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Relationship between fixed carbon and organic carbon

of bamboo charcoal

Yasuji Kurimoto* ¥****¥* Takeshi Kajimoto**, Fumihiro Ozawa**¥,
Yoshiki Inoue****, Akira Shibata*****

Abstract: Inorganic carbon content (inorganic C) of bamboo charcoals prepared at temperatures of 300-

800°C and collected from different producers and kiln types in Japan were measured. The organic carbon

content (organic C) was then calculated from the difference in total carbon content (total C) and inorganic

C. This calculation was facilitated with reference to Appendix 4 of the UN's Intergovernmental Panel on
Climate Change (IPCC) "2019 Refinement to [its] 2006 Guidelines for National Greenhouse Gas Inventories".
Regardless of preparation temperature, producer, or kiln, there was little inorganic C in the charcoals, and

no large difference in the values for organic C and total C. We obtained a significant equation from the

relationship between organic C and the fixed carbon content (FC) estimated by proximate analysis. This

regression equation may be useful to correct FC to organic C for bamboo charcoal.
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1. Introduction

Global warming related to greenhouse gas emissions
brings much attention to the processes of removing
CO, from the atmosphere -i.e., methods for carbon
dioxide removal (CDR). Biochar is one of these methods,
where atmospheric CO, is absorbed by plants and trees
as they grow. In this method, the biomass is converted,
in an oxygen-limited environment, into charcoal-like
material -biochar- which can be applied to soils as an
agent for soil improvement?. The recalcitrant carbon
in biochar is recognized as storing carbon, away from
the atmosphere, for decades to centuries.

For the purpose of estimating the change
produced in mineral soils' carbon stocks by burying
biochar in cropland and grassland soils, the UN's
Intergovernmental Panel on Climate Change (IPCC)

defined a methodology as a formula for calculation.

In the equation, published in Appendix 4 of the IPCC's
"2019 Refinement to the 2006 IPCC Guidelines for
National Greenhouse Gas Inventories?", one of the
variables is organic carbon content (organic C) of
biochar from various feedstocks. This variable is
ordinally estimated as a difference between total
carbon (total C) and inorganic carbon (inorganic C)3.
The other variables are the amount of biochar carbon
remaining after 100 years (Fperm), and the mass of
biochar incorporated into mineral soil.

Concerning organic C for bamboo charcoal,
Nagumo et al¥ have measured a total of 15 bamboo
charcoals using a dichromate oxidation method. They
obtained an average value of 424 mg/g (42.4%) for
30-minute reaction, noting that the residual charcoal
after oxidation still contained recalcitrant carbon.
Therefore, the result show that the method with short
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reaction time was not suitable for estimating the
carbon stock in bamboo charcoal.

By contrast, we have prepared charcoal from the
moso bamboo cultivar Phyllostachys pubescens
at temperatures of 300-800°C, and then collected
a total of 13 commercial bamboo charcoals from
different producers in Japan who use different
kiln types®. We next measured the chemical
characteristics by proximate and elemental analysis.
In particular, we estimated the charcoals' fixed
carbon content (FC), considering it an indicator of
biochar's carbon sequestration potential. However,
although it would have a close relation to organic
C, FC is not suitable for use directly in the equation
derived by the IPCC guidelines.

In this study, we measured inorganic C using
the bamboo charcoals already selected for our
previous study®. We then calculated organic C
using inorganic C, and newly clarified a relationship
between FC and organic C. We additionally examined
the charcoals' time dependence in organic C using
a dichromate oxidation method, and we will discuss
the recalcitrant carbon of charcoal production at

different temperatures.

2. Materials and Method
2.1 Bamboo charcoals

We used moso bamboo charcoals prepared at
temperatures of 300-800°C, and a total of 13
commercial bamboo charcoals. Preparation
procedures for the charcoals at different temperatures,
and evidence collected from the commercial bamboo
charcoals, have been described in our previous
report®. In addition, the report describes the
charcoals' precise chemical characteristics.
2.2 Dichromate oxidation method for determining

organic carbon content

We measured organic carbon content by oxidation
(organic Coxidation) according to the literature, using
a mixture of K,Cr,0, and H,S0O,9.

