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Abstract

In this study, hydrochar and pyrochar were made from cellulose, lignin (components of biomass), and corn husk (a type of biomass) through hydrothermal carbonization
at 300 °C and pyrolysis at 300 °C and 500 °C. Their physiochemical properties and Cd(II) adsorption performances were then compared. Additionally, characteristics of
hydrochar and pyrochar generated by each process were analyzed, including char generation yield, proximate & ultimate analysis, specific surface area (BET surface
area) & porosity analysis, SEM & EDS (Scanning Electron Microscope & Energy Dispersive Spectrometer), FT-IR, pH,,., and so on. The pyrochar generated at the same
temperature (300 °C) had higher char generation yield, ash content, and oxygen content with more oxygen functional groups than hydrochar. However, pyrochar had a
lower specific surface area and pore volume than hypercar. By type of biomass, lignin showed the highest char generation yield. Regarding pH_, corn husk had the highest
value, followed by lignin and cellulose. Cd(1I) adsorption characteristics in hydrochar and pyrochar were more suitable for the Langmuir adsorption model. It was found

that the Cd(II) adsorption amount (116.8 mg/g) was the highest in PC-CH-500, which had high pH__and inorganic content. As a result, electrostatic adsorption and cation

pzc

exchange were the main mechanisms of Cd(II) adsorption under the condition of pH solution < pH_,.

Introduction

Biomass refers to renewable organic material that comes
from lignocellulosic materials derived from living or living
organic materials such as plants, animals, and agricultural
residues [1,2]. Biomass, especially plant biomass, consists
of lignin, cellulose, and hemicellulose [3]. The ratio of each
component varies depending on the type of biomass. These
components are strongly intermeshing, chemically bonded
by non-covalent force, or cross-linked with each other. They
have different characteristics depending on their connectivity
and crystallinity [2,4]. In addition, since each component
has a different decomposition temperature (for example,

hemicellulose has a decomposition temperature of 220-315 °C
and lignin has a decomposition temperature of 160~900 °C),
the biochar formation pathway and mechanism are different
[4]).

Biocharisknownasaporouscarbonaceous material produced
by thermally decomposing biomass under little or no oxygen
conditions [5]. Biochar has been the subject of many studies as
an eco-friendly adsorbent for removing heavy metals due to its
characteristics such as high carbon content, large surface parts,
developed porous structures, surface functional groups, and
inorganic compounds [6]. The thermal decomposition process
in which biochar is produced can be classified into pyrolysis,
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hydrothermal carbonization (HTC), torrefaction, and so on
depending on the application temperature and holding time
[3,5]. Pyrolysis refers to the process of thermally decomposing
biomass in the temperature range of 300~900 °C under an inert
atmosphere [6,7]. There are different ways of carrying out the
pyrolytic process affecting the production of bio-oil, syngas,
and carbonaceous residues(biochar). Especially, carbonization,
the most ancient and known pyrolysis process, occurs at
temperatures between 300 and 500 °C [1]. HTC process is
a process of thermally decomposing biomass at 180 ~350 °C
under oxygen-free, high-pressure (2~10MPa) conditions in
which subcritical water exists [8-10]. Due to different process
characteristics, it has been reported that pyrochar generated
char in pyrolysis and hydrochar generated in the HTC process
have different characteristics. Sun, et al. [11] have studied the
effects of feedstock type, production method, and temperature
on pyrochar and hydrochar and reported that hydrochar has a
higher acidic pH value and a lower carbon content than pyrochar.
Fuertes, et al. