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A B S T R A C T   

This study investigates carbon stability of biochars produced from wood, herbaceous, and fruit agricultural waste 
products from southern Vietnam. The biochars were produced by pyrolysis to 500 ◦C, 700 ◦C, and 900 ◦C at a 
heating rate of 10 ◦C/min. Organic geochemistry and petrology have well-established measurable parameters 
that define degree of preservation of organic carbon in the Earth’s crust. These parameters are utilized, 
comparatively, to infer the organic carbon stability in biochars relative to that preserved in the geological 
carbonaceous rocks. The stability of carbon was assessed by measuring incident-light random reflectance (%Ro) 
to determine the degree of thermally induced aromatization/ordering of the biochar carbon molecules. Addi
tionally, the organic carbon content of the biochars was quantitatively separated into reactive and non-reactive 
carbon fractions based on thermodynamic stability of C–H and C–O bonds. The results show increasing carbon 
stability with increasing pyrolysis temperature and indicate high stability has been achieved at 700 ◦C and 
900 ◦C where the biochars have the highest total organic carbon (TOC) contents and lowest Hydrogen Index 
values. Occurrence of a small quantity of readily degradable, labile free hydrocarbons (soluble organic matter; 
SOM) is due to condensation of the thermally generated hydrocarbons on the surfaces of the biochars. This 
fraction is minimized in the biochars produced at 700 ◦C and 900 ◦C due to volatilization of the free hydro
carbons at higher pyrolysis temperatures. The relatively substantial content of labile hydrocarbons associated 
with particulate organic matter (POM) in the 500 ◦C produced biochars is attributed to the incomplete pyro
lyzation of the feedstock at this temperature. This fraction declines to near zero at 700 ◦C and 900 ◦C as complete 
carbonization is achieved at these higher temperatures. The overall carbon budget within the biochar shows that 
irrespective of the biochar type, over 97% of the TOC consists of highly refractory, residual carbon that 
geochemically is considered to possess long-term stability (“inert”). This is further underpinned by a pronounced 
increase in biochar mean random reflectance from <2.33% at 500 ◦C to >4.35% when pyrolyzed at 700 ◦C, 
indicating a highly polyaromatized condensed carbon structure. Rice husk is an exception as it yields a mean 
reflectance of 4.55% at 500 ◦C suggesting that pyrolysis temperature is not the only factor controlling %Ro and 
hence carbon stability. Furthermore, the biochar compositions show a relationship between feedstock and py
rolysis temperature. The biochar morphotype composition changes significantly with increasing temperature, but 
the analyzed biochars are all dominated by fusinoid/solid (primarily fusinoid) morphotypes with the highest 
initial quantity recorded at 500 ◦C. This quantity decreases with increasing pyrolysis temperature while porous 
morphotypes (tenuinetwork, crassinetwork, mixed porous, mixed dense) increase. Variations in morphotype 
composition observed between the biochars is attributed to the structural nature of the feedstocks.   

1. Introduction 

Production of biochar from the pyrolysis of agricultural biomass 
waste and other organic waste products is a promising technology to 

reduce greenhouse gas emissions by converting carbon from the dy
namic biosphere pool to a stable carbon pool with long-term storage 
potential in the soil (biological Carbon Capture Storage, CCS) (Lehmann 
et al., 2021; Pulcher et al., 2022). The technique has been estimated to 
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have the potential to reduce Denmark’s total emission by 20–25% 
(Henriksen and Ahrenfeldt, 2019). Pyrolysis of biomass under anoxic or 
oxygen-deficient conditions is a well-known technology utilized for e.g. 
charcoal and biofuel production (Jahirul et al., 2012), but in recent 
years the use of agricultural waste products for biochar production has 
attracted increased focus as it has the potential to provide scalable cli
matic solutions. A key element for permanent storage of organic carbon 
in soil is the stability of carbon in biochar, i.e., its resistance against 
microbial degradation. Therefore, an understanding of the influence of 
feedstock and pyrolysis temperature on the long-term stability of bio
char is critical for its use to mitigate CO2 emissions (e.g., Crombie et al., 
2013). 

Many studies have shown that the biochar properties are influenced 
by the chemical and physical properties of their precursor feedstocks as 
well as the pyrolysis temperatures (e.g., Kern et al., 2012; Crombie et al., 
2013; Ronsse et al., 2013; Chowdhury et al., 2016; Zhang et al., 2017). 
An understanding of these relationships is crucial for tailor-making 
biochar with long-term stability in the soil. Most experimental temper
atures range from ~300 ◦C to 900 ◦C, and all studies show an increase in 
carbon and ash content with increasing pyrolysis temperature, while the 
contents of water, volatile matter, hydrogen, nitrogen, and oxygen de
creases (Crombie et al., 2013; Chowdhury et al., 2016; Nguyen et al., 
2018). A similar increase in carbon content and associated decrease in 
H/C and O/C atomic ratios with increasing temperature is observed for 
geological (sedimentary) organic matter undergoing thermal alteration 
(van Krevelen, 1993; Petersen et al., 2008; Taylor et al., 1998). For the 
highest pyrolysis temperatures, the carbon content of the biochar can 
reach or exceed ~75–80 wt% (dry basis), which is about a doubling of 
the carbon content in the feedstock (Kern et al., 2012; Chowdhury et al., 
2016). Kern et al. (2012) showed that the 47.70 wt% (dry basis) carbon 
in straw increased to 75.08 wt% (dry basis) after pyrolysis in a rotary 
kiln at 550 ◦C while Chowdhury et al. (2016) demonstrated that the 
carbon content of 33.77 wt% in durian wood sawdust increased to 75.99 
wt% after pyrolysis at 550 ◦C. Based on these observations, the O/C and 
H/C ratios have been proposed as a technique to assess biochar stability 
(e.g. Crombie et al., 2013; Leng et al., 2019), and specifically Spokas 
(2010) suggested that an O/C ratio in the range 0.2–0.6 would have an 
expected average residence time of 100–1000 years. However, Cross and 
Sohi (2013) found only a weak correlation between stable biochar car
bon and the O/C ratio. 

