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ABSTRACT

Biochar, a charcoal-like material that is created through the heat treatment of biomass in high-
temperature as torrefaction, is an organic carbon-rich and porous material. Currently, in Vietnam,
there are several agricultural by-products suitable for biochar production. Therefore, corncob as a
popular and potential agricultural product was selected in this study. Through the process, the ob-
tained results on the influence of temperature and time during the torrefaction were investigated.
The corncobs will be heated by the torrefaction method at the temperature of 230°C, 260°C, 290°C,
and 320°C for 15, 30, and 45 minutes to obtain torrefied biochar. The present work aims to study tor-
refaction as an environmentally sustainable method for the combined generation of a solid biofuel
with better properties compared to the starting material and a combustible vapor phase, which can
be immediately burned for energy recovery. The higher heating value of torrefied materials was es-
timated. The calorific value in this study of biochar from corncob ranges from 22.04 to 32.57 MJ/kg,
which is a potential parameter for a renewable energy feedstock. Sample CC320-45 achieved the
highest calorific value of 24.29 MJ/kg and the porosity of this sample was 74.94%. The utilization of
biomass waste is converted into useful energy, and the high porous nature of biochar allows for a
large surface area for the adsorption of contaminants. Especially, compared to raw input feedstocks,

average torrefaction operating conditions yielded much superior biofuels.
Key words: Corncob, torrefaction, biochar, fuel, energy

INTRODUCTION

Nowadays, the world is facing the problem of in-
creased CO, consumption of fossil fuels, increasing
by an average of 2.1% per year and increasing even

more in the future'.

Therefore, research is being
done to reduce this consumption or replace it with
more sustainable fuels, such as biomass or agricul-
tural by-products, which are known to contain high
carbon content’™*. Vietnam is one of the agricul-
tural countries. Annually, Vietnam generates about
50 million tons of crop by-products. Although this is
a precious organic resource, it is still mainly burned.
That is, for every 1 ton of rice, the amount of rice by-
products is equivalent to 1 ton, about 10 -12 tons of
by-products/ha'. Producing 1 ton of maize, the by-
product is 1.2 tons of corn stalks, 1 ha of peanuts emits
11 tons of stems, and 1.0 ha of cassava emits 7 tons
of tops and leaves. The results of the studies show
that the number of crop by-products has a high nu-
tritional value (45 - 70% of total digestible nutrients)
and can provide a large number of calories (1662 -
2549 kcal/kg dry matter)°. Therefore, if appropriate
technologies are applied, crop by-products will be-
come valuable livestock products, soil nutrients, and
environmental protection. However, at present, only

about 10% of crop by-products are used as fuel on-site
such as in brick kilns, 5% as industrial fuel, 3% as ani-
mal feed, etc. 80% have not been used and discharged
directly into the environment or burned, polluting the
environment, blocking the flow”.

Corn is an important food in the world next to wheat
and rice. Corn is also the most important animal feed
today with high nutritional content. Besides, it is also
a raw material for the food industry and light indus-
try to produce alcohol, starch, oil, and glucose. There-
fore, corn production is constantly increasing in terms
of area, yield, and output, resulting in a gradual rise in
the amount of waste cob. Annual corncob production
in Vietnam is roughly 8 to 10 million tons®. However,
only a small percentage is used for grinding as micro-
bial fertilizer, as a substrate for mushroom cultivation,
and as manual fuel, the rest is mostly waste. The post
harvest burning of corncob has not only posed a threat
to the environment but also to the health of the farm-
ers. Research into the handling of corncob is crucial
since it is difficult to manage and produces a signifi-
cant quantity of trash, unlike other agricultural wastes
that may be utilized as feed or compost.

Biochar is a carbonaceous material with a porous
structure which are produced from the thermal de-
composition of carbon-based feedstock (biomass) in
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an inert environment. The torrefaction of several
waste biomass type such as including food waste, agri-
cultural waste, and non-lignocellulosic wastes was
studied 8.

biochar products are defined by raw materials and

Physical and chemical characteristics of

thermal conversion conditions such as temperature,
heating time, and gas reagents. Biochar has received
increased interest from scientists in recent years be-
cause it is a fuel material that may give high-quality
fuel in a variety of utilizations such as combustion
facilities, entrained flow gasifiers system, and co-
firing plants’. This could be attributed to the unique
and favorable physicochemical properties such as el-
ementary composition, bulk density, particle density,
porosity, and calorific value of biochar.

