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Abstract

Development of agricultural waste to biochar is significantly utilized as alternate solid fuel
because of its advantages as availability, low cost and eco-friendly material. In this study, we explored
the effect of temperature, ramping rate, and feedstock types on the physicochemical properties of
biochars. Biochar was produced from corn stalk, cassava cake, and pineapple residue by using
pyrolysis at temperatures of 400 and 600 °C with ramping rates of 7 °C mint. The crucial parameters
as temperature revealed that the fuel properties were obviously developed under a high temperature
condition showing that the HHV of biochar is approximately 27.8 MJ kg ~%, whereas ramp rate showed
insignificant development of biochar fuel characteristics. However, the resulting biochar has a low ash
content ranged around 4.7 — 8.9%. This finding indicated that increasing pyrolysis temperature could

be developed the fuel properties of biochar.
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Introduction

Biomass from agricultural sector is increased
at this period and most biomass in Thailand comes
from agricultural activities and this incident affects
the environment as an organic waste. The source
of biomass refers to woody biomass (i.e. forest
residues, fuel wood), non-woody biomass (i.e.
crop residues, processing residues of agricultural),
and organic wastes (i.e. animal waste, sewage
sludge, and municipal solid waste). For the energy
production, biomass is used directly to produce
heat via combustion, or indirectly transformed to
functional materials or other high beneficial
products [1]. Recently, the biomass conversion
technologies for biofuel production were a
thermochemical or biochemical processes. The
types of biofuel were selected by the different
conversion technologies to develop a molecular
structure which contains high ratio of carbon. Not
only producing energy, biomass could also be
applied in producing carbon materials, for
instance biochar and activated carbon [2 — 3].

Agricultural activity generates a large amount
of wastes after harvesting process. These natural
wastes can be transformed to a high value-added

product as a biochar by using a thermochemical
conversion of carbonaceous material to carbon-
enriched char [4]. By the way, biochar is a solid
product which commonly utilized into the soil as a
soil amender for agronomic [5], or used as an
alternative solid fuel in households to provide heat
[6]. Moreover, biochar application for solid fuel in
large scale heat production has been also reported
by several researchers due to some prominences
such as eco-friendly material, high availability and
carbon sequestration [7]. The most crucial property
which is calorific value, chemical ratios, appearance
density has obviously been investigated.

Pyrolysis is the thermochemical process
occurring in the oxygen limit condition. Pyrolysis
can be applied for biomass conversion to various
forms of biofuels. In general, the main products in
biomass pyrolysis are biochar, bio-oil and gases.
The pyrolysis products depend on the conditions
and types of conversion technology. The product
of pyrolysis is mainly a biochar at low heating
rate and low temperature process [8]. This process
is widely applied for the chemical industry as
the thermochemical conversion in  biomass
technology, for example, charcoal production,
activated carbon production, or other chemical
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productions. However, Pyrolysis temperature and
feedstock type are considered to be the main
factors affecting quality and controlling properties
of biochar [9].

On the contrary, heating rate during biomass
pyrolysis also affected the fuel properties of
biochar occurred by the volatilization [10].
Recently, some researchers have reported the
utilization of briquette biochar for heat production
by natural feedstock which had ignition
temperatures ranging from 492 — 520 °C. It can be
implied that biochar will be effective for the future
renewable energy and biomass production and
utilization systems [11].

The aim of this study is to show the potential
of different agricultural wastes for biochar
production in terms of an alternative solid fuel.
The selected feedstocks (i.e. corn stalk, cassava
cake, and pineapple residue) have been pyrolyzed
at temperatures of 400 and 600 °C with different
ramping rates of about 7 °C min for 1 h to
investigate the fuel properties by means of
proximate analysis follows ASTM D2867-99 for
moisture content (ASTM 2014), ASTM D2866-94
for ash analysis (ASTM 2008), and ASTM D2866-
94 for volatile substance (ASTM 2011), respectively
[12]. Due to comparison of produce biochar to the
solid fossil fuels, the produce biochar has been
analyzed by Van Krevelen’s diagram using a
chemical ratios characterized by ultimate analysis
[6-7,13].

Materials and Methods

Feedstock and biochar production

Corn stalk (CS) and pineapple residue (PR)
were collected from a local plantation, Nakhon
Ratchasima, Thailand, while cassava cake (CC)
was also supplied from post process of starch
extraction in a cassava mill, Rayong, Thailand.
All feedstocks are quite freshly contained high
moisture. It was firstly sundried in open air for
five days then, chipped, crushed, and sieved into
0.8 — 1.2 mm. The dried feedstocks were packed
in plastic bag for further pyrolysis experiment.
The chemical properties of feedstock such as ash,
moisture, volatile matter, fixed carbon, carbon,
hydrogen, nitrogen were evaluated by using
proximate, ultimate analysis, respectively and the
chemical composition (i.e. lignin, holocellulose,
cellulose) was characterized by Technical
Association of the Pulp and Paper Industry
(TAPPI) method. Then, Raw materials were
directly used for charring process. Each feedstock
was loaded inside a rotary horizontal tubular
furnace with a diameter of 45 mm and a length of
130 mm. The pyrolysis experiments were
conducted by using 10 g of prepared samples at
400 and 600 °C for 1 h in which two independent
ramping rate are considered. The two
independent ramping rate during process
considered in this study is 7 °C min~'.

Table 1 Proximate and ultimate analyses of three feedstock samples.

Biomass Proximate analysis (d.b., %wt)  Ultimate analysis (d.a.f., %wt) Density Calorific value
source M o Ach c N N o (kg m o) (daf, Mikg?)
CS 85.68 10.43 3.89 4164 6.39 0.63 51.34 89+1.60 14.05
CcC 80.71 11.77 7.52 40.28 7.28 0.35 52.09 277470 1451
PR 87.06 9.63 331 4173 761 127 49.39 193150 15.75

* Calculated by different, VM = Volatile Matter, FC = Fixed Carbon

Characterization

Ultimate or elemental (carbon, hydrogen,
nitrogen and sulphur) analysis was analyzed by
CHN elemental analyzer according to the
procedure provided by the manufacturer
difference (Leco Truespec chns-628). The
oxygen content (O) was then calculated by
difference using the relation. All these parameters
were expressed in weight percentage. Moreover,

chemical ratios (H:C, O:C) were evaluated to
analyze the biochar fuel properties through the
Van Krevelen’s diagram [6 — 7]. The heating
value of produced biochar was calculated by
following Dulong formula below [9], The
Lignocellulosic composition such as lignin,
hemicellulose and cellulose contents has been
explained by previous research [14].
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Proximate analysis of feedstock and biochar
fuel (i.e. ash (ASTM D1102-84), moisture (ASTM
E871-82), volatile matter (ASTM E872-82) and
fixed carbon) was determined via thermogravimetric
analysis (PerkinElmer Pyris 1) which obtained at

the temperature range 30 — 900 °C using a constant
heating rate of 10 °C min! under nitrogen
atmosphere from 30 — 900 °C, and then oxygen
was switched into the TG system due to pyrolysis
and combustion, respectively.

Heating value = 338.2C + 1442.8 (H — 0/8) + 94.2S (kJ kg% 1)

Surface morphology of biochar samples was
scanned by scanning electron microscopy using a
20 kV (Zeiss evo 50, Germany). Before the

investigation, biochar samples were stained on a
carbon tape attached to a stub, then coated with
gold layer by sputtering.

Table 2 Chemical composition of raw materials analyzed by the TAPPI method.

Lignocellulosic composition (d.a.f., %wt)

Biomass source

Hemicellulose Cellulose Lignin
Cs 38.32 38.14 23.54
cC 61.12 26.04 12.84
PR 57.23 29.06 13.71

Results and Discussion

Biomass properties and pyrolysis products

The results of chemical and elemental
analysis are displayed in Table 3. The chemical
composition reported in dry basis that consists of
volatile matter, fixed carbon, and ash. The results
revealed that corn stalk, cassava cake, and
pineapple residue contain 3.9%, 7.5% and 3.3%
of ash content, respectively. Ash content is lower
in corn stalk and pineapple waste because it is not
a residue from extracting process as cassava cake.
Fixed carbon of raw materials is approximately
between 9.65 — 11.82%. In addition, the elemental
composition also depends on different type of
biomass. The carbon content of raw materials has
resulted as 40.28 — 41.73%. The oxygen and
hydrogen contents of all the samples ranged in
49.39 — 52.09% for O , 6.39 — 7.61% for H, and
contained a small amount of nitrogen (0.3 — 1.2%)
as shown in Table 1.

