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Abstract: Production of biochar from slow pyrolysis of biomassis a promising carbon negative procedure since it
removes the net carbon dioxide in the aamosphere and produce recalcitrant carbon suitable for sequestration in soil.
Biochar production can vary significantly with the pyrolysis parameter. This study investigated the impact of
temperature and hesating rate on the yield and properties of biochar derived from cassava plantations residues which
are cassava stem (CS) and cassava rhizome (CR). The pyrolysis temperatures ranged from 400°C to 600°C while the
heating rate parameter was varied from 5°C/min to 25°C/min. The experiment was conducted using the lab scale slow
pyrolysis system. The increment of temperature and heating rate of slow pyrolysis for both cassava wastes had raised
the fixed carbon content of the biochar but decreased the biochar yield. More biochar was produced at lower
temperature and lower hegating rate. Temperature gave more influence on the biochar yield as compared to the heating
rate parameter. The highest biochar yield of more than 35 mf wt. % can be obtained from both CS and CR at 400°C
and heating rate of 5°C/min. From the proximate analysis, the results showed that cassava wastes contain high
percentage of volatile matter which is more than 80 mf wt. %. Meanwhile, the biochar produced from cassava wastes
contain high percentage of fixed carbon which is about 5-8 times higher than their raw samples. This suggested that,
it isagood step to convert CS and CR into high carbon biochar via slow pyrolysis process that can substartially yield
more biochar, up to 37 mf wt. % in this study. Since the fixed carbon content for both CS and CR biochar produced in
any studied parameter were found to be more than 75 mf wt. %, it is suggested that biochar from cassava wadtes is

suitable for carbon sequestration.
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INTRODUCTION

Cassava (Manihot esculenta) is mainly grown for
its starchy tuberous roats. It isthethird largest source
of carbohydrates for human consumption in the world
with an estimated annua world production of 208
million tonnes [1]. Cassava harvest can take place
most of the year and the soils used for the planting are
usudly low in fertility and there is a frequent need to
apply fetilizers or organic manures [2]. These
properties make the cassava tubers as the most suitable
feedstock for the bio-ethanol production [1, 3].
Malaysia planted cassava mainly for starch extraction
particularly for making monosodium ¢ utamate that is
using about 3,000 tonnes of starch per month [4]. The
abundance of cassava wastes, such as the stem and
rhizome parts, which are nat edible for human are kept
aside on the cassava fidd. The cassava wastes can be
directly used for energy production via direct
combustion process. However, there are about 50% of
the carbon in the biomass agricultural wastes that can
be lost upon burning [5]. The cassava wastes can be
converted into biochar and applied to sal. This
approach can be made to clear the cassava fidd and at
the same time preserve the carbon content.

There were studies done on bio-ail production
using the cassava wastes, but there was no report on
the properties of biochar produced [6, 7]. In Mdaysia,
many researches were concentrating on the application
of oil pam wastes towards the bioenergy production
[8-10]. So, in order to maximize the biomass
utilization in Maaysia especidly on the agricultura
wadgtes, in this work we are using the cassava wastes
for biochar production and characterization.

Biochar is the carbon-rich product obtained when
biomass is heated in a d osed container with restricted
oxygen. It is different from charcoal since biochar is
applied to soil to improve soil properties, while
charcoal is mainly used as fudl for heating process
[11]. Biochar is high in surface area and has negative
surface charge and charge density [12]. These
properties increase the capacity of the biochar to hold
nutrients and became more stable than most fertilizer
or other organic matter in soil [11]. As a result, it
makes the soil more fertile and causes the crops to
grow faster.

Biochar can sequester carbon (C) in the soil for
hundreds to thousands of years because pyrolysis
process made C to become reca ditrant in the biomass
itself.
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Besides, during the production process, biocher is adle
to sarub carbon dioxide, nitrous oxides and sulphur diaxide
from the flue gas thus decrease those green house gases
(GHG) emissos to the air [12]. Thus, the biochar
production hes received condderable interest as a patentia
tod to dow the gobd waming [13]. However, the
properties of biochar are varied by the production parameter
and chace of feeddock. Undersanding of biocher
properties would be benefidd to identify ther gopropriate
gpplications and for upgrading them.