Structurally, organic carbon molecules in biochar undergo severe 
aromatization during the thermal carbonization process and at higher 
temperatures. It has been shown that at a pyrolysis temperature of 
350 ◦C aromatic structures are formed in the biochar, and at tempera
tures exceeding 600 ◦C the biochar has attained a highly condensed 
aromatic structure that with further pyrolysis temperature rise attains a 
structure showing resemblance to graphite (Zhang et al., 2017). Ronsse 
et al. (2013) noted that the highest treatment temperature (HTT) is a 
fundamental parameter in slow pyrolysis (17 ◦C/min, ibid), where the 
pyrolysis causes devolatilization of the biomass that progressively be
comes more and more condensed. Likewise, pyrolysis up to 450 ◦C of 
low rank and pure coal vitrinite showed a considerable increase in 
aromaticity, condensation, and stability with increasing temperature 
(Jiménez et al., 1999). A similar increase in aromaticity and condensa
tion has been demonstrated for naturally coalified organic matter (Carr 
and Williamson, 1990; Liu et al., 2020). The structural development 
with increasing pyrolysis temperature has implications for the perma
nence of the biochar in the soil since microbial mineralization decreases 
with the degree of aromatization and condensation of the biochar 
(Bruun et al., 2008; Woolf et al., 2021). 

Apart from affecting carbon stability, the pyrolysis temperature and 
feedstock composition also have a significant impact on the physical 
properties of the biochar, including quantity, porosity and specific sur
face area (BET) (Ronsse et al., 2013; Chowdhury et al., 2016). The 
changes in physical properties illustrate a dilemma between more stable, 
undegradable biochar produced at high pyrolysis temperatures and a 

higher biochar yield at lower temperatures where the biochar is less 
carbonized (Antal Jr. and Grønli, 2003; Bruun et al., 2009; Nguyen et al., 
2018). Chowdhury et al. (2016) showed that the quantity of biochar 
produced at 350 ◦C and 550 ◦C decreased from ~67% to ~25%. The 
BET, porosity, and number of pores, including larger ones, revealed a 
substantial increase from 350 to 550 ◦C. At the highest pyrolysis tem
perature large pores were observed. This latter feature is comparable to 
those present in combustion chars collected in coal-fired power plants 
and perhaps related to coalescence of smaller pores due to increased 
carbonization of the char (Sørensen et al., 2000), which also correlate 
with a reduced amount of char at high temperatures. This development 
should also be detectable in the biochar composition towards more 
porous morphotypes with increasing pyrolysis temperature. 

The geological coal and source rock science has a long-standing 
experience with organic petrography and geochemical analysis of 
organic material related to source material, degree of thermal trans
formation (which effects stability in the soil), and morphology (e.g., 
Taylor et al., 1998). The current study investigates biochars produced 
from various Vietnamese feedstocks at different pyrolysis temperatures, 
including agricultural waste products (rice straw, rice husk, durian, 
jackfruit), wood remains (bamboo, melaleuca), and water hyacinth. The 
aims are to (1) assess carbon stability of the biochars by determining the 
degree of aromatization and molecular ordering of carbon using random 
reflectance (%Ro) measurements and (2) measure fractions of labile and 
refractory organic carbon using extended slow heating (ESH®) pyroly
sis. Furthermore, we aim to determine the biochar morphotype 
composition with increasing pyrolysis temperature by organic petrog
raphy. The goal is to provide an assessment of carbon permanence for 
the study biochar based on their standing in the geological organic 
carbon stability ranking system. Organic geochemistry and petrology 
have long defined a ranking system for organic carbon based on 
measurable parameters that define degree of preservation of organic 
carbon during the diagenesis, catagenesis, and metagenesis stages in the 
Earth’s crust. Diagenesis stage encompasses all the bacterial degrada
tions and organic carbon mineralization processes occurring at surface 
to shallow burial. Catagenesis and metagenesis relate to the thermal 
crackdown and metamorphism of organic carbon during the exposure to 
the burial temperature. The comparison between the organic carbon in 
biochars and that preserved in the geological rocks would be the key to 
infer the stability of carbon. 

2. Feedstock samples 

The feedstocks used for biochar production were collected in the 
Mekong Delta region of southern Vietnam and includes wood, herba
ceous, and fruit agricultural waste products. The Mekong Delta accounts 
for about 50% of Vietnam’s total agricultural waste production (viet
cetera.com, 2022). The wood residues include bamboo (Bambusa vul
garis) and melaleuca (Melaleuca cajuputi), while herbaceous residues 
were derived from rice straw (Oryza sativa L.), rice husk (O. sativa L.), 
and water hyacinth (Eichhornia crassipes). Fruit remains were derived 
from jackfruit and durian peel. 

The feedstocks are different in composition, which is expected to 
affect how the feedstocks react to pyrolysis. The melaleuca grows in 
coastal swamp forests and is a tree that can be up to 30 m high with a 1 m 
thick trunk. Bamboo is very widespread in plantations in Vietnam and 
produces about 7 M ton/year of waste, and the B. vulgaris contains 
around 30% lignin and > 70% cellulose (Hartono et al., 2022). The rice 
straw and husk remain are major agricultural waste products in the 
Mekong Delta. The lignin content in rice straw ranges from c. 15–20%, 
while the hemicellulose+cellulose content amounts to 50–70% (NL 
Agency, 2013). Rice husk contains about 40% cellulose and 30% lignin, 
and further has a high silica content of about 20% (Phonphuak and 
Chindaprasirt, 2015). Excess use of nitrogen and phosphorus fertilizers 
combined with high precipitation have led to proliferation of the inva
sive water hyacinth, which poses a threat to the aquatic water 
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ecosystems by forming dense floating mats that block for sunlight and 
effect the oxygen level (Toft et al., 2003; Nguyen et al., 2018). 
Compositionally water hyacinth is dominated by cellulose and hemi
cellulose, while it has a low lignin content of c. 4.1% (Tanpichai et al., 
2019). Jackfruit and durian grow on trees and have some visual 
resemblance, but they are quite different rich tropical fruits with a high 
proportion of carbohydrates and cellulose, the latter amounting to c. 
28% in jackfruit peel (Sundarraj and Ranganathan, 2017). Chemical 
characterization of durian peel likewise shows a dominance of cellulose 
and hemicellulose (57–64% and 31%, respectively) and only c. 14% 
lignin (Lubis et al., 2018). 

3. Methods 

The procedure for biochar production has been described by Nguyen 
et al. (2018). The feedstock biomass was dried in an oven at 105 ◦C, cut 
into 1 mm size pieces, and compressed into cylindrical particles before 
pyrolyzation in a Yamada Denki VMF 165 furnace. Nitrogen was 
initially pumped at a flow rate of 3 L/min for 30 min into the furnace to 
remove air followed by pyrolyzation of the feedstocks at three temper
atures, 500 ◦C, 700 ◦C and 900 ◦C, apart from jackfruit and durian that 
were only pyrolyzed at 500 ◦C. The heating rate was for all temperatures 
10 ◦C/min, and the maximum temperature was held for 2 h before the 
furnace cooled down to room temperature. 