Fuel properties of biochars

The produced biochars derived from each
raw material were observed on chemical
composition that is volatile matter, fixed carbon
and ash, (Table 3). The pyrolytic temperature was
increased from 400 — 600 °C with heating rates of
7 °C mint. The results found that high
temperature pyrolysis essentially affected a
biochar because of high rate of devolatilization.

Fixed carbon and ash content are suddenly
increased, only volatile matter was gradually
decreased. Biochar quality is determined from the
percentage of fixed carbon and ash, therefore
quality biochar should have high fixed carbon
and low ash content. In addition, biochar
produced from corn stalk has higher fixed carbon
content of 57.56 — 74.21 %wt compared to a
biochar derived from cassava cake and pineapple
residue which ranged from 45.91 — 66.20 %wt,
and the percentage of ash in cassava biochar is
quite high; 5.81 — 15.94 %wt when pyrolyzed at
600 °C.

The elemental compositions of biochar
samples were also reported on moisture-ash-free
basis. It was presented the C composition was noted
about 67.51 — 81.36 %wt for CS biochar, 73.97 —
80.81 %wt for CC biochar and 69.30 — 79.48 %wt
for PR biochar. Furthermore, the high heating value
of produced biochar was significantly different via
pyrolytic ~ temperature.  Consequently,  high-
temperature pyrolysis causes higher HHV due to the
dehydration of biochar structure such as dehydration
and decarboxylation reaction as shown in Table 2.

A comparison biochar derived from the
different thermal conversion process and coal is
in terms of their elemental composition (O/C and
H/C ratios), known as a Van Krevelen diagram
shown in Fig. 1. The lower ratios mean the
biochar could give more ability to provide heat.
The results show that the chemical structure of
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biochar is similar to natural coal. The product
exhibits lower O/C and H/C ratios than initial
product, because of the reduction of H,O and
CO; in the dehydration and decarboxylation
reactions. However, O/C and H/C atomic ratio of
biochar generally depend on the pyrolytic
condition. It can be observed that the elemental
ratio from higher pyrolytic temperature, the
chemical structure of biochar is more closely the
natural coal. For this property, the biochar is
possible to generate heat after used as an
adsorbent and offer the possibility to eliminate
using combustion impurities. The different
change among C, H, and O along with increasing
charring temperature resulted in a general
decrease in atomic ratios of H/C and O/C in
biochars. The H/C ratio range of 1.84 to 2.18 for
the raw materials was decreased to 0.38 to 0.43
for biochars made at 600 °C, whereas O/C ratio
range for these raw materials was decreased
from 0.96 — 0.98 to 0.14 — 0.26 for produced
biochars as shown in Van Krevelen diagram
(Fig. 1). The reduction in H/C ratio implies higher
structural stability in biochars due to increased
aromatic structures during charring as compared to
the uncharred raw materials [8], whereas the

decreased O/C ratio indicates the higher-degree
of carbonization due to the elimination of
hydrophilic functional groups from the material
structures by charring effect [11 — 12, 16].
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Fig. 1 Van Krevelen diagram for raw
materials and biochars produced from corn stalk
(CS), cassava cake (CC), pineapple residue (PR)
at 400 °C, and 600 °C of pyrolysis temperatures,
respectively.

Table 3 Chemical and elemental analyses of produced biochars.

Proximate analysis (d.b., %wt)

Ultimate analysis (d.a.f., %wt)

Calorific value

Samples
VM FC Ash H N o* (MJ kg?)