We carefully placed 10 mg of oven-dried charcoal

powder (fractions 53 pm sieve on and 100 pm sieve
pass) in a 100 ml conical flask, and then added 10
ml of 04N K,Cr,0, - H,SO, mixture. The flask was
next heated with condenser refluxed at 200°C using
a hotplate (Yamato Scientific co., Itd, MG60OH) for
15-420 min. After the reaction, we further added
10 ml of deionized water, and cooled the mixture
to room temperature. We then titrated the excess
Cr,0,% in the mixture with a 0.2N FeSO, *(NH,),SO,
*6H,0 - H,SO4 mixture. We tested at least three
replicates in this experiment.

We calculated organic Coxidation using equation

(1) as follows.
Organic Coxidation (%) = (B — 1) X F X 60) / W (1)

Here, B is the volume of blank solution (ml); T"is the
titration volume (ml); F is the correction coefficient
for the 0.2N FeSO, «(NH,),SO, *6H,0 - H,SO, mixture;
W is the weight of the charcoal sample (mg).

2.3 Determination of inorganic carbon content

We measured inorganic carbon content (inorganic
C) by treating 0.3-0.5 g of dried powder (< 180 pm
sieve) with 1IN HCI solution in an enclosed reactor
(Amicon ultrafiltration cell, model 8050) according
to ASTM D43737. Carbon dioxide gas was evolved
during the reaction between the acid and the
charcoal's carbonate fraction. Since the pressure
in the closed reactor is proportional to the mass of
reagent-grade CaCO,, we measured the resulting
pressure in the reactor using a pressure gauge
with a maximum range of 5 kPa. The relationship
between the mass of CaCO, and its corresponding
pressure was used as a calibration curve. Calculating
inorganic C based on the calibration curve, we used
the ratio of C to CaCO,.
2.4 Calculation of organic carbon according to

guidelines
We calculated the organic carbon content (organic

Cipec) using equation (2).
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Organic Cipee (%) = total C - inorganic C 2)

Here, total C is the mass of elemental carbon by
elemental analysis (%). In this study, we used the

values from Tables 3° and 5% of our previous report.

Results and Discussion
3.1 Organic carbon content (organic Coxidation) Of
bamboo charcoal determined by dichromate
oxidation method
Carbon being the principal element of charcoal,
total C measured by dry combustion method
and FC by proximate analysis have often been
used to determine the quality of charcoal. In this
experiment, we measured organic Coxidation Of
bamboo charcoals by dichromate oxidation method.
Time-dependent changes in the ratio of organic
Coxidation to total C (organic Coxidation / total C)
are shown in Figure 1. The values for total C of
charcoals at 600°C and 800°C were 85.4% and
89.4%, respectively (see Table 1). For the 800°C
charcoal, the ratio increased quickly, up to 0.9, as
the reaction time increased to 180 min. After that,
there was no great change in the ratio, and the
value was 0.92 at 420 min. On the other hand, the

organic Coxidation / total C of charcoal prepared at
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Fig. 1 Time-courses of change in ratio of organic
Coxidation to total C
Legend: O : 600°C; A\ : 800°C
Error bars indicate ranges of standard deviation

600°C increased slowly, reaching 0.95 after 420
min. It is clear that most of the carbon at both
temperatures was oxidized by dichromate, and the
speed of oxidization was different depending on the
heat-treatment temperature (HTT).

Table 1 shows the organic Coxidation / total C at
30 min and 420 min of oxidation for the charcoals
at different HTTs. We found no great difference in
ratio at 420 min of oxidation, as all values were
between 0.92 and 1.01. This means most of the

carbon was oxidized, regardless of the HTT, after

Table 1 Chemical characteristics and ratio of organic Coxidation to total C
in charcoals at different temperatures

organic Coyigation / total C**

HTT FC** total C** 30 min 420 min
(°C) (%) (%) average  SD*° average  SD*°
300 59.9 69.8 0.82 0.02 0.95 0.01
400 75.2 78.7 0.81 0.05 0.95 0.03
500 84.9 81.2 0.56 0.09 0.98 0.03
600 89.7 854 0.31 0.04 0.95 0.03
700 90.5 85.7 0.27 0.05 1.01 0.00
800 93.5 89.4 0.52 0.03 0.92 0.01