Pyrdyss ofers a gegt  opportunity from an
environmenta paint of view. It dlows the use of awide
vaiety of maeids as the feedsodk and produces low
emisson GHG, compared to the techndogies that are used
in the process of incinerator [14]. The condition of pyrdysis
process can be optimized to maximize the production of the
liquid, sdlid o ges produd. Biochar solid product can be
optimized usng the dow pyrdysis conversion process [15-
17]. Fast pyrdyss generates more liquid product which is
bio-al and itsresdence timeisjust in seconds compared to
dow pyrayss proocess thet take hours [15].

The tempearaiure and hegting raes ae two o the
pyrdysis parameters that affect the yiddd and campasition
of the pyrdysis produds [14, 18]. The impadts of thesetwo
paametes were sudied on the biochar yidd and its
compasition upon dow pyrdyss of cassava wades. The
temperature range of this study is from 400°C to 600°C
with fixed hesting rate a 5°C/min. Meanwhile, the range of
heating rates for this study is from 5°C/min to 25°C/min a
pyrdysis temperature of 400°C.

SAMPLESAND METHODS

Biomass samples Theagri aulturd wastesfrom the cassava
plantation, i.e. cassavastem (CS) and cassavarhizome (CR)
obtained from Sungal Bakap, Penang, Madaysia, were used
asthefeedstock inthissudy. CSand CR aretheleftover on
the plantation, after the edible pat of the cassava trees
mainly the sarchy tuberous roats had been cdlected. For
the sample pre-trestment, CSsamples of 1.5-2 cndiameter
were at into pdlets size about 3-4 cm length, whilethe CR
sampleswere cut into 4 x 4 cm sizes and about 3 cm thick.
Then, the entire samples undergo the pre-drying trestment
in order to obtain maoisture free samples. Wet feedstodk will
cause low efidency of hedling process during pyrdyss,
whichisrdated to the vd atization of maisure [10]. So, pre-
drying treatment will give off non-flanmable camponent
such as carbon dioxide and water. This pretreatment was
conducted in the convertiond oven (Ventiodl 222-
Sandard) a atemperature of 105°C and continued urtil the
we ght of sampleremained congtant.

Charatterizations of biomass samples are important in
oder to identify their sutability to undergo the
thermochemica converson process Biomass with high
volatile matter content, low ash and sulphur content are
some of themain criterion for pyrdyss feedstock [19]. The
proximate and ysi's was done on the CS and CR sample for
the determination of moisture, volaile and ash conternt,
according to the ASTM Internationd E1756-01, E872-82
and E1755-01 respectivdy. The average results from the
proximate were presented in weight percentage on moisture
free bads (mf wt. %). The fixed carbon content was
cdcuated usng the Eq. 1 as shown b ow:
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FC (mf wt. %) = 100— [VM +AC] (Mfwt. %) (1)

where FC is the fixed carbon content, VM is the vdaile
matter and AC isthe ash contertt.

By usng an elementd andyzer (Perkin B mer 2400) the
ultimete andysis was done to directly determine the mf wit.
% of carbon (C), hydrogen (H), nitrogen (N) and sulphur
(S conterts of the feedstock. Mearwhile the oxygen (O)
content was caculated according to Eq. 2.

O (mf wt. %) =100— [C+H +N + 5] (mf wt. %) (2)

The cdarific vaue of araw feedstock induces itsenergy
qudity. A sample that contains high caarific vaue would
produce more heet energy that fadlitates the pyrdyds
process [19]. The grounded CS and CR samples weighing
about 0.5-0.7 g each was burned in a commercid Par
adigbatic bomb cdaimeter to determine their cdarific
vaues. The procedure was caried out according to the
ASTM D 2015 sandard test method.

Pyrdyss Experiment: The dow pyrdyss experiments
were caried out in the lab scde dow pyrdyss system as
shownin Fg. 1(@) and Fg. 1(b). The sainless sed tube or
pyrdyzer was externdly heated in the dedricd muffle
furnace (Thermadyne F62700).