Among different thermal conversion technologies,
torrefaction is one technique that operates at a low
temperature ranging from 200°C to 300°C in the ab-

sence of oxygen conditions '’

Normally, the tor-
refaction technique is used as thermal pretreatment
of biomass to enhance hydrophobicity, grind ability,
and energy density. However, at the same time, the
carbon content of biomass increases by the affected
of torrefaction, providing higher biochar yield and re-
maining acidic and oxygen functional groups on the
biochar surface compared to that of pyrolysis at 400-
800°C'!. Based on these advantages of the torrefac-
tion technique, the technique is taken into account
in this study to produce biochar from corncob feed-
stock. Corncob waste is a good material as biochar
or bio-coal, the application of corncobs to make coal
fuel by torrefaction, known as the heating of the in-
put material in a designed reactor that is meant to add
heat from the source. Therefore, the objectives of this
study were to determine the optimization condition
for producing torrefied corncob biochar. The impact
of biomass feedstock parameters, manufacturing pro-
cedures, reaction circumstances (temperature, reten-
tion time, etc.), and heating value on the physical and
chemical properties of biochar are compared.

MATERIALS AND METHODS

Corncob biochar preparation

The raw material in the study is corncob, which is col-
lected from retail corn stalls in Ho Chi Minh City,
Vietnam. Pre-treatment corncob was cut into pieces
of 1-2 cm. Then placed in the oven at 105°C for 2 days
to measure the moisture content of the core. After
drying, corn will be milled into 1-2 mm pieces, and
then transferred to the firing stage in porcelain cru-
cibles under limited O, conditions. To begin, 2g of
material with particle sizes ranging from 0.5 to 1 mm

was weighed and placed in the bottoms of three cru-
cibles to guarantee consistent heating. The kiln used
is a laboratory-equipped Nabertherm Furnace. The
heating furnace was then opened, and the sample was
rapidly heated at a rate of 50°C/min up to the torrefac-
tion temperature (230°C, 260°C, 290°C, or 320°C),
which was maintained for three-time conditions of 15
minutes, 30 minutes, and 45 minutes. The sample was
chilled in a desiccator and weighted at the end of the
experiment. The performed biochars were produced
at temperatures between 260 to 320 °C in 15 to 45
minutes as CC260-45; CC290-30; CC290-45; CC320-
15; CC320-30; CC320-45.

Characteristics of materials

Ultimate fresh corncob and produced biochar analy-
sis after drying were characterized using an elemen-
tal analyzer (Elementar Analyzer Vario MICRO cube,
Thermo Fisher Scientific, Germany) to quantify the
value of carbon, hydrogen, nitrogen, and sulfur con-
tent, and the oxygen content was calculated by differ-
ent. Proximate analysis parameters including mois-
ture, ash content, volatile matter, and fixed carbon,
which were decisived in triplicate by utilizing con-
trolled testing procedures of the prescribed standard
methodologies ASTM D3172-07a (American Society
for Testing and Materials). The calorific value (HHV)
of the raw and torrefied samples was analyzed by a
Parr Model 1108 - Bomb calorimeter (ASTM: E711-
87). Before and after torrefaction, the samples were
weighed, and Eqgs. 1; 2; and 3 were used to com-
pute the mass yield, energy density, and energy yield,
respectively '3, The derived properties of biochars
were determined by bulk density, particle density, and
porosity (ASTM: D2638 - 10).

Mass yield (%) =

Torrefied sample weight (g) 100 (1)

Sample weight (g)

Energy density =
HHYV of torrefied / <MJ)
of torrefied sample | —
7\ ke @)
MJ
HHYV of sample (—)
kg
Energy yield (%) = 3)

Mass yield(%) x Energy density

100
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Table 1: Corncob properties

Item This study L e 18
Proximate analysis (%)
Moisture content 9.55+0.76 11.7 7.14 7.36
Volatile matter 80.25 £ 0.30 69.5 87.76 79.58
Fixed carbon 8.77 15.9 11.19 11.57
Ash 1.43 £0.16 2.9 1.05 1.49
Ultimate analysis (%)
C 41.45 48.12 43.81 49.0
H 6.40 6.48 6.54 5.6

0.44 1.89 0.77 0.5

- - 0.69 -
O 40.74 43.51 48.19 43.8
Energy content (M]/kg)
Higher heating value 15.93 - 16.46 16.38

Table 2: Characteristic of orrefied corncob biochar

Proximate analysis (%) CC260-45 CC290-30 CC290-45 CC320-15 CC320-30 CC320-45
Moisture 6.41 6.59 6.67 6.31 6.60 6.97
Ash 5.14 5.57 5.50 8.73 8.83 9.15
Volatile matter 51.14 49.98 53.77 48.78 46.73 46.57
Fixed carbon 37.31 37.86 34.06 36.19 37.84 37.30
Ultimate analysis (%)
C 60.96 62.83 59.7 62.23 63.29 62.23
H 3.178 3.824 3.427 3.245 3.569 3.245
N 1.2 1.21 1.2 1.01 1.34 1.01
S - - - . - -
O 23.12 19.97 23.50 18.48 16.37 15.94
O/C ratio 0.38 0.32 0.40 0.30 0.26 0.25
H/C ratio 0.052 0.061 0.057 0.052 0.056 0.06
Energy content
HHV(M]/kg) 21.09 23.21 21.17 22.45 23.65 24.29
Mass yield (%) 1.32 1.45 1.33 1.41 1.48 1.52
Energy density (%) 34.72 47.48 29.30 43.23 38.65 23.03
Energy yield (%) 26.22 32.57 22.04 30.67 26.03 15.10
Bulk density (g/cm?®) 0.31 0.30 0.33 0.28 0.29 0.23
Particle density (g/cm3) 0.61 0.85 0.78 0.33 0.58 0.90
Porosity (%) 48.82 64.55 58.15 16.21 50.02 74.94
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Figure 1: The percentage of weight loss at 15 min (a) and 320°C (b)

RESULTS AND DISCUSSION

Properties of corncob

Table 1 illustrates the physicochemical properties of
the corncob. Regarding the proximate analysis, the
raw corncob waste contains moisture, volatile matter,
and fixed carbon at 9.55 + 0.76 (%), 80.25 =+ 0.30 (%),
and 8.77 (%) respectively. Due to the corncob high
volatile content, it is proposed that corncob is a suit-
able feedstock for the method of thermochemical con-
version. A large amount of volatile matter of corn-
cob also makes it a highly reactive fuel with a faster
devolatisation phase combustion rate than other fu-
els such as coal. The relatively low overall ash content
was 1.43 £ 0.16 (%), which could be explained by the
low mineral and metallic concentrations in the corn-
cob before torrefaction. Table 1 compares the find-
ings of this investigation with those from other doc-
uments. It can be seen that the analytical parameters
of the physicochemical properties of the corncob are
relatively similar '*~'°, The corncob feedstock com-
prises 41.45 % C, 6.40 % H, 0.44 % N, 40.74 % O, and
without sulfur, as determined by elemental analysis.
As a result of their low nitrogen and sulfur content,
maize cobs are an environmentally benign feedstock
for the torrefaction process, as determined by their
elemental composition. During biochar manufactur-
ing, the maize cobs feedstock will emit minor levels of
nitrogen oxide and sulfur oxide. In addition, the net
calorific value of corncob was determined to be ap-
proximately 15.93 MJ/kg, indicating that corncob is a
suitable material for energy applications.

Effects of torrefaction temperature and re-
action time on corncob

Figure la shows the weight loss by heating the corn-
cob under four different temperature conditions with

a retention time of 15 min. The weight loss is quite
large, compared to 230°C and 260°C. For the 230°C,
only 2.27 % is lost but at 260°C, the significant weight
loss is 40.26 %. This proves that, at higher tempera-
tures, the corncob is burned, and the color change is
shown in Figure 2. After increasing the temperature
to 290°C and 320°C, can be seen that the higher the
temperature, the higher the percentage of weight loss.
For the temperature of 320°C in Figure 1b, the per-
centage weight loss rises steadily with increasing time.
It can be said that the higher the temperature and the
longer the retention time, the greater the percentage
of weight loss.