*! heat-treatment temperature

*2 fixed carbon is the value in Table 3%

*3 total C is the value of elemental C in Table 3%
** ratio of organic Coyigation t0 total C

*5 standard deviation
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sufficient reaction time. Meanwhile, the ratio at 30
min oxidation shows that the speed of oxidation
was different: the ratio decreased from 0.82 to 0.27
as the temperature increased from 300°C to 700°C,
and beyond this temperature the value increased to
0.52.

With regard to the observed speed of oxidation
in bamboo charcoals, Satonaka® reported a similar
change in the organic Coxidation / total C for wood
charcoals prepared from mizunara (Quercus
crispula Blume) at 300-1100°C. The ratio after
150 min oxidation decreased from 0.56 to 0.10 as
the temperature increased from 300°C to 600°C,
and above 700°C the value increased to 0.30. In
general, it is known that aromatic linked structures
in charcoal are formed and developed when
the temperature increases?. Since the relatively
stable structures would resist the dichromate
oxidation in a short reaction time, the ratio -organic
Coxidation / total C- decreases. It is also known that
at temperatures over 600°C, the surface area of
charcoal increases!?). The mass of surface area
would affect the reaction frequency between the
substances of charcoal and the oxidation reagents.
At temperatures of 800°C, being above 700°C, in
our study and Satonaka's, the increased ratio of
organic Coyidation / total C was probably an effect
of the large amount surface area, although a close
relationship between the dichromate oxidation and
the surface area of charcoal must be clarified in a
future study.

3.2 Organic carbon content (organic Cipcc) of bamboo
charcoals according to IPCC guidelines

Table 2 shows inorganic C and organic Cipcc of
bamboo charcoals prepared at 300-800°C. There
are lower values for inorganic C in the charcoals,
although the increasing temperature increased
these values. As a result, there was no great
difference in the values for the total C and organic
Cipee at each temperature (compare Tables 1 and 2).

Meanwhile, the value of organic Cogidation after 420

Table 2 Inorganic C and organic Cipcc of charcoals at
different temperatures

HTT inorganic C organic Cipcc*2
(°c) (%) (%)
300 0.09 69.7
400 0.11 78.6
500 0.17 81.1
600 0.39 85.0
700 0.48 85.3
800 0.58 88.8

* heat-treatment temperature
*2 organic Cipcc = total C - inorganic C

Table 3 Chemical characteristics and organic Cipcc of
commercial bamboo charcoals

No. Fc*' total C**  inorganic C  organic Cipee™
(%) (%) (%) (%)
1 90.7 86.8 0.21 86.6
2 81.4 81.4 0.16 81.2
3 93.8 89.0 0.20 88.8
4 76.9 82.3 0.11 82.2
5 94.7 90.3 0.13 90.2
6 90.9 87.6 0.21 87.4
7 71.3 74.0 0.12 73.9
8 89.7 83.3 0.17 83.1
9 85.1 83.3 0.12 83.2
10 87.7 82.9 0.20 82.7
1 78.6 80.1 0.12 80.0
12 78.3 75.5 0.20 75.3
13 93.0 87.2 0.15 87.1
average 85.5 83.4 0.16 83.2
sp* 7.5 4.9 0.04 49
cv*® 0.09 0.06 0.24 0.06
maximum 94.7 90.3 0.21 90.2
minimum 71.3 74.0 0.11 73.9
A 234 16.3 0.10 16.3
median 87.7 83.3 0.16 83.1

*" fixed carbon is the value in Table 5°

*2 total C is the value of elemental C in Table 5%
*3 organic Cipcc = total C - inorganic C

" standard deviation

*5 coefficient of Variation

*5 maximum - minimum

min was almost the same as that of total C (Table
1). Since the dichromate oxidation method required
long reaction time and heavy metal solution, the
measurements of inorganic C and total C seemed
to be a method to easily and rapidly evaluate the
organic C in charcoal.