Polished blocks (pellets) suited for incident light microscopy were 
prepared from the 17 biochar samples according to the procedure out
lined in Taylor et al. (1998). Random reflectance (%Ro) of biochar was 
measured using a Zeiss Axio Image 2 system equipped with Fossil- 
Hilgers system calibrated using a N-LASF46A standard with reference 

reflectance of Ro = 1.317%. The %Ro measurements in each sample were 
carried out on 500 points (0.3 × 0.3 μm %Ro probe area) on the polished 
surfaces of the biochar fragments. 

The morphotype composition of biochar samples derived from four 
feedstocks (rice straw, rice husk, bamboo, and water hyacinth) at three 
different pyrolysis temperatures (500 ◦C, 700 ◦C, 900 ◦C) were deter
mined by point counting of 400 biochar particles in each sample. Lester 
et al. (2018) has proposed a biomass char classification system but 
currently no formally established classification system for biochar is 
available. However biochar morphotypes are very similar to combustion 
chars (Fig. 1), and therefore the ICCP char classification system was used 
in this study (Lester et al., 2010; Hower et al., 2017; Suárez-Ruiz et al., 
2017; Valentim, 2020). The basic criteria used for classification of the 
different morphotypes are porosity, wall thickness, internal network 
structure, and proportion of fused and unfused parts (for details, see 
Lester et al., 2010). The morphotype categories recorded are: (1) Ten
uisphere and Crassisphere – spherical to angular form; (2) Tenuinetwork 
and Crassinetwork – internal network structure; (3) Mixed porous and 
Mixed dense – fused and unfused parts; (4) Inertoid and Fusinoid/solid – 
dense structure or inherited (original) cell structure. 

A LECO CS-200 induction furnace was used to determine the content 
of Total Organic Carbon (TOC, wt%) in the feedstocks and the biochars. 
TOC was determined after removal of carbonate-bonded carbon by HCl. 

TOC was also determined from Extended Slow Heating (ESH®) py
rolysis. The ESH® analysis was performed at the Lithospheric Organic 
Carbon laboratory (LOC), Aarhus University. The ESH® applies the 
automated programmed heating of 10 mg ground sample and measure 
the amount of thermally released hydrocarbons, CO, and CO2. The 
method applies continuous pyrolysis from 100 ◦C to 650 ◦C in an inert 
condition (helium atmosphere). The released hydrocarbon fractions are 
divided based on their thermal yield pyrograms using the ESH-Sli
ce&Dice® integration algorithm. Each hydrocarbon fraction is sliced 
into distinguished sections based on the temperature range and subse
quently the area under each peak is integrated. The first four fractions 
correspond to the free hydrocarbons in the order of their thermal sta
bility (i) light oil: 0–100 ◦C, (ii) mobile oil: 100–200 ◦C, (iii) semi-mobile 
oil: 200–300 ◦C, and (iv) immobile oil: 300–375 ◦C (Sanei et al., 2015; 
Sanei, 2019). These fractions are attributed to the free hydrocarbons, 
which are secondary generated from thermal crackdown of organic 
matter in feedstock during pyrolysis production of biochars. The hy
drocarbon fractions are believed to be trapped within the biochar vac
uoles and can be potentially extracted using organic solvents (soluble 
organic matter: SOM). The hydrocarbon fraction between 375 and 
650 ◦C is attributed to the incompletely carbonized organic matter in 
feedstock at the lower end of this temperature range and thermal 
crackdown of the aromatic hydrocarbon biopolymers at higher tem
perature. This hydrocarbon fraction is believed to be insoluble in 
organic solvent and hence part of the particulate organic matter (POM). 
While all soluble hydrocarbon fractions (SOM) are regarded as labile 
due to existence of hydrogen as proton donor during bacterial degra
dation and organic mineralization, the fraction related to POM 

Fig. 1. Photomicrographs of charred particles of different origin but very similar morphology. (A) Natural char from Upper Jurassic rock about 160 M years old, (B) 
Combustion char from drop tube at 800 ◦C, (C) Biochar produced from rice straw pyrolysed at 500 ◦C. 

Table 1 
Sample identification and biochar reflectance values.  

Sample ID Feedstock Temp.1 Mean2 Ro Std.    

◦C %  

A03380ESH DR 500 Durian 500 1.97 0.433 
A03382ESH JF 500 Jackfruit 500 1.82 0.357 
A03384ESH WH 500 Water hyacinth 500 2.33 0.256 
A03385ESH WH 700 Water hyacinth 700 4.51 0.440 
A03386ESH WH 900 Water hyacinth 900 4.80 0.456 
A03388ESH RS 500 Rice straw 500 2.18 0.442 
A03389ESH RS 700 Rice straw 700 5.11 0.276 
A03390ESH RS 900 Rice straw 900 5.76 0.348 
A03392ESH RH 500 Rice husk 500 4.55 0.525 
A03393ESH RH 700 Rice husk 700 4.35 0.818 
A03394ESH RH 900 Rice husk 900 5.41 0.483 
A03396ESH B 500 Bamboo 500 2.21 0.288 
A03397R ESH B 700 Bamboo 700 4.67 0.562 
A03398ESH B 900 Bamboo 900 5.28 0.145 
A03400ESH M 500 Melaleuca 500 2.33 0.254 
A03401ESH M 700 Melaleuca 700 4.71 0.427 
A03402R ESH M 900 Melaleuca 900 5.58 0.201  

1 Pyrolysis temperature. 
2 Mean random reflectance. 
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biopolymers requires more energy for degradation and hence will be 
selectively preserved. After completion of the pyrolysis step at 650 ◦C, 
the sample is cooled off to 100 ◦C and then subject of ramp heating 
combustion in O2 atmosphere at the continuous heating rate of 25 ◦C/ 
min until it reached 850 ◦C. During the oxidation stage the residual 
organic carbon is released and detected as CO2 and CO after high ther
mal combustion. The CO and CO2 pyrograms for all biochar samples 
show thermal decomposition of the residual organic carbon occurs in 
three major peaks attributed to three fractions of highly refractory 
“inert” organic carbon, in the order of their carbon stability from low to 
high temperature. The first fraction for all biochar samples peaks at 
above 300 ◦C and goes all the way to 700 ◦C. The high temperature 
combustion needed to breakdown the residual inert organic carbon in 
biochar suggests high stability of carbon in these aromatic biopolymers. 