During the pyrdysi's process, the emissions of product
from the pyrdyzer were led out through an exit pipe to the
first water-cooled condenser thet was dtached to the firgt
ice-cooled spherica flask and further condensed in second
water-cooled condenser, with second ice-coded spherica
flask atached. The incondensabl e gases were then dlowed
to escape out from the laboratary through the fume
cupboard. Once the experiment reaches the termind
temperature, it was maintained for an hour until no further
sgnificant releese of gas was observed.

The quantity of biochar produced was determined by
weghing the pyrdyzer dfter each pyrdyss run. For each
varied temperaure and heeting rates, the average biochar
yidds fromthree pyrayss runs were presented.

Biochar yield was cdaulaied using Eg. 3 and expressed in
wel ght percentage on maisture free basis (mf wt. %6).

Weight of moisture free

Fig. 1 8): Experimenta set-up
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Fig. 1 b): Flow chart of lab scae dow pyraysis
process

The biochar product were kept neat within the
seded plastic container and placed insde the
dessicator. It isimportant to make surethat the biochar
was aways in dry environment to avoid them from
absorbing the moisture from the surrounding, due to
its highly porous property.

Biochar characterization: Prior to be used as asoil
amendment, the biochar was characterized using the
proximate anadysis. Information from the proximate
andysis of biochar espeddly on the amount of
voletile matter and the fixed carbon content are
appropriate to evaluate the generd stability of biochar
inthesoil [20].

The anadysis was done according to the ASTM
D1762-84 Standard Method for Chemicd Anaysis of
Wood Charcoal with some modification especialy on
the andlysis temperature range, since biochar is not
degtined to be used as a fud source. The oven
temperature for moisture andysis was raised up to
200°C instead of typically overnight in a drying oven
at 105°C because most biochars are hydroscopic and
exhibit significant adsorption capacity for water
vapour. So, to remove the adsorbed water, higher
drying temperatures are appropriate. For determination
of weight percentage of ash, the proximate andysis
temperature of the muffle furnace was lowered to 500-
550°C instead of 750°C. Meanwhile, to determine the
percentage of volatile matter, the sampl es were heated
in a muffle furnace at 450°C which is much lower than
that stated in ASTM D1762-84 standard test method
[21]. The weight percentage of fixed carbon content or
the ‘recalcitrant matter’ of the biochar was calculated
using Eq. 1.

RESULT AND DISCUSSION
Characterization of biomass samples: The chemica

andysis results of the CS and CR are presented in
Table 1. As can be seen from proximate andysis, both
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of the cassava wastes contained about Smilar moisture
content and volatile matter, but they have a big
difference in ash and fixed carbon content. CR has a
hi gher ash content which was contributed from the sail
that was attached to it, since CR is the underground
part of a cassava tree. The high vdaile content and
the rdaively high caarific vauesin both CS and CR
suggested that cassava wastes are good sources of
feedstock for the thermochemica conversion process
such as pyrolysis.

From the ultimate andysis, the nitrogen and
sulphur content for both CS and CR are quite low
which islessthan 1 mf wt. %. Thisindicated that they
are rather environmenta friendly since if they were
burnt as the feedstock for biochar production, it only
will gives off low rates of nitrogen oxide and sul phur
oxide.

Table 1: The properties of cassavawastes

Cs CR
Proximate analysis (mf wt. %)
Moisture 2.08 3.53
Volatiles 81.51 83.64
Ash 242 7.28
Fixed Carbon 16.07 9.08
Ultimate analysis (mf wt. %)
Carbon 44.47 41.78
Hydrogen 5.82 5.97
Nitrogen <0.01 0.26
Sulphur 0.83 0.92
Oxygen 48.88 51.07
Molecular formula CH1560083 CH1700092
Calorific values (MJ/kg) 18.39 18.01