Table 3 shows FC, total C, inorganic C and organic
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Cipce for the commercial bamboo charcoals. The FC
and total C are the values shown in our previous
report®. As shown in the table, all of the charcoals
showed little inorganic C, where the average was
0.16% and the maximum and minimum values were
0.21 and 0.11%, respectively. We thus found no great
difference in either total C or organic Cypcc.

The relationship between FC and organic Cypc is
shown in Figure 2. The symbols used in the figure
indicate the types of charcoal. These bamboo
charcoals -prepared at different temperatures and
collected in Japan- are respectively marked with a
double circle (O) and a filled circle (@). A positive
relationship -i.e., Organic Cipec (%) = 0.52 X FC (%) +
38.38 (coefficient of determination: 0.97)- was clear
among the charcoals at different temperatures. In
addition, the 13 plots for the commercial charcoals
fell on a line through regression analysis. It is clear
that the equation could be used to correct FC to
organic Cipec.

In Appendix 4 of the IPCC's guidelines?, the
amount of biochar carbon that would persist for
100 years (Fperm) was derived at different pyrolysis
temperatures: low (350-450°C), medium (450-600°C)
and high (more than 600°C). We therefore divided
the commercial bamboo charcoals into these three
categories (see Figure 2), summarizing the averages
for FC and organic Cjp. in Table 4.

As shown in Figure 2, four charcoals (4, 7, 11, and
12) were found in the low temperature range. The

averages of FC and organic Cipec were 76.3% and
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organic carbon (Cipcc)

Legend: © : bamboo charcoals prepared at
300-800°C; @ : commercial bamboo charcoals
Labeled regions mark the range of FC in
bamboo charcoal at @ 350-450°C, (2 450-
600°C, and (® above 600°C

Fig. 2

77.8%, respectively (Table 4). We found no great
difference between these values. Meanwhile in the
high temperature range, there were five charcoals
(1, 3, 5, 6, and 13) showing averages of 92.5% and
88.2%, respectively for FC and organic Cipc -the
value for organic Cjcc was about 4% less than
that for FC. The reason for this difference can be
explained by the measuring method for FC9).

The values for Fyerp in Table 4 were also the
standard values for calculating the change in
carbon stocks of mineral soils associated with
biochar amendment, used regardless of the
feedstock or production processes of biochar. In

addition, the variation at each temperature range

Table 4 Average and SD of fixed carbon (FC) and organic Cipcc for commercial bamboo charcoals

at three categories
Temperature No. FC (%) organic e (%) *2
average sp*! average sp*' perm
Low (350-450°C) 4,7,11,12 76.3 3.4 77.8 3.9 0.65 +15%
Medium (450-600°C) 2, 8,9, 10 86.0 3.6 82.6 0.9 0.80 +11%
High (> 600°C) 1,3,5,6,13 92.5 2.0 88.2 1.6 0.89 + 13%

*! standard deviation

*2 amount of biochar carbon remaining after 100 years described in the Appendix 4 of IPCC guidelinesz);
mean value = 95% bootstrap confidence limit expressed as a percentage of the mean



was wide. Therefore, future studies should derive
the Fperm values for bamboo charcoal incorporated

into soils in Japan.

4. Conclusion

We measured inorganic C of bamboo charcoals
prepared at temperatures of 300-800°C, as
collected from different producers and kiln types
in Japan. We then calculated the organic Cipec from
the difference between inorganic C and total C as
estimated by elemental analysis. We found little
inorganic C in those charcoals, at values below 0.6%.
Therefore, no great difference was found between
the values for organic Cipc and total C.

We obtained a significant equation, Organic Cipcc
(%) = 0.52 X FC (%) + 38.38, in the relationship
between FC as estimated by proximate analysis and
organic Cipec. This will be useful to correct FC to
organic Cipcc for bamboo charcoal.

During short-time oxidation, bamboo charcoals'
organic Coxidation 1S affected by mass of stable
aromatic linked structures and the formed surface
area. Meanwhile, sufficient reaction time mostly
oxidized the carbon in charcoal, and organic

Coxidation reached the same level as total C.
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