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Key Characteristics of Carbonized Corncob
through Hydrothermal and Pyrolysis
Conversion Techniques for Further Activation
Nongnoot Srilek, Pruk Aggarangsi

Abstract— The eco-friendly technique which converted the low
cost waste residues such as corncob to the valuable material such
as solid fuel or advanced material is favorable. This study aims to
enhance the knowledge limitation of key elements characteristics
of carbonized corncob including fiber constituents,
Brunauer-Emmett-Teller surface area and Fourier Transform
Infrared spectroscopy as the precursor material for further
activation to produce the bio-based activated carbon via the mild
temperature hydrothermal technique with demonstrated scale
reactor comparing to high temperature pyrolysis. The
hydrothermal carbonization takes place in 10 liters reactor at 250
o
C. The pyrolysis is operated at 480 o C. The
Brunauer-Emmett-Teller surface area of corncob feedstock,
hydrochar derived from hydrothermal and biochar derived from
pyrolysis are 16.13, 11.53 and 7.66 m 2 g-1 respectively. The
oxygenated functional groups contents and high BET surface
area of hydrochar are more predominant than biochar.
Henceforth, the optimization for better degradation of fiber
constituents will be the future work before the activation step.
Keywords: Bio-based activated
Hydrothermal carbonization, Pyrolysis

carbon,

Hydrochar,

INTRODUCTION
The smog or haze crisis in the Northern Thailand is the one
major concerns. The open burning of agricultural wastes,
especially corn residues, is known to be one of the main
causes. The conversion of low value residue biomass interests
and challenges researchers in many ways. In recent year, the
biomass conversion technology is the key role among many
technologies to push the renewable energy stream. The
scenario of biomass conversion pathways are more obvious
than the former. An alternative and renewable method to
efficiently manage the corn residues via biomass conversion
is interesting and possible. Corn residues including cobs,
leaves and stalks are lignocellulosic materials.
Lignocellulosic materials are the biomass mainly composed
of cellulose, hemicellulose and lignin. These fiber contents
vary from biomass to biomass. To overcome the obstacle of
converting the residue biomass which is classified as complex
structure to high value material, the chemistry knowledge of
materials by means of physicochemical characterization
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aspects co-work with engineering knowledge are performed.
Both biomass conversion technologies namely pyrolysis and
hydrothermal carbonization are thermochemical conversion
technology that convert biomass to the valuable materials for
many applications such as fuel, adsorbent, high value
chemical. Adsorption from low cost biomass is the expected
application.
Cellulose is a linear homo polymer composed of glucose
molecule (C6H12O6). At room temperature, cellulose is
insoluble in water, dilute acid solution and alkaline solution.
General chemical formula of cellulose is represented as
(C6H10O5)n. Hemicellulose, (C5H10O5)n , is copolymer
with varieties of monomers which differ from cellulose (homo
polymer with glucose monomer ). The varieties of monomers
resulted in different composition and structure for each
biomass.
Hemicellulose has lowered the degree of
polymerization than cellulose and small crystalline structure.
Therefore, hemicellulose is more easily decomposed than
cellulose. Lignin is the complex polyphenolic polymer with a
three-dimension network which has aromatic monomer
included many hydroxyl and polar functional groups. Lignin
is insoluble in any solvent [1]. The elemental compositions of
cellulose are 43.2 % carbon , 5.7 % hydrogen and 51.1 %
oxygen and lignin are 66.0 % carbon , 6.0 % hydrogen and
26.9 % oxygen [2]. Hemicellulose, cellulose and lignin
constituents in lignocellulosic materials are decomposed at
180-290, 240-350 and 280-500 o C respectively [3].
The pyrolysis is thermochemical biomass conversion
method categorized into slow, fast and flash pyrolysis depend
on the residence time and heating rate as Table 1. The
temperature ranges for pyrolysis experimental depends on the
desired the pyrolytic products. The products from pyrolysis
are often called biochar. Biochar is defined as the solid
material obtained from thermochemical conversion of
biomass in an oxygen-limited environment. Hydrogen/carbon
(H/C) molar ratio of biochar relate to the degree of charring.
The 0.7 maximum H/C and 10% carbon are fundamental
requirement [4].
The hydrothermal technology is classified into 3
processes
as
hydrothermal
carbonization (HTC),
hydrothermal liquefaction (HTL) and hydrothermal
gasification (HTG) as Figure 1. The Hydrothermal
carbonization (HTC) is the biomass conversion to solid
material enriched with carbon.
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Both of low and high moisture content biomass can be reaction temperature between 180-250 o C.
converted by HTC especially wet biomass. Dispersion of
biomass in water medium is heated up until it reaches the mild
Table 1. Temperature, residence time and heating rate of pyrolysis and hydrothermal process
Thermochemical process
Temperature
Heating rate
Residence time References
(o C)
(o C/min)
Slow pyrolysis
400 – 600
10–30 o C/min
min - days
[5],[6]
Fast pyrolysis
400 – 600
>100 o C/min
about 1 sec
[5],[6]
Hydrothermal carbonization
180 – 250
5–10 o C/min
1 – 12 h
[5],[7]