To determine the optimal conditions for derived
biochar, the adjustable parameters such as tempera-
ture and retention time were investigated. Figure 2
showed that the amount of corncob at a temperature
of 230°C and in 15 minutes (CC230-15) lost quite
a bit, and the color compared to the original mate-
rial did not change much. To increase the retention
time by 30 min and 45 min, a significant color change
but not enough to convert the corncob into biochar.
For the temperature of 260°C in the first two reten-
tion times, although there was some conversion to
biochar, there were still many fragments that did not
reach, by the third retention time of 45 minutes, the
corncobs were completely converted to biochar. Tor-
refaction between 260 and 320 °C for 15 to 45 min-
utes was found to be the ideal situation. Therefore, the
biochar from corncob was synthesized in these condi-
tions for further discussion.

Characteristics of biochar

The proximate and ultimate analyzed results are given
in Table 2. That can be seen in the trends of each pa-
rameter, as the temperature and time conditions in-
crease, the percentage of moisture, the fixed ash, and
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Figure 2: Torrefaction of corncob at adjustable conditions

carbon content also increase, conversely, the volatile
matter tends in the downward direction. Accord-
ing to the study of Gémez et al., 2014 on four dif-
ferent types of biomass, the higher the process tem-
perature, the lower the volatile matter content will
be generated due to the increase in pyrolysis of lig-
nocellulosic components and the decomposition of
biochar destruction of organic materials'”. Volatile
content decreased from 80.25 % in the base material
to 51.14% and for optimal treatment to 46.57 % for
the most severe fused samples. On the other hand,
fixed carbon is improved from 18.77 % to 37.3 %
in that respect (Figure 3). These findings propose
that the combustion of biochar decreased the gen-

eration of volatile gaseous byproducts (such as CO,
and CO) and successfully decreased greenhouse gas

18,19 Therefore, the substantial increases

emissions
in fixed carbon and ash concentrations of corncob
biochar samples enhanced biochar production effi-
ciency?’. Similar results were found in a research of
the peanut shells and grape pomace torrefaction .

Figure 4 describes the ultimate analysis of the corncob
samples, whereas Figure 5 indicates the atomic ratios
of hydrogen/carbon (H/C) and oxygen/carbon (O/C)
of the char samples. The proximate and ultimate an-
alytical results indicate that the carbon content tends
to grow by 60.96 % and 62.23 %, respectively, under

the fusion conditions necessary to achieve the highest
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HHYV of biochar from the cob; the carbon content of
the raw cob sample was 41.45 %. At various temper-
atures, nitrogen and sulfur levels in the biochar sam-
ples varied considerably but remained low, sulfur was
nearly nonexistent. In addition, the oxygen and hy-
drogen content of the biochar sample reduced dra-
matically from 40.74 % and 6.39 % in the raw materi-
als to 17.39 % and 3.245 % at the highest temperature
of 320°C for the maximum retention time of 45 min-
utes. These outcomes can be attributable to sample
dehydration and deoxygenation during fusing 2.

Figure 5 demonstrates that as torrefaction tempera-
tures increased, both the H/C and O/C ratios often
dropped. The O/C ratio reduced dramatically from
0.38 to 0.25 when the torrefaction temperature was
320°C because, when the temperature was increased,
the corncob-derived biochar underwent dehydration
processes, decarboxylation reactions, and a signifi-
cant loss of volatiles. The lowering of hydroxyl sub-
stituents has a comparable effect on the H/C ratio,
which similarly tends to decrease?’. A Low O/C ra-
tio in biochar generated at higher temperatures in-
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creases its environmental stability, as it contains fewer
O-based functional groups. Moreover, according to
Deenik and Cooney (2016), a low O/C and H/C ra-
tio indicates a higher degree of thermal modification
and aromaticity“. Hassan et al. (2020) discovered
that the O/C and H/C ratios reveal the polarity and
aromaticity of biochar, which are essential features
for biochar usage as adsorbents?>. The O/C molar
ratio can be utilized to demonstrate the hydrophilic
character of biochars, which varies with biomass type
and torrefaction temperatures 2°. Changes in the H/C
and O/C ratios could be used to illustrate potential
chemical reaction pathways during biochar synthesis.
These findings the atomic ratio of H; C; and O includ-
ing H/C and O/C were quite low, indicating that de-
oxygenation, decarboxylation, and dehydration took
place during torrefaction, which might reduce CO,,
CO, and H,O emissions at a power plant (22),

The mass yields and energy density of torrefied corn-
cob samples at 260°C were 1.32 % and 34.72 %, re-
spectively (Table 2). In addition, the energy density
of these samples gradually increases from 1.32 (tor-
refaction at 260°C for 45 minutes) to 1.52 (torrefac-
tion at 320°C for 45 minutes). These results suggest
that the biochar underwent substantial carbonization
during torrefaction, which the intense torrefaction
conditions may explain®’. Remarkably, the energy
yields were greater than the mass yields, which can
be attributable to the augmentative energy densities
during torrefaction . In practical applications, sam-
ples with high energy densities are preferred. Conse-

quently, our findings demonstrate that torrefied corn-
cob has a considerable amount of promise as a renew-
able energy source. Figure 6 shows the mass yields,
energy yields, and energy densities of the corncob
samples as a function of the reaction time and tor-
refaction. As reaction time and temperature increase,
the biochar yield steadily decreases. The fusing tem-
perature increased from 260°C to 320°C, whereas the
bulk output of cob biochar reduced from 26.22 %
to 15.10 %. These findings might be explained by
moisture loss and thermal degradation of various low-
molecular-weight volatile compounds (such as cellu-
lose and hemicelluloses) in biomass2’.

During torrefaction, mass loss in the form of solids,
liquids, and gases causes the biomass to become more
porous. While the porosity of biochar increases as
the temperature of treatment rises, bulk density ex-
hibits the reverse tendency, as seen in Table 2. It can
be seen that bulk density at the lowest temperature of
260°C for 45 minutes is 0.31 g/cm?, while at the high-
est temperature of 320°C for 45 minutes is 0.23 g/cm?.
In contrast, the porosity of biochar tends to increase
gradually, as shown in Figure 7. In the same reten-
tion time, at three different temperatures, the porosity
gradually increases from 48.82 %, 58.15%, and 74.94
% respectively. The porosity varies due to the volatile
gases released during carbonization and the total sur-
face area of the biomass?®. While for application as
an energy source, less porous biochar pellets are more
suitable because they have a higher tendency to catch
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fire?°. This is a favorable condition for biochar pro-
duction, especially in the condition that the highest
temperature is 320°C and the highest retention time
is 45 minutes so the efficiency that gives the pellets
the highest efficiency. Significant alterations in the
internal porosity and surface functionality of biochar
were caused by the temperature and air oxidation dif-
ferences®’.

Using char as charcoal or biochar is contingent on
the char high heating value (HHV); the higher its
HHYV, the greater its utility as a fuel. As shown in
Table 2, the HHV of char products increases as the
torrefaction temperature rises, with CC260-45 hav-
ing an HHV of 22.04 (M]J/kg) and CC320-45 hav-
ing an HHV of 24.10 (MJ/kg). This is related to the
breakdown of low-energy chemical components and
the creation of high-energy chemical components in
biomass. HHYV represents the energy released from
the combustion of volatile and stable carbon and is
dependent on the carbon content. The heating value
is also proportional to the cellulose and lignin con-
centration. Due to its greater degree of oxidation,
lignin has a higher heating value than cellulose (26.70
MJ/kg vs. 17.30 MJ/kg) *!. Additionally, the resident
time has a minor effect on the HHV's of biochar prod-
ucts. The higher heating values of biochars left for
15 minutes are lower than those left for 45 minutes
at all three torrefied temperatures. However, when
the time increased from 30 to 45 minutes at 290°C,
HHV decreased slightly from 23.11 MJ/kg to 21.17
M]/kg, then continued to increase at a higher temper-
ature than 320°C. This can be explained by the error
in the experimental performance, although the final
HHYV tends to increase gradually. It is typically true
that coals have a higher heating value than biomass
because of their lesser oxidation.

In this study, the calorific value of biochar produced
from corncob torrefaction was up to 24.29 MJ/kg (Ta-
ble 3), which is an ideal parameter for biochar pro-
duction as a combustion energy source to biochar of
the cob, the three with the highest temperature have
the highest calorific value. The comparison to previ-
ous studies focused on different types of waste mate-
rials, which contributed to different calorific values,
and corncob is also a potential material for this pro-
cess 1932734 According to Hamzah et al., 2017, the
HHYV value of coal is up to 32 MJ/kg, while the HHV
value of current torrefied corncob pellets also has an
ideal figure of 24.24 MJ/kg>. The fixed carbon con-
tent of bio pellets from the cob is lower, so it is more
environmentally friendly, but the efficiency can still
be enough to meet energy production.

CONCLUSION

This study investigated the feasibility of biochar pro-
duced from corncob feedstock at torrefaction temper-
atures. The cob is a potential material for biochar pro-
duction, which takes full advantage of its uses. Af-
ter investigating many processes for biomass produc-
tion, torrefaction is one of the low-temperature cal-
cination methods (200 - 350°C) that has been se-
lected successfully to produce biochar from corn cobs
namely CC260-45, CC290-30, CC290-45, CC320-15,
CC320-30 and CC320-45. The optimization condi-
tion for producing torrefied corncob biochar at 320°C
in 45 minutes achieves the highest calorific value of
up to 24.29 MJ/kg and the largest porosity is 74.94%.
From the perspective of the yield of mass and en-
ergy, the torrefied condition of 290°C and 30 min.
remaining time should be a prospective candidate.
In conclusion, applying torrefied corncob biochar in
the production of coal-like fuel is an environmen-
tally friendly material and can reduce greenhouse gas
emissions.
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Nghién ctru tiém nang ché tao than sinh hoc ti sinh khéi nham ung
dung nguyén liéu dét than thay thé than thuong mai

Nhu Thuyén Nguyén Hiru'%3, Thi Ngoc Lan Thao Ngé6'3*

TOM TAT

Than sinh hoc (TSH) la mét loai vat liéu duoc tao ra thong qua qua trinh xU ly nhiét sinh khoi &
nhiét d6 cao nhu nhiét nung chay. TSH la mét loai vat liéu x6p va giau carbon hiiu co. Hién nay,
Viét Nam clng ¢ nhiéu nghién ctu vé (ing dung than sinh hoc. Trong nghién ctu nay, 16i ngd
la phu phdm néng nghiép phd bién va co tiém nang. Loi ngd sé dugc nung bang phucng phéap
nhiét nung chay & nhiét d6 230 °C, 260 °C, 290 °C va 320 °C trong thdi gian luu 15, 30 va 45 phut
dé nghién ctiu anh hudng clia cac yéu té nhiét dé va thai gian luu dén chét lugng TSH thu dugc.
Nghién ctiu nham gidi thiéu phuong phap hiéu qua trong viéc tan dung nguén sinh khéi cé kha
nang chay cao nham thay thé nguén than hod thach. Két qua ghi nhan gia tri gia nhiét lugng cuia
TSH tUr 161 ngd dao dong tir 22,04 dén 32,57 MJ/kg, nhiét lugng cao thé hién tiém nang thay thé
cho nguyén liéu nang lugng tai tao. M&du CC320-45 dat nhiét tri cao nhat la 24,29 MJ/kg va do x6p
clia mau nay la 74,94%. Viéc tan dung luong phé phdm sinh khéi chuyén hoa thanh nang lugng
hitu ich va d6 x6p cao clia TSH cho phép tng dung TSH vé xt ly 6 nhiém va cdi tao déat trong ndng
nghiép. Bac biét, so sanh hiéu qua t ngudn nguyén liéu tho, TSH t&r cong nghé nhiét nung chay
tao dat san phdm than vuot troi vé kha nang tao nhiét so vai cac phuong phap khéc.

Tu khoa: L6i ngd, nhiét nung chay, than sinh hoc, nhién liéu, ndng lugng
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