Effects of Temperature and Heating Rates on the
Biochar Yidd: Fg. 2 presentsthe biochar yield from
CSand CR, as afunction of pyrolysis temperature. As
expected, the biochar yidd from both cassava wastes
decreased when the pyrolysis temperature increased.
A smilar trend was aso observed in the open
literature on the pyrolysis of various lignocellulosic
bi omass under smilar conditions[10, 18, 22-24]. This
could be due to greater primary decomposition of the
bi omass samples or through the further decomposition
of the biochar itself as the pyrolysis temperature was
high [25]. The weight percentage of biochar yield for
CS was decreased by 27.13% (from 35.86 to 26.13 mf
wt. %) as the temperature was raised from 400°C to
600°C. Meanwhile, biochar yield for CR decreased by
19.17% (from 36.98 to 29.89 mf wt. %) at the same
conditions. Lower temperatures should be chosen to
produce a high yield of biochar.

CR tha has higher ash content (refer to Table 1)
produced higher biochar yield compared to CS, for
each studied temperature. The existence of akadli
metal especidly potassum and sodium from soil on
the CR sample, known to be catayticaly active and
favors the secondary reactions, lead to a reduction in
bio-cil yield and higher biochar yied [6]. The
maximum biochar yield for both CS and CR was at
400°C, with 35.86 mf wt. % and 36.98 mf wt. %
respectively.
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Fig. 2: Rotsfor effect of temperature on biochar yield
from the cassavawastes (Hegting rates: 5°C/min).
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Fig. 3: Plots for effect of heating rates on biochar yield
from the cassavawastes (Pyrolysis temperature:
400°C).

The plot for effect of heating rate on the yield of
biochar from cassava wastes is shown in Fg 3. At
elevated heating rates, the amount of biochar yield
from slow pyrolysis of both CS and CR were
decreased. Compared to CR, the biochar yied from
CS had only a dightly decrease and the graph is seen
to be relaivdy mantained. For the pyrolysis of
lignocellulosic biomass, their cellulase decomposition
indudes an exothermic pathway via anhydrocellul ose
that yields the biochar [26]. Anhydrocellulose is the
term used for a more stable cellulose. During the rapid
heating or high heating rate, the dehydration of the
sample to become anhydrocellulose is limited and
dow [27]. Consequently, smaller amounts of biochar
are produced a a higher heating rate. The highest
biochar yield was 35.86 mf wt. % and 36.98 mf wt. %
for CSand CR respectively, both at the heating rate of
5°C/min.

Lower temperature and lower heating rates can
favor the biochar formation. As we compare the graph
pattern in Fig. 2 and Fig. 3, we can see tha the
pyrolysis temperature has more significant impact on
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the biochar yield, compared to the hesating rate
parameter that turned out to give amore linear results.

Effects of Temperature and Heating Rates on the
Biochar Composition: The effects of pyrolysis
temperature on CS and CR biochar composition are
preseted in Table 2(@) and 2(b) respectively.
Meanwhile, Table 3(a) and 3(b) show the results of CS
and CR biochar composition produced a different
heating rates. All results are the average results from
triple experiment. Overdl, we can see that the
moisture content of both CS and CR biochar do not
depend on the pyrolysis temperature and hesting rate.
More significant effect is seen for the voldility, ash
and fixed carbon content. The ash content of CR
biochar is aways greater than the CS biochar in each
of the studied temperatures and heating rates.

Table 2 (a): Composition of CShiochar inrelaionto
the pyrolysistemperatures (Hesting rate: 5°C/min).

Biochar Cassava gem (CS)
Temperature(°C) | 400 | 450 | 500 | 550 | 600
Proximate

analysis

(mf wt. %)

Moisture 190 | 149 | 187 | 157| 126
Volatiles 1491 | 10.03| 572| 550| 575
Ash 670 | 654 | 889 | 854 | 7.25
Fixed carbon 78.39 | 83.43 | 85.39 | 85.96 | 87.00

Table 2 (b): Composition of CR biochar in relation to
the pyrolysis temperatures (Heating rate: 5°C/min).