Figure 1. Hydrothermal technology classification
Blue Methylene. However, the decrease of specific
The HTC reaction proceed in pressurized vessel reactor adsorption with higher hydrothermal temperature could not
between 2-6 MPa (20-60 bar) [6] which the pressure self- be conclusive in this study. Nakason et al. [13] reported the
generated by heating the reactor. The water medium at these optimal condition production of hydrochar from corncob as
condition, the reaction temperature 180-250 o C and pressure solid fuel which was determined at 200 oC, 3 hour of
2-6 MPa (20-60 bar) which water still maintain in liquid form, residence time and biomass to water ratio of 1:5 with
is the sub critical water [8]. The favorable product from maximum energy yield of 68.74%. Magdeldin et al. [14]
hydrothermal carbonization is hydrochar or HTC char presented the techno-economic performance indicators of
specifically refers to char produced under hot compressed integrated hydrothermal liquefaction which densify forest
water medium. The word “hydrochar” emphasizes the residue lignocellulosic into liquid fuels and combined heat
disparity of char production process. Hydrochar is defined as and power production. However, the many former researches
the product of hydrothermal carbonization or liquefaction. It in HTC extend the possibility of corncob feedstock as energy
is distinct from biochar due to its production process and utilization.
properties. Moreover, it typically has high H/C ratio and
Activated carbon is defined as a pyrogenic carbonaceous
lower aromaticity than biochar as well as little or no fused material (PCM) that has undergone activation, for example by
aromatic ring structures [4]. Hydrothermal treatment creates using steam or additions of chemicals [4]. Also, it includes
much more oxygen-containing groups on the char’s surface wide range of amorphous carbonaceous materials that exhibit
[9]. Therefore, typical oxygen/carbon (O/C) and a high degree of porosity and extended inter particulate
hydrogen/carbon (H/C) molar ratio of HTC char are higher surface area [15]. The commonly used feedstocks for
than pyrolytic char.
traditional activated carbon production are wood, coal,
The corncob residues, the hemicellulose-depleted waste petroleum residues, peat, lignite and polymers, which are very
from furfural production process, were upgraded via HTC for expensive and non-renewable [16]. Therefore, the bio-based
high energy recovery purpose. The high heating value activated carbon is the expected renewable material. The
increase 47% after treatment with an optimum temperature at exertion of bio-sorbent utilization from simple to complex
230 o C and 1.5 hour [10]. The prolonged residence time method were studied. Chen et al. [17] investigated the
effected on the increase of high heating value beyond 0.5 hour influence of different impregnation ratios, activation
at 250 o C of 0.5 to 6 hour [11]. Arellano et al. [12] reported temperatures and times on the production of activated carbon
the energy densification of corncob hydrochar increased with using hydrochar produced from condition at 250 o C reaction
reaction temperature at 180, 200, 250 and 350 o C. The most
of characterization of hydrochar including thermogravimetric
analysis (TGA), Fourier Transform Infrared (FT-IR)
Spectroscopy and scanning electron microscopy (SEM)
verified the properties at different conditions focusing on an
energy performance purpose except the specific adsorption of
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temperature and 4 hour of residence time [11] which the
results showed the specific surface area and total pore volume
from 5.69 m2g-1 and 0.136 cm3g-1 to 2195 m2g-1 and 1.269
cm3g-1 under temperature at 400 o C temperature, 1 hour of
residence time and impregnation ratio of 3.
The char characterization will specify the suitable
application such as solid fuel, precursor for making for
catalyst, soil amendment, adsorbent etc. Moreover, the
in-depth characterization clarifies and enhances the correct
upgrading requirement. Due to the many former researches in
HTC extend the possibility of corncob feedstock as energy
utilization. Therefore, this study aims to understand the
important properties of carbonized corncob as carbon
precursor derived from biomass. The significant char
properties of both high temperature pyrolysis and mild
temperature hydrothermal which have been analyzed include
fiber
contents
(by
Detergent
method),
Brunauer-Emmett-Teller (BET) surface area and Fourier
Transform Infrared (FT-IR) spectroscopy. The sufficient
knowledge will support the process selection and optimized
factors which focus on properties including fiber contents
after HTC treatment, specific surface area and oxygenated
functional groups contents for further activation on the future
work. In consequence, this study aims to characterize
carbonized corncob through pyrolysis and hydrothermal
conversion techniques as precursor for further activation in
the adsorption application.
II.