CS - 400 36.63 57.56 5.81 67.51 4.49 0.72 27.28 24.06
CS - 600 19.12 74.23 6.65 81.36 2.94 0.47 15.23 28.70
CC - 400 38.52 48.40 13.08 73.97 3.76 0.71 21.56 26.23
CC -600 23.09 60.97 15.94 80.81 2.89 0.58 15.72 28.38
PR — 400 46.34 45.91 7.75 69.30 4.26 1.78 24.66 24.78
PR - 600 23.75 66.20 10.05 79.48 2.53 1.37 16.62 27.25

*calculated by different, VM = Volatile Matter, FC = Fixed Carbon

Table 4. represents that the pore
characteristics of CS, CC and PR biochars from
different pyrolytic conditions were characterized
by nitrogen adsorption/desorption technique
using the BET model. The finding results
revealed that specific surface areas suddenly
increase in the pyrolytic temperature from 400 to
600 °C. The maximum specific surface areas
which found in CS biochar is about 274.71 m? g*
at 600 °C. In contrast, CC and PR biochars have
lower specific surface areas. However, increasing
pyrolytic temperature also significantly increased

specific surface areas. The measurement of
average pore volume was done by N, adsorption
at relative pressure at 0.99. It was indicated that.
It was indicated that maximum average pore
volume was 0.17 cm® g~* for CS biochar at 600 °C.
Additionally, the average pore size which
approximately 2.04 nm can be described to
microporous structure [14 — 15]. However, an
increase of biochar porosity is not only influenced
by the temperature but also affected by the types of
raw materials.
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Table 4 Pore characteristics of biochar produced from CS, CC and PR at different pyrolytic conditions.

Pyrolytic condition SBE'E Total Pore Yolume Average Pore diameter

(m?g™) cm*g™) (nm)
CS400 2.13 0.001 n/a
CS600 274.71 0.17 2.04
CC400 4.82 0.0028 n/a
CC600 34.80 0.008 n/a
PR400 0.95 0.0006 n/a
PR600 5.03 0.004 n/a

Fig. 2 SEM micrographs of CS biochars performed at a) 400 °C, 7 °C min~?, b) 400 °C, 20 °C min™!
with steam 2 h., ¢) 600 °C, 7 °C min~* and d) 600 °C, 20 °C min™.

Fig. 3 SEM micrographs of PR biochars performed at a) 400 °C, 7 °C min~?, b) 400 °C, 20 °C min!
with steam 2 h., ¢) 600 °C, 7 °C min~! and d) 600 °C, 20 °C min™%.
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Fig. 4 SEM micrographs of CC biochars performed at a) 400 °C, 7 °C min™, b) 400 °C, 20 °C min™!
with steam 2 h., ¢) 600 °C, 7 °C min~! and d) 600 °C, 20 °C min~2.

Surface morphology of as-prepared biochars

The SEM micrographs of CS, CC and PR
biochars are shown in Fig. 2, 3 and 4,
respectively. All biochars performed at 400 °C
exhibited less porous, compact, and smooth
surface morphology (Fig. a). Whereas, Fig. b — ¢
show the development of pore structure by
elevated carbonization temperature on the

Conclusion

In this study, biochar has successfully been
developed from agricultural wastes (i.e. corn
stalk, cassava cake, pine apple residue). Finding
results showed that high pyrolysis temperature
causes a high calorific value representing a
significance is the high carbon ratio in biochar
composition, and these evidences reveal similar
fuel properties as compared to natural coals. The
calorific value of cassava cake and corn stalk
biochar is over 28 MJ kg™. Nonetheless, biofuels
were produced and these could be upgraded via
using an agricultural waste. The produced biochar
also exhibits the potential as an adsorbent which
shows better properties such as increased surface
area. This preliminary study shows the potential
of agricultural wastes as a feedstock for
producing pyrolysis based functional materials
and biofuels. The further work would focus on
more optimization on pyrolysis parameters to
enhance performance of biochar production
system.

microstructure of biochars performed at 600 °C.
The appearances showed a various pores and
cavities at high-pyrolysis temperature causing
higher the degradation of volatile substance
which effectively affects the formation of pores
[15, 17]. However, the pore structure analysis can
be assured physical morphology of produced
biochars.
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