4. Results 

4.1. Biochar reflectance 

The mean random Ro values of the biochars pyrolyzed at 500 ◦C 
range from 1.82 to 2.33% apart from rice husk that has a Ro of 4.55% 
(Table 1). All biochars show a significant increase in reflectance to 
>4.35% when pyrolyzed at 700 ◦C, while the increase in %Ro is less 
pronounced when the pyrolysis temperature was elevated to 900 ◦C 
(Fig. 2; Table 1). 

4.2. Total organic carbon (TOC) 

The TOC content of all biochar samples increases with increasing 
temperature (Fig, 2; Table 2). Differences between the TOC contents 
derived from LECO and ESH® (ESH® used for calculation of GOC 
[generative organic carbon] and NGOC [non-generative organic car
bon]) is due to different analysis methods. For most samples the dif
ference is ≤9%, while the highest difference is recorded for the ash-rich 
water hyacinth biochars. However, the observed trends in TOC are the 
same for the two methods. The highest carbon contents close to or above 
80 wt% is measured for high temperature biochars derived from the 
woody melaleuca and bamboo feedstocks. The durian and jack fruit 
biochars yield similar and high TOC contents close to 70 wt%. The 
biochars derived from the herbaceous water hyacinth have a relatively 
low TOC content just below 40 wt%, which basically does not change 
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Fig. 2. A Development in total organic carbon (TOC) content with increasing 
pyrolysis temperature. Note that “0” refers to the non-heated feedstock. B 
Development in mean biochar reflectance with increasing pyrolysis 
temperature. 

Table 2 
Organochemical properties and ash content of the biochars.  

ID Feedstock Temp.1 TOC2 TOC3 GOC NGOC Reac. OC Inert OC Hydrogen Index H* N* O* Ash*   

◦C wt% wt%   % % mg HC/g TOC % (daf) % (daf) % (daf) % 

DR 500 Durian 500 68.15 74.62 1.92 72.71 3 97 12.0 n.d. n.d. n.d. n.d. 
JF 500 Jackfruit 500 68.42 69.87 1.04 68.83 1 99 1.6 n.d. n.d. n.d. n.d. 
WH 500 Water hyacinth 500 39.50 38.40 0.79 37.61 2 98 2.4 1.02 1.78 9.01 44.40 
WH 700 Water hyacinth 700 37.56 41.70 0.73 40.96 2 98 0.3 0.40 1.41 6.62 51.01 
WH 900 Water hyacinth 900 38.71 44.45 0.62 43.83 1 99 0.3 0.23 0.97 5.58 51.39 
RS 500 Rice straw 500 50.69 52.84 1.03 51.81 2 98 5.5 n.d. n.d. n.d. n.d. 
RS 700 Rice straw 700 56.75 63.47 0.53 62.94 1 99 0.2 n.d. n.d. n.d. n.d. 
RS 900 Rice straw 900 60.68 62.24 0.37 61.86 1 99 0.2 n.d. n.d. n.d. n.d. 
RH 500 Rice husk 500 56.07 50.01 0.29 49.72 1 99 0.2 1.64 0.72 5.47 34.41 
RH 700 Rice husk 700 49.61 47.05 0.35 46.70 1 99 0.3 0.69 0.61 1.53 38.14 
RH 900 Rice husk 900 65.73 57.56 0.24 57.32 0 100 0.2 0.23 0.68 0.58 39.28 
B 500 Bamboo 500 72.73 72.73 1.15 71.58 2 98 6.0 3.07 0.83 7.30 11.00 
B 700 Bamboo 700 76.74 77.92 0.51 77.40 1 99 0.2 1.33 0.65 3.67 13.46 
B 900 Bamboo 900 75.78 80.58 0.60 79.98 1 99 0.4 0.73 0.87 0.57 13.83 
M 500 Melaleuca 500 77.66 70.50 1.41 69.10 2 98 7.4 2.52 0.36 6.62 3.09 
M 700 Melaleuca 700 88.48 76.51 0.57 75.94 1 99 0.5 1.30 0.33 3.17 3.09 
M 900 Melaleuca 900 82.49 85.21 0.56 84.65 1 99 0.2 0.62 0.52 1.72 3.45 

GOC: generative organic carbon; NGOC: non-generative organic carbon; Reac. OC: reactive organic carbon; Inert OC: inert organic carbon. 
1 Temp.: pyrolysis temperature. 
2 TOC: total organic carbon from Leco. 
3 TOC: total organic carbon from ESH®. 
* Data from Nguyen et al. (2018); daf: dry ash free. 
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from 500 ◦C to 900 ◦C. The biochars from rice straw and rice husk have 
intermediate TOC contents. Hydrogen Index (HI) values are highest for 
the 500 ◦C produced biochars but are generally very low (Fig. 3; 
Table 2). Most of the organic carbon is inert (non-generative, NGOC), 
while only a minor fraction is generative (GOC) (Fig. 3; Table 2). 

4.3. Extended slow heating (ESH®) 

The ESH® results show the amount of hydrocarbons distributed in 
the SOM and POM fractions (Fig. 4; Table 3). The SOM hydrocarbon 
fractions are more easily degradable compared to POM fraction as 
indicated by their thermal stability. The result shows that all biochars 
made at 500 ◦C (DR 500, JF 500, WH 500, RS 500, RH 500, B 500, M 
500) contain considerably higher amounts of hydrocarbons compared to 
their counterparts made at 700 ◦C (WH 700, RS 700, RH 700, B 700, M 
700) and 900 ◦C (WH 900, RS 900, RH 900, B 900, M 900) (Fig. 4; 
Table 3). The majority of the hydrocarbons for all samples belong to the 
more refractory POM fraction. However, some biochars, in particular 
rice straw, contain a relatively significant amount of SOM fraction. The 
SOM free hydrocarbon fractions are attributed to the secondary thermal 
cracking of the organic molecules in the feedstock and condensation on 
the surface of the biochars vacuoles during cooling. Organic solvents 
such as dichloromethane (DCM) can potentially remove the readily 
degradable SOM hydrocarbons from the biochars. 

The inert carbon fraction is the residual organic carbon content that 
requires combustion between 300 and 850 ◦C in the presence of oxygen 
to break down. In contrast, the reactive carbon is the sum of all organic 
carbon fractions released during pyrolysis from 100 to 650 ◦C (CO, CO2, 
and hydrocarbons). The overall carbon budget within the biochars 
shows that irrespective of the biochar type, over 97% of the total organic 
carbon in biochar consists of highly refractory, residual carbon that 
needs combustion beyond 300 ◦C. This fraction of organic carbon is by 
comparison to inert organic carbon in the geological record geochemi
cally considered non-generative due to its inability to further breakdown 
due to diagenetic and catagenetic (burial thermal degradation) pro
cesses. Therefore, this fraction is regarded as “inert” organic carbon 
fraction (Fig. 5; Table 2). It is highly unlikely that low temperature 
shallow processes in soil and surface earth cause degradation of this 
fraction selectively, while other labile fractions of organic matter that 

require lot less energy to breakdown are always present in abundance. 

4.4. Biochar composition 

The composition of the rice straw, rice husk, bamboo, and water 
hyacinth biochars are shown in Table 4. The spherical morphotypes 
(tenuisphere, crassisphere; Fig. 6G) are only present in inferior quantity 
and will not be discussed further. The biochar compositions changes 
with increasing pyrolysis temperature in such a manner that some 
morphotypes decrease in abundance, while others increase (Table 4). All 
biochars independent of pyrolysis temperature are dominated by fusi
noid/solid that represent inherited cellular fusinite structure or low 
porosity solid particles (Lester et al., 2010). The fusinoid morphotype 
(Figs. 6D, H; 7C, D; 8B; 9G) is much more abundant than solid (Figs. 6K, 
8D) and exhibits a varying morphological appearance according to the 
feedstock. The quantity of fusinoid/solid decreases from 54.5 to 68.0 vol 
% to 32.8–43.3 vol% in the samples pyrolyzed at 500 ◦C and 900 ◦C, 
respectively. The porous morphotypes (tenuinetwork, crassinetwork, 
mixed porous, mixed dense) generally increases in quantity from 500 ◦C 
to 700 ◦C and/or 900 ◦C (Table 4), however, the feedstocks respond 
differently to temperature and the biochar compositions are thus 
distinctly different, e.g., the porous morphotypes are most abundant in 
the biochars derived from water hyacinth. Tenuinetwork biochars 
characterized by internal network structure with thin walls and high 
porosity is pronounced in the rice straw and water hyacinth biochars 
formed at 900 ◦C (Figs. 6A, I and 9A, C). The crassinetwork biochar, also 
characterized by internal network structure but lower porosity and 
thicker walls (Lester et al., 2010), is overall less abundant than ten
uinetwork except in the rice husk biochars (Figs. 6B, C, F; 7B; 9B, D, E). 
Mixed porous and mixed dense biochars are likewise present in abun
dance in all samples but are particularly abundant in the rice husk and 
water hyacinth biochars formed at 700 ◦C and 900 ◦C (Figs. 6J; 7E, F, H; 
8A, E–G; 9F; Table 4). The mixed biochars have fused (<75%) and un
fused (>25%) parts but different porosity. It is assumed that these bio
chars are formed by partly devolatilization at higher temperatures of the 
tissue that tends to form fusinoid/solid. The biochar composition of the 
woody bamboo feedstock stands out by having much lower quantities of 
the mixed porous and dense morphotypes, while the content of inertoid 
is substantially higher (Fig. 8C, H; Table 4). Inertoid is a dense biochar 
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Fig. 4. The proportion of SOM and POM fractions in the biochars produced at 500 ◦C, 700 ◦C and 900 ◦C. Note the relatively high proportion of POM in the biochars 
produced at a pyrolysis temperature of 500 ◦C and the marked fall when the temperature is increased to 700 ◦C. SOM: soluble organic matter; degradable, labile free 
hydrocarbons. POM: particulate organic matter; likely insoluble in organic solvent. See Table 1 for sample ID. 

Table 3 
Soluble (SOM) and particulate (POM) organic matter in the biochars (ESH®).  

ID Feedstock Temp.1 SOM-12 SOM-2 SOM-3 SOM-4 Total SOM POM3 S1 + S2   

◦C mg HC/g 

DR 500 Durian 500 0.03 0.01 0.06 0.09 0.19 8.51 8.70 
JF 500 Jackfruit 500 0.02 0.01 0 0 0.02 1.18 1.20 
WH 500 Water hyacinth 500 0.01 0.06 0.05 0.05 0.17 0.75 0.92 
WH 700 Water hyacinth 700 0 0.03 0.03 0 0.06 0.21 0.27 
WH 900 Water hyacinth 900 0.01 0.02 0.02 0.02 0.06 0.18 0.24 
RS 500 Rice straw 500 0.20 0.72 0.32 0.20 1.44 1.59 3.03 
RS 700 Rice straw 700 0.01 0.06 0.05 0.04 0.16 0.12 0.28 
RS 900 Rice straw 900 0.01 0.05 0.04 0.03 0.12 0.10 0.22 
RH 500 Rice husk 500 0 0.01 0.01 0.01 0.03 0.16 0.19 
RH 700 Rice husk 700 0.01 0.06 0.03 0.03 0.13 0.07 0.20 
RH 900 Rice husk 900 0.02 0.07 0.03 0.01 0.13 0.05 0.18 
B 500 Bamboo 500 0.03 0.18 0.12 0.10 0.43 4.05 4.48 
B 700 Bamboo 700 0.02 0.02 0.02 0 0.05 0.27 0.32 
B 900 Bamboo 900 0.02 0.10 0.06 0.05 0.23 0.17 0.40 
M 500 Melaleuca 500 0.02 0.04 0.05 0.05 0.17 5.14 5.31 
M 700 Melaleuca 700 0.08 0.13 0.06 0.05 0.32 0.19 0.51 
M 900 Melaleuca 900 0 0.04 0.04 0 0.07 0.25 0.32  

1 Temp.: pyrolysis temperature. 
2 SOM: soluble organic matter. 
3 POM: particulate organic matter. 
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with 5–40% porosity and it can be either fused or unfused (Lester et al., 
2010). 

5. Discussion 

5.1. Biochar stability 

Biochar is a carbon-enriched pyrolysis residue that can be considered 
part of the heat-induced conversion of organic matter known from the 

geological record and coal combustion (Rosenberg et al., 1996; Petersen, 
1998; Scott and Glasspool, 2007). Carbon-rich particles comparable to 
biochar occur naturally in geological rocks millions of years old, where 
they constitute mostly stable non-degradable inert particles derived 
from natural heat-induced transformation processes of plant remains 
and other organic matter (Fig. 1) (e.g., Taylor et al., 1998). This material 
is formally known as inertinite and natural char (International Com
mittee for Coal and Organic Petrology (ICCP), 2001; Kwiecińska and 
Petersen, 2004). The pyrolysis process of biomass feedstock used to 
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Fig. 5. The proportion of reactive and inert organic carbon fractions in the biochars produced at 500 ◦C, 700 ◦C and 900 ◦C. All biochars are dominated by inert 
organic carbon but a minor reactive fraction remains, in particular in the biochars produced at a pyrolysis temperature of 500 ◦C. 

Table 4 
Biochar composition (n = 400).  

ID Feedstock Temp.1 Biochar morphotypes2    

Tsph Csph Tnwk Cnwk Mx Po Mx De Int Fus/So   

◦C vol% 

WH 500 Water hyacinth 500 0.3 0.5 8.3 7.8 10.3 14.3 4.3 54.5 
WH 700 Water hyacinth 700 0 0.5 12.8 13.0 14.0 18.5 1.5 39.8 
WH 900 Water hyacinth 900 0 0.3 19.8 12.0 15.3 18.3 1.8 32.8 
RS 500 Rice straw 500 0.3 0.3 13.5 2.8 5.3 6.8 3.3 68.0 
RS 700 Rice straw 700 0 1.3 11.3 3.3 6.0 14.3 2.5 61.5 
RS 900 Rice straw 900 0.3 0.5 23.8 7.0 10.8 11.0 3.5 43.3 
RH 500 Rice husk 500 0 0.5 4.8 11.3 5.3 16.0 3.0 59.3 
RH 700 Rice husk 700 0 0 1.5 13.5 7.8 20.5 5.3 51.5 
RH 900 Rice husk 900 0.3 0 4.0 8.5 12.5 31.5 0.8 42.5 
B 500 Bamboo 500 0 0 0.8 4.8 1.0 10.3 18.5 65.2 
B 700 Bamboo 700 0 0 13.3 9.8 2.8 5.3 26.8 42.3  

1 Temp.: pyrolysis temperature. 
2 Tsph: tenuisphere; Csph: crassisphere; Tnwk: tenuinetwork; Cnwk: crassinetwork; Mx Po: mixed porous; Mx De: mixed dense; Fus/So: fusinoid/solid 
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Fig. 6. Photomicrographs (reflected white light, oil immersion) of biochar morphotypes produced from rice straw by pyrolyzation at 500 ◦C, 700 ◦C and 900 ◦C. A 
Tenuinetwork, 500 ◦C; B-C Crassinetwork, 500 ◦C; D Fusinoid, 500 ◦C; E Inertoid, 500 ◦C; F Crassinetwork, 700 ◦C; G Crassisphere, 700 ◦C; H Fusinoid, 700 ◦C; I 
Tenuinetwork, 900 ◦C; J Mixed dense, 900 ◦C; K Solid, 900 ◦C. 
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produce biochar is in many aspects comparable to the natural geological 
thermal alteration process of organic matter induced by gradual burial 
into the Earth’s crust apart from the process is accelerated to last only an 
hour or less in the laboratory. Pyrolysis of biomass constitutes likewise 
an alteration continuum controlled by pyrolysis temperature and feed
stock type. In alignment with previous studies the current biochars show 
a significant increase in TOC content with increasing pyrolysis temper
ature (Fig. 2; Table 2; Crombie et al., 2015). The carbon enrichment with 
pyrolysis temperature is associated with a decrease in water, volatile 
matter, hydrogen, nitrogen, and oxygen contents (Table 2; Nguyen et al., 
2018). The woody bamboo and melaleuca biochars produced at 700 ◦C 
have a maximum TOC content of ~77–88 wt%, while the TOC content 
decreases about 6 wt% in the melaleuca biochar from 900 ◦C pyrolysis. 
Durian and jack fruit were only pyrolyzed at 500 ◦C but shows a marked 
increase in TOC content comparable to bamboo (Fig. 2; Table 2). The 
herbaceous rice straw and husk biochars show a smaller TOC increase 
and maximum content. The lowest TOC content is measured in the water 
hyacinth biochars, which seems to have reached its maximum TOC 
content of ~38–39 wt% already at 500 ◦C (Fig. 2; Table 2). Nguyen et al. 
(2018) showed that the amount of produced biochar decreased with 
increasing pyrolysis temperature, however rice husk and water hyacinth 
produced higher biochar yields and considerably higher ash yields (max. 
39.28% and 51.39%, respectively) than the woody bamboo and mela
leuca biomasses (max. 13.83% and 3.43%, respectively). The larger 
quantity of relatively low-TOC biochars associated with high ash yields 
is well-known (e.g., Shariff et al., 2014), and is likely due to incorpo
ration of inorganic compounds in the biochars (Domingues et al., 2017). 
The rice husk and water hyacinth biochars have significantly higher 
contents of Si and K than the other feedstocks, respectively, which is 
related to their growth habitat, e.g. rice husk feedstock from Japan had 
an ash content of 21.3% (Crombie et al., 2013; Nguyen et al., 2018). 

Long-term biological carbon storage requires carbon stability of the 
biochar after applied in soil, and proposed half-life estimates of 100 to 
>1000 years have been proposed (Spokas, 2010; Wang et al., 2016). 
However, abundant occurrence of naturally formed chars and carbon
ized organic matter in geological sedimentary rocks of tens of millions of 
years age indicate that almost infinite stability of carbon can be achieved 
with sufficient thermal alteration of the organic matter (biomass). 
Increased structural alteration of natural thermally matured organic 
matter is associated with an increase in aromaticity and reflectance as 
suggested by Carr and Williamson (1990) and Liu et al. (2020). These 
authors showed that the aromatic structure changed with increasing 
temperature-influence from small isolated aromatic rings to poly
aromatic compounds that gradually grow larger by condensation at a 
vitrinite reflectance (VR) of ~2.0–3.7%, with larger size polyaromatic 
structures developing at VR >3.7%. For coals this would correspond to 
the anthracite coalification stage. Laboratory experiments have also 
shown a clear increase in charcoal (inertinite) reflectance with 
increasing formation temperature (Jones et al., 1991; Jones, 1997; Scott 
and Glasspool, 2005). Long-term biochar permanence in the soil is 
related to the presence of condensed aromatic clusters (>7 fused rings) 
in the biochar structure, and like naturally carbonized organic matter 
the quantity of stable polycyclic aromatic carbon in biochar increases 
with pyrolysis temperature (Rombolà et al., 2016). A limit of about 75 
wt% of stable polycyclic aromatic carbon has been estimated for bio
chars suggesting that even biochars produced at 800 ◦C may still contain 
a minor fraction of more labile carbon (Howell et al., 2022). It has been 
shown that at a pyrolysis temperature of 350 ◦C aromatic structures are 
formed in the biochar, and at temperatures exceeding 600 ◦C the biochar 
has attained a highly condensed aromatic structure that with further 
pyrolysis temperature rise attains a structure showing some resemblance 
with graphite (Zhang et al., 2017). Just like naturally carbonized 
organic matter the degree of temperature-induced transformation can be 
assessed by measuring the random reflectance (%Ro). The %Ro values of 
the biochars show a fairly similar increasing trend with increasing py
rolysis temperature, apart from rice husk that has a significantly higher 

%Ro at 500 ◦C than all other chars (Fig. 2). This indicates that pyrolysis 
temperature is not the only factor controlling %Ro and hence carbon 
stability of rice husk. In the case of rice husk biochar, composition of 
organic matter appears to have higher propensity to be aromatized and 
hence at the same pyrolysis temperature of 500 ◦C shows significantly 
higher %Ro, which is indicative of its superior carbon stability as 
compared to other feedstocks. 

It is also notable that the biochars show a conspicuous jump in %Ro 
from 500 ◦C to 700 ◦C indicating a pronounced structural change to
wards higher aromaticity and condensation, while increasing the py
rolysis temperature from 700 ◦C to 900 ◦C has a small effect on %Ro, 
suggesting that the biochars already have attained sufficiently high 
degree of consolidation and aromatization (Fig. 2). Analogous to this a 
study of the relationship between reflectance and formation tempera
ture of charcoal showed a non-linear correlation with a pronounced 
increase in reflectance around 500 ◦C (Jones et al., 1991). The sudden 
increase in %Ro values from 500 ◦C produced biochars to 700 ◦C pro
duced biochars is likewise reflected in a marked decline in HI values and 
the proportion of generative organic carbon, although it should be 
stressed that none of the biochars contain more than 3% reactive organic 
carbon (Figs. 3 and 5; Table 2). Similarly, Crombie et al. (2015) showed 
that the proportion of stable carbon in biochar increased with highest 
treatment temperature (650 ◦C ibid.). Despite the fact that >97% of the 
measured carbon in all biochars is defined as non-generative and “inert”, 
the 500 ◦C produced biochars have relatively higher quantity of labile 
hydrocarbons and reactive carbon relative to the 700 ◦C and 900 ◦C 
produced biochars, i.e. of pyrolyzable organic carbon that may be 
susceptive to degradation by microorganisms in the soil (Figs. 4 and 5; 
Table 3). The durian biochar appears to have the highest fraction of POM 
and reactive carbon (Figs. 4 and 5; Table 3). This suggests that incom
plete carbonized biochar (too low temperature) can contain a labile 
organic fraction, which can account for the observed initial microbial 
degradation of biochar in short-term incubations and the modelled 
relatively short half-life times (Bruun et al., 2008; Spokas, 2010). 

The woody melaleuca and bamboo feedstocks and perhaps also 
durian and jackfruit produced high-TOC biochars, and in addition the 
biochars pyrolyzed at 700 ◦C to 900 ◦C yielded Ro values >4.5% cor
responding to a highly condensed, aromatized carbon structure. In a 
geological context the measured %Ro values correspond to anthracite to 
meta-anthracite coals and fusinite (char) formed by high-temperature 
wildfires, for example Pennsylvanian (c. 299–323 Ma) anthracite in 
Pennsylvania, USA, and fusinite in coal beds close to the Triassic/ 
Jurassic boundary (c. 201 Ma), Denmark (Thomas, 2002; Petersen and 
Lindström, 2012). Thus, by analogy to natural formed heat-altered coaly 
matter this indicates almost infinite stability in the soil due to a chemical 
structure, which is inaccessible to microbial degradation. This indicates 
the high-TOC and high-%Ro biochars to have a high biological carbon 
sequestration potential but this should be confirmed by investigating the 
response of biochar subjected to abiotic oxidation in soil. Cheng et al. 
(2006) concluded that short-term abiotic oxidation of black carbon (BC) 
in soil had significance for its stability, however, it should be noted that 
the BC was produced from wood by combustion in a muffle furnace at 
only 350 ◦C. This is likely a too low temperature to completely alter the 
biomass into an inert polyaromatized structure with high permanence. 

5.2. Biochar morphotype variations 

As pointed out above biochars produced by pyrolysis share many 
chemical, structural, and thermal alteration similarities with natural- 
formed chars recovered from the geological record and combustion 
chars produced in coal-fired power plant boilers or made in the labo
ratory. Classification of combustion chars produced in coal-fired pow
erplants and in the laboratory by muffle furnace at temperatures 
<900 ◦C reveal a striking relation to coal type (feedstock) and temper
ature (e.g. Rosenberg et al., 1996; Sørensen et al., 2000). The char 
morphotype composition change significantly with increasing 
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Fig. 7. Photomicrographs (reflected white light, oil immersion) of biochar morphotypes produced from rice husk by pyrolyzation at 500 ◦C, 700 ◦C and 900 ◦C. A 
Tenuinetwork, 500 ◦C; B Crassinetwork, 500 ◦C; C-D Fusinoid, 500 ◦C; E–F Mixed dense, 700 ◦C; G Tenuinetwork, 900 ◦C; H Mixed dense, 900 ◦C. 
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Fig. 8. Photomicrographs (reflected white light, oil immersion) of biochar morphotypes produced from bamboo by pyrolyzation at 500 ◦C and 700 ◦C. A Mixed 
dense, 500 ◦C; B Fusinoid, 500 ◦C; C Inertoid, 500 ◦C; D Solid, 500 ◦C; E Mixed porous, 700 ◦C; F–G Mixed dense, 700 ◦C; H Inertoid, 700 ◦C. 
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Fig. 9. Photomicrographs (reflected white light, oil immersion) of biochar morphotypes produced from water hyacinth by pyrolyzation at 500 ◦C, 700 ◦C and 900 ◦C. 
A Tenuinetwork, 500 ◦C; B Crassinetwork, 500 ◦C; C Tenuinetwork, 700 ◦C; D-E Crassinetwork, 700 ◦C; F Mixed dense, 900 ◦C; G Fusinoid, 900 ◦C; H Mineral matter 
filled tenuinetwork; I Mineral matter, 900 ◦C. 
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temperature. A similar development was observed for the biochars in 
this study (Table 4). The classified biochars show all dominance of 
fusinoid/solid (primarily fusinoid) morphotypes with the highest initial 
quantity (500 ◦C) in the rice straw and bamboo biochars (Figs. 6D, H, 
7C, D, 8B, 9G and 10; Table 4). The high proportion of these morpho
types is likely related to the relatively low pyrolysis temperature at the 
absence of oxygen. The quantity of fusinoid/solid biochars decreases 
with increasing pyrolysis temperature in all four biochar sets due to 
higher reactivity of the feedstocks at elevated pyrolysis temperatures 
(Fig. 10; Table 4). 

In the rice straw biochars the amount of porous morphotypes, in 
particular the high porous tenuinetwork type (Fig. 6A, I), increase at the 
expense of fairly dense fusinoid/solid biochars (Fig. 10). This is sup
ported by observation of partly fused (‘melted’) fusinoid biochars 
(mixed dense, Fig. 6J). In rice husk tenuinetwork is less abundant, while 
the quantity of mixed dense biochars is considerably higher (Fig. 7E, F, 
H; Table 4). This is perhaps related to the more lignin-rich nature (30% 
lignin; NL Agency, 2013) of the rice husk feedstock compared to the 
more cellulose-rich rice straw (c. 15–20% lignin; Phonphuak and 
Chindaprasirt, 2015). The morphotype composition primarily changes 
towards a significant increase in mixed dense and partly also mixed 
porous with temperature increase (Fig. 10; Table 4). This again can be 
attributed to the increasing reactivity of the feedstock at 700 ◦C and 
900 ◦C. Inertoid almost disappears at 900 ◦C. 

The woody relatively lignin-rich bamboo produces biochars 

dominated by fusinoid/solid and inertoid morphotypes (Figs. 8B, C, D, H 
and 10; Table 4). Tenui- and crassinetwork, and inertoid biochars in
crease in quantity at the expense of mixed dense and fusinoid/solid 
biochars with increasing pyrolysis temperature (Fig. 10; Table 4). The 
higher proportion of porous morphotypes reflects increased reactivity of 
the bamboo feedstock at higher temperature, while the increase in 
inertoid perhaps is related to disintegration of fusinoid/solid biochars at 
high temperatures. However, the proportion of fusinoid/solid and 
inertiod biochars remains high at 700 ◦C, where the combined amount is 
69 vol% indicating that the bamboo wood despite high temperature 
produces dense, relatively unfused, carbon-rich (76.7 wt%; Table 2) 
biochars. In combination with the high %Ro value (4.7%; Table 1) this 
suggests optimal long-term storage properties of the bamboo biochars. 

The lignin-lean water hyacinth produces the highest proportion of 
porous morphotypes (tenuinetwork, crassinetwork, mixed porous, 
mixed dense; Fig. 9A–F), which may be related to the higher proportion 
of cellulose in the plant structure. The porous biochars show an increase 
at 700 ◦C, including a marked increase of tenuinetwork at 900 ◦C, while 
the fusinoid/solid biochars decline to the lowest quantity of all biochars 
(Fig. 10; Table 4). The biochars are often thin-walled and relatively 
small (broken?) suggesting considerable devolatilization during pyro
lyzation, and they are commonly associated with mineral matter 
(Fig. 9H). Altogether the composition agrees with the substantially 
lower TOC content compared to the other biochars (Fig. 2; Table 2). 

The biochar compositions clearly demonstrate a relationship 
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between feedstock and pyrolysis temperature. It is highly likely that the 
development in biochar morphotype composition with increasing py
rolysis temperature is associated with changing porosity and specific 
surface area (BET) properties, which may not have any direct influence 
on permanence but may be relevant for other uses of biochar such as soil 
amendment (e.g. water and nutrient retention in poor soils). If specific 
morphotype compositions can be related to desired physical properties 
and the biochar compositions from pyrolysis of specific feedstocks at 
different temperatures is known, it will be possible to tailor-make bio
char for specific purposes. 

6. Conclusion 

Different feedstocks from the Mekong Delta region of southern 
Vietnam were used for biochar production at three different pyrolysis 
temperatures: 500 ◦C, 700 ◦C and 900 ◦C. The feedstocks consist of 
woody (bamboo, melaleuca), herbaceous (rice straw, rice husk, water 
hyacinth), and fruit (durian and jackfruit peel) agricultural waste 
products. 

The results show that pyrolysis is incomplete at a temperature of 
500 ◦C leaving behind a fraction – albeit minor – of partly degradable 
organic carbon. This fraction declines significantly at 700 ◦C and 900 ◦C. 
However, irrespective of the biochar type, over 97% of the TOC consists 
of highly refractory carbon that geochemically is considered to possess 
long-term stability indicated by: (i) high TOC contents with the woody 
feedstocks yielding the highest values (77–88 wt%), (ii) very low 
amounts of reactive organic carbon and HI values close to nil, (iii) high 
mean reflectance values >4.35% for the biochars produced at 700 ◦C 
and 900◦, indicating a highly polyaromatized condensed carbon struc
ture. By comparing with naturally heat-transformed organic matter the 
biochar data from the biochars produced at 700 ◦C and 900◦ indicate 
almost infinite stability in the soil, indicating a high biological carbon 
storage potential for high-TOC and high-%Ro biochars. This should be 
confirmed by investigating the response of biochar subjected to abiotic 
oxidation in soil. 

A high %Ro of rice husk biochar produced at 500 ◦C suggests that 
pyrolysis temperature is not the only factor controlling %Ro and hence 
carbon stability. The composition of rice husk organic matter appears to 
have higher tendency to be aromatized at lower pyrolysis temperature, 
which is indicative of its superior carbon stability as compared to the 
other feedstocks. 

The biochar morphotype compositions reveal that the distinct feed
stocks react differently to pyrolyzation. It is also clear that the mor
photype composition of each individual feedstock changes significantly 
with increasing pyrolysis temperature. All biochars have in common 
that they are dominated by fusinoid/solid (primarily fusinoid) mor
photypes irrespective of pyrolysis temperature and they all show a 
decrease in these morphotypes with increasing pyrolysis temperature. 
This compositional development is accompanied by an increase in 
porous morphotypes (tenuinetwork, crassinetwork, mixed porous, 
mixed dense). The highest proportion of fusinoid/solid and inertoid 
morphotypes was recorded in the biochars produced from woody lignin- 
rich bamboo while the lignin-lean water hyacinth produces the highest 
proportion of porous morphotypes. 

Finally the current study demonstrates the applicability of organic 
petrography and pyrolysis techniques to analyze biochars. 
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increase in temperature on the evolution of the physical and chemical structure of 
vitrinite. J. Anal. Appl. Pyrolysis 50, 117–148. 

Jones, T.P., 1997. Fusain in late Jurassic sediments from the Witch Ground Graben, 
North Sea, U.K. Med. Nederl. Inst. Toegepaste Geow. TNO 58, 93–103. 

Jones, T.P., Scott, A.C., Cope, M., 1991. Reflectance measurements and the temperature 
of formation of modern charcoals and implications for studies of fusain. Bull. Soc. 
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