MATERIALS AND METHOD

A. Materials
Corncob, an enormous amount agricultural waste residues
in Northern Thailand and one of the main causes of smog or
haze crisis from open burning, is the selected feedstock in this
research. The corncob feedstock as shown in Figure 2 was
shortened and sieved with size 10-20 mesh (2-0.841 mm.).
The sieved corncob sample is dispersed in deionized water for
hydrothermal conversion.

Figure 2. Corncob feedstock
B. Experimental Methods
Pyrolytic char or biochar is produced from the slow
pyrolysis reactors. Laboratory scale pyrolysis reactor is
performed in 10 o C/minute and 15 minute of residence time.
The temperature at intersection of the thermogravimetric
analysis (TGA) plot and derivative plot (DTGA) of corn
stover was 420-470 o C depending on the heating rate [18]. In
consequence, the reaction temperature of this study is
operated at 480 o C. The flow rate of N2 for pyrolysis is 1.5
l/minute (Supported by Thermal System Research Unit,
Chiang Mai University).The suspension of sieved corncob in
deionized water medium filled in 10 liters pressurized vessel
reactor (Supported by Energy Research and Development
Institute, Chiang Mai University as shown in Figure 3). HTC
char or hydrochar is produced from hydrothermal reactor.
The hydrothermal carbonization process takes place in
deionized water medium with reaction temperature at 250 o C
with maximum specific surface area (8.033 m2g-1) while
higher temperature tends to reduce specific surface area [8].
The residence time and heating rate of hydrothermal
carbonization process are 100 minutes and 5 o C/minute. The
corncob to deionized water (CAS No. 7732-18-5, RCI
Labscan) ratio is 1:20 w/w for the hydrothermal production.
Hydrochar from HTC process was rinsed by deionized water
several times and dry at 10 oC with 12 hour. Both chars are
kept in sealable bag for characterization.
C. Characterization Methods
Fiber analysis by detergent method , Fourier Transform
Infrared (FT-IR) spectroscopy with attenuated total reflection
(ATR) technique, and Brunauer-Emmett-Teller (BET)
surface area or BET surface area are used for char
characterization. Fiber analysis by detergent method analyses
the NDF (Neutral Detergent Fibers), ADF (Acid Detergent
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Fibers), and ADL (Acid Detergent Lignin). NDF indicates
cellulose, hemicellulose and lignin content. ADF indicates
cellulose and lignin content. ADL defines the lignin content.
FT-IR spectroscopy is the qualitative analysis for estimation
oxygenated functional groups (OFG) contents. The BET
surface area is analyzed by Quantachrome surface area and
pore size analyzer. BET method use N2 gas as adsorbate,
operating temperature at 150 o C and relative vapor pressure
at 0.05-0.35.

Figure 3. Hydrothermal carbonization reactor
(HTC reactor)
(Energy Research and Development Institute,
Chiang Mai University)

III. RESULTS AND DISCUSSION
In this study, the 3 samples are abbreviated as “CC”
(Corncob feedstock with 10-20 mesh size), “B-480” (biochar
produced from the laboratory pyrolysis reactor) and “H-250”
(hydrochar produced from HTC reactor). The carbonized
corncob is demonstrated in the Figure 4.
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Figure 4. (a) Corncob feedstock with 10-20 mesh size, CC
(b) Hydrochar from Hydrothermal process
at 250 o C, H-250
(c) Biochar from Pyrolysis process
at 480 o C , B-480
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A. Fiber Analysis

pathways - solid-solid conversion and aqueous-solid
conversion have reaction sequence including hydrolysis,
dehydration, polymerization and condensation. A lignin
content resulted in the initial structure of the raw
lignocellulose being retained in the solid product while only
soluble constituents being converted [15]. However,
mechanism of hydrochar formation is still ambiguous. As for
the two formation pathways under hydrothermal process, all
fiber components can be converted to char but not fully
carbonized in the mild condition differ from the solid-solid
high pyrolysis temperature.

Fiber composition of lignocellulosic material determined
by detergent method results in percentage of Neutral
Detergent Fibers (NDF), Acid Detergent Fibers (ADF) and
Acid Detergent Lignin (ADL). NDF indicate cellulose,
hemicellulose and lignin content. ADF value defines the
cellulose and lignin. ADL indicates lignin content. NDF, ADF
and ADL are interpreted in percentage of cellulose,
hemicellulose and lignin which generally understanding as
demonstrated in Table 2.
Fiber contents of corncob are 37.15% cellulose, 40.73 %
hemicellulose and 7.22 % lignin. This result shows that
B. Brunauer-Emmett-Teller surface area (BET surface
hemicellulose is the largest portions and is close to cellulose area)
content. Biochar from pyrolysis conversion, B-480, has
BET surface area plays a significant role in studies of
89.36% lignin. B-480 shows the absolute decomposition of
adsorption because it represents the shapes of the actual
cellulose. The rest hemicellulose from pyrolysis process is
isotherm. And BET equation isotherm is the most important
less which could be neglected. Lignin content of hydrochar,
analysis for physical adsorption of gases and vapors on
H-250, produced through the mild condition hydrothermal
porous carbon [21]. The carbonized Palm Empty fruit
process at 250 o C and 100 minutes of residence time slightly
bunches produces BET surface area of 6.079, 8.033 and 2.043
increase comparing to feedstock.
m2 g-1 with reaction temperature at 150, 250 and 350 o C
The significant factors of HTC including reaction
respectively while palm empty fruit bunches feedstock
temperature, residence time, heating rate, biomass
exhibits 1.478 m2 g-1 BET surface area [8]. The cellulose
concentration and catalytic aspects should be taken into
hydrochar’s BET surface area decreases from 27 – 8 m2 g-1
account. However, this study focuses on the adsorption
with the increase of reaction temperature from 230-270 o C
application which the surface properties of both char will be
[22]. In this study, the BET surface area of char from
discussed in the next section. The fiber analysis and process
pyrolysis and hydrothermal with 7.66 m2 g-1 and 11.53 m2
conditions of feedstock and sample are concluded in Table 3.
g-1 shown in Table 4. The BET surface area of corn stover’s
Under hydrothermal conditions, cellulose hydrolyzed
char derived pyrolysis process (at 550 o C, 15 minutes) and
significantly above 200 o C [19], hemicellulose degraded
hydrothermal process (at 250 o C, 4 hour) are 12 and 4 m2 g-1
around 180 o C and lignin decomposed at 280 o C [20]. As the
respectively [23] which is found in different trend from this
references data of degradation temperature of 3 constituents,
study.
HTC char requires the adaptation and optimization. For
BET C-constant is the one of the two most significant
pyrolysis process as shown in Table 2, B-480, whole cellulose
parameters from BET equation including BET surface area.
decompose, small amount of hemicellulose are detected and
The relationship of BET surface area and BET C-constant is
lignin content increase corresponding to the fully carbonized
contrary but regular linearity corresponding with increasing
at high reaction temperature. In case of hydrothermal with
reaction temperature demonstrated in Table 4. Char from
reaction temperature at 250 o C, hemicellulose content
pyrolysis, B-480, has the lowest BET surface with highest
decrease compare to corncob feedstock while increasing of
BET C-constant.
lignin.
As present knowledge, hydrochar formation occur via two
Table 2. Fibers analysis by Detergent method and fiber composition
Tested
%
%
sample

