nutrients such as K+, NH4

+, and Ca2+. The CEC 
value varies with temperature, feedstocks (Kameyama et al. 
2017), and retention times (Fig. 2c). Previous studies have 
found both the increase and decrease in biochar CEC with 
an increase in the pyrolysis temperature. The high CEC of 
biochar at a low temperature is related to the presence of 
oxygenated groups, while the CEC of biochar at high tem-
peratures was mostly associated with a large negative surface 
charge area (Gomez-Eyles et al. 2013; Pariyar et al. 2020; 
Kameyama et al. 2017).

At 600 and 800 °C, a retention time of 2 h could create 
larger SSA and TPV biochar products compared with those 
of the 1 h biochars; however, these products had the same 
H/C and O/C ratios. Therefore, the difference in the CEC 
of the 600 and 800 °C products may be related to their SSA 
and TPV. Among all bamboo biochar products, the 600-2 
product had the highest CEC, demonstrating its potential in 
retaining soil nutrients. The SEM imagery of bamboo bio-
char showed the presence of 0.5–50 µm pores that appear to 
be suitable to maintain the soil nutrient level (Batista et al. 
2018). The application of biochar to low CEC soil may 
increase this value of the soil–biochar mixture. However, the 
degree of enhancement is dependent on the soil, biochar, and 
biochar dose (Chintala et al. 2014; Hailegnaw et al. 2019).

Macronutrients were also found in bamboo biochar; 
while N was known to be unavailable to crops (Kameyama 
et al. 2017), P and K were observed to be available for plant 
uptake as demonstrated by Zhang et al. (2016) and Amin 
(2016), respectively. The P content had been maintained at 
small quantities (< 0.4%), while there was a high K content 
(1.51–4.87%). These results indicate that bamboo biochars 
may be a potential source of K for agricultural soils.

4.4 � Potassium source

In crops, K is an indispensable element that aids in vari-
ous functions, including photosynthesis, protein synthe-
sis, and the activation of specific enzymes (Hopkins and 
Hüner 2008). During pyrolysis, the organic matter of K is 
decomposed even at low temperatures (van Lith et al. 2008). 
The remaining K in biochar may exist in three forms: (i) as 
incompletely decomposed organic matter (Feng et al. 2017); 
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(ii) as free salts, such as KCl, KClO4, and K2SO4 (van Lith 
et al. 2008); and (iii) in surface-sorbed or encapsulated K 
(Nguyen et al. 2020).

Different pyrolysis conditions may create biochars with 
different K contents. The increase in K content in ascending 
order of 400-1 < 400-2 < 600-1 is a result of the volatiliza-
tion of H, O, and C compounds at different temperatures. 
In contrast, the decrease in K in the ascending order of 
600-1 < 600-2 < 800-1 may be attributed to the melting of K 
compounds such as potassium perchlorate (KClO4—610 °C) 
and potassium chloride (KCl—773 °C) (Merck 2016, 2017). 
A high K content was observed in bamboo biochar, particu-
lar for the 600 °C products.

The release of K from bamboo biochar may contribute to 
enhanced soluble K concentrations in soil following biochar 
application. With heating, the K content in its different forms 
including salt-K, encapsulated-K, and remaining K organic 
compounds may become altered (Feng et al. 2017; Nguyen 
et al. 2020). In the structure of the lowest temperature bio-
char product (400 °C), the largest amount of organic matter 
was maintained equivalent to the highest content of H and 
O (Fig. 3). K in this organic matter could not solubilize; as 
such, only a small amount of K release was observed. In 
contrast, at a high temperature biochar product (i.e., 800 °C), 
a large amount of organic C–O–K compounds was broken 
and was then created the K salts; this prediction was demon-
strated in the C, H, O (Fig. 3), and EC (Fig. 2) results. There-
fore, a rapid and large release of K in the 800 °C biochar 
products corresponded to the formation of a large quantity 
of salts. When the 800 °C biochar products were in contact 
with water, the free K salts dissolved, resulting in the largest 
recorded soluble K on the first day of the experiment. Ulti-
mately, the 600 °C biochar products contained the highest 
amount of total K and slow-release K compared with the 
other products. Nguyen et al. (2020) also found the highest 
amount of slow-release K at this temperature in fern char.

The results of K in bamboo biochar, particularly in 
600 °C products, provide important data for future research 
on bamboo biochar, soil K, and crop productivity.

5 � Conclusion

The results from this study have indicated the potential for 
bamboo biochar as an agricultural soil amendment material. 
As this study was aimed at increasing the soil K content and 
water holding capacity, 600 °C was found to be the most 
appropriate pyrolysis temperature to achieve these aims. 
The release of K in the 600 °C products was slower than 
that of the other temperature biochars. The 600-1 product 
had the highest K content (4.87%) and the second-highest 
water holding capacity. In contrast, the 600-2 product was 
found to have the highest water holding capacity (4.21 g g−1) 

and CEC (18.52 cmolc kg−1), as well as the second-highest 
K content. All bamboo biochars shared certain characteris-
tics such as alkalinity and high K and C content. We also 
observed that temperature, retention time, and the various 
combination of these parameters significantly impacted the 
physicochemical properties of the bamboo biochar, includ-
ing yield, pH, surface area, water holding capacity, and K 
content. To further explore the outcomes of this study, field 
research on the effects of 600 °C bamboo biochar application 
on soil K, K uptake, and the growth, and yield of sugarcane 
is currently being conducted.
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