Biochar Cassava rhizome (CR)
Temperature(°C) | 400 | 450 | 500 | 550 | 600
Proximate

analysis

(mf wt. %)

Moisture 217 | 161 | 188 | 167 | 152
Volatiles 1184 | 1066 | 861 | 578 | 584
Ash 896 | 9.49 | 1047 | 11.94 | 10.05
Fixed carbon 79.20 | 79.85 | 80.92 | 82.28 | 84.11

According to Table 2(a) and 2(b), the fixed
carbon content for CS and CR biochar produced from
the temperature of 400°C to 600°C increased by
10.98% and 6.20%, respectively, due to further
decomposition of theraw sample[28].

Higher heating rate would enhance the release of
volatiles since rapid heating leads to a fast
depolymerization of the sample to primary volatiles
[19]. The effect was shown in Table 3(a8) and 3(b),
where the eevated heating rates had reduced the
remaining volatile matter in both CS and CR biochar.
From the heating rate of 5°C/min to 25°C/min, the
decrease of volatile matter for CS biochar was 13.95%
(from 14.91 mf wt. % to 12.83 mf wt. %) while
11.40% (from 11.84 mf wt. % to 10.49 mf wt. %) for
CR biochar. However, as the heating rate was raised,
the fixed carbon content had dightly increased 2.74%
(from 78.39 mf wt. % to 80.54 mf wt. %) for CS
biochar and 3.12% (from 79.20 mf wt. % to 81.67 mf
wt. %) for CR biochar.
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Table 3 (a): Composition of CS biochar produced at
different heating rates (Temperature: 400°C).

Biochar Cassava stem (CS)
(ﬁ',g‘j*r';g;ate 5 10 | 15 | 20 | 25
Proximate
analysis

0,
migﬁrg) ) 1.90 2.25 1.48 2.29 1.73
Volatiles 1491 | 14.49 | 14.20 | 12.88 | 12.83
Ash 6.70 6.37 5.98 6.63 6.63
Fixed carbon 78.39 | 79.14 | 79.82 | 80.50 | 80.54

Table 3 (b): Composition of CR biochar produced at
different heating rates (Temperature: 400°C).

Biochar Cassava rhizome (CR)

Heating rate

(°Clmin) 5 10 15 20 25
Proximate

analysis

(mf wt. %)

Moisture 2.17 2.50 1.98 1.42 1.61
Volatiles 11.84 | 10.97 | 10.80 | 10.72 | 10.49
ASh 8.96 8.89 8.87 7.93 7.84
Fixed carbon | 79.20 | 80.14 | 80.33 | 81.35 | 81.67

As we compare the proximate andysis of raw
cassava wastes in Table 1 with the composition of the
derived biochar in Table 2(a), 2(b), 3(a) and 3(b), we
can see tha the volatile matter of the biochar has
highly decreased compared to their raw sample. On
the other hand, the fixed carbon content of the derived
biochar had multiplied compared to the raw samples,
with maximum increased of up to 5.41 times for CS
and 9.26 times for CR, bath produced a 600°C and
heating rate of 5°C/min. According to Lehmann et d.,
the efficiency of carbon sequestration by a biochar
was obtai ned when the carbon conversion into biochar
leads to a sequestration of about 50% of the initid
carbon content in the feedstock [29]. Since the fixed
carbon content for both CS and CR biochar were dl
found to be more than 75 mf wt. % under any
parameter, this study therefore suggests that cassava
wastes biochar are suitable for carbon sequestration.

CONCLUSION

The pyrolysis temperature parameter had shown a
more significant influence on the biochar yield as
compared to the hesting rate parameter. The lower
temperature and heating rates produced more weight
percentage of biochar yield from both cassava wastes.
The highest biochar yield for both the CS and CR
were obtained at a temperature of 400°C and a heating
rate of 5°C/min. The biochar yield from CR was more
affected by the heating rate parameter compared to CS
that nearly had no substantia effect. The increased in
temperature and heating rate raised the fixed carbon
content in the biochar for both CS and CR biochar.
The higher pyrolysis temperature increased more fixed
carbon in the biochar as compared to the higher
heating rate. The fixed carbon content in the derived

biochar was much higher compared to ther raw
feedstock. The maximum fixed carbon content for
both CS and CR biochar was obtained at the pyrolysis
temperature of 600°C and a a hesating rate of 5°C/min.
Cassava wastes biochar are suitable for carbon
sequestration.
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