NDF1

ADF2

ADL3

Cellulose

Hemicellulose

Lignin

CC

85.09

44.30

7.22

37.15

40.73

7.22

B-480

77.65

74.95

89.36

N/A

2.69

89.36

H-250

91.91

56.38

10.26

46.12

35.23

10.26
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1NDF =
Neutral Detergent Fibers (cellulose,
3ADL = Acid Detergent Lignin (lignin)
hemicellulose, lignin)
2ADF = Acid Detergent Fibers (cellulose, lignin)
Table 3. Fiber analysis and process condition of feedstock and tested sample
Feedstocks
Reaction
Residence Heating rate Cellulos
Hemicellulose
Lignin
Temperature

time (min)

(o C min-1)

e (%)

(%)

(%)

(o C)
CC

-

-

-

37.15

40.73

7.22

B-480

480

15

10

N/A

2.69

89.36

H-250

250

100

5

46.12

35.23

10.26

Sample

Table 4. BET surface area, BET C-constant and fiber analysis
BET surface area
BET
Cellulose
Hemicellulose
(m2 g-1)

C-constant

Lignin

(%)

(%)

(%)

CC

16.13

2.49

37.15

40.73

7.22

B-480

7.66

6.46

N/A

2.69

89.36

H-250

11.53

3.98

46.12

35.23

10.26

C. FT-IR Characteristics
Carbon-oxygen surface groups are divided into 3 types as
acidic, basic and neutral. In case of acidic surface groups,
these render the carbon surface hydrophilic and polar in
character and have been postulated to be carboxylic, lactone
and phenolic groups. Pure carbon is hydrophobic in character.
The amount of oxygen associated with the carbon surface
increases in correspondence with the increasing of
hydrophilic behavior. The presence of acidic
carbon-oxygen surface groups of active carbons makes the
carbon surface hydrophilic and polar in character [10].
Fourier Transform Infrared (FT-IR) spectroscopy is the
qualitative analysis aiming to find the functional group or
oxygen surface group of substance. This result plots between
wavenumber (cm-1) and % Transmittance. FT-IR spectra of
three sample (CC, H-250, B-480) shown in Figure 4.
Band of CC and H-250 from this study are quite similar
but slightly differ in intensity. B-480 quite flat in range
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3500-1500 cm-1 and 1300-500 cm-1 differ vividly which
represents the aromatic structure according to fiber analysis
with 89.36% lignin. Oxygenated functional group
(OFG) is represented in following bands : 3200 cm-1 (O
H stretching, Hydroxyl or carbonyl groups (acid), alcohols
from cellulose or phenols from lignin, 1725 cm-1 (C O
stretching, vibration in hemicellulose) which appear in CC,
decrease intensity H-250 and rare in B-480 corresponding to
BET surface area,
1240
cm-1 (C
O stretching,
hemicellulose esters), both 1205 cm-1 (C O vibration in
lignin) and 1149 cm-1 (C O stretching, aromatic skeletal)
peak distinct in B-480 with higher lignin content and
polymerize new aromatic skeletal, both 1020 and 1031cm-1
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Figure 4. FT-IR spectra of Corncob feedstock (CC), Biochar produced at 480 o C (B-480) and Hydrochar produced
at 250 o C (H-250)
hemicellulose is destroyed partly. Therefore, this point is
(C
O stretching, vibrations in cellulose and critical for optimization. The FT-IR result of H-250 is distinct
hemicellulose) peak of CC and H-250 more differ from in oxygenated functional group differ from B-480 char. The
B-480. The 1600, 1580, 1515, 1500 and 1450 cm-1 (C C amount of oxygen associated with the carbon surface of
stretching, aromatic skeletal in lignin) indicate aromatic material increases in correspondence with the increasing of
component in CC and H-250 which are quite flat pattern in hydrophilic behavior. The aromatic structure of B-480
B-480. Their functional groups and description are described demonstrated the portion from the original feedstock and
polymerized new aromatic skeletal. In addition, the aromatic
in Table 5.
portion in B-840 is more distinct in C H bend functional
D. Discussion
group comparing to H-250. Therefore, the required and key
The three characterizations of corncob feedstock (CC) and elements characteristics of the carbonized corncob for further
carbonized corncob (B-480, H-250) include Fiber analysis activation are high BET surface area, minimum hemicellulose
(cellulose, hemicellulose and lignin constituents), FT-IR constituent and more amount of oxygen on surface of
characteristic and BET surface area. The biochar from high bio-based carbon material via process optimization before
temperature pyrolysis technique, B-480 char has high lignin activation step.
content in which cellulose and hemicellulose are almost
decomposed demonstrating the fully carbonized corncob with
the lowest specific surface area of 7.66 m2 g-1. The
carbonized corncob from mild temperature hydrothermal is
partially carbonized with the 11.53 m2 g-1 BET surface area
value. At this hydrothermal condition indicated that
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Table 5. Functional groups of feedstock and char derived from hydrothermal and pyrolysis [Modified from [24]]
cm-1
Functional group
Description

3200 - 3700

Hydroxyl or carbonyl groups (acid), alcohols from

OH stretching

cellulose or phenols from lignin (Strong and broad, quite

intense, smoothly curve)

2928, 2870

CH stretching

Aliphatic (Small double peak)

1725

CO stretching

Vibration in hemicellulose

1700

CO stretching

Carbonyl, ester or carboxyl from cellulose and lignin

1600, 1580, 1515, 1500, 1450

CC stretching

Aromatic skeletal in lignin

1240

CO stretching

Hemicellulose esters

1205

CO stretching

Vibrations in lignin

1149, 1131

CO stretching

Aromatic skeletal and stretching vibration in cellulose

1160

COC stretching

Vibrations in cellulose and hemicellulose

1103

CO stretching

Vibrations in cellulose and lignin

1060 ,1020, 1031

CO stretching

Vibrations in cellulose and hemicellulose

875-850

CH bend

Aromatic

CONCLUSION
This study aims to enhance the knowledge limitation
regarding for key elements characteristics of carbonized
corncob as the precursor material for further activation to
produce the bio-based activated carbon via the mild
temperature hydrothermal technique with demonstrated scale
hydrothermal reactor comparing to high temperature
pyrolysis. The fiber analysis, BET surface area and FT-IR
analysis are key elements characteristics of both char from
pyrolysis denoted as biochar and hydrothermal carbonization
denoted as hydrochar. As for adsorption aspects, the
adsorption capability is not only related to the surface area but
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also substantially involves the quantity of the oxygenated
functional surface group. The higher oxygenated functional
groups contents and high BET surface area of hydrochar are
the required characteristics of the precursor material for
further activation which is predominant than biochar.
However, the degradation of hemicellulose constituent is the
crucial aspect.
Therefore, the future work will focus on the
hydrothermal process optimization for better degradation of
corncob constituents coupled with high oxygenated
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functional groups contents and high BET surface area as
the precursor material for further activation to be utilized for
bio-based activated carbon. Hydrothermal conversion also is
environmental friendly technique with water as reaction
medium. Feedstock biomass without drying step is also the
advantage of hydrothermal process which differ from
pyrolysis. It is important to note that the concept of
conversion process and production conditions are important
role in controlling char properties while feedstock constituent
should be emphasized. Furthermore, the in-depth
characterization clarify and enhance the correct upgrading
requirement. A tremendous and exactly information of
process conditions will scope quality, properties, direction of
application because of changing in reaction resulted in
kinetics and thermodynamics change. In addition, the
hydrothermal process is the high pressure process in nature
which the research gap regarding the safety aspect and
simplified process still be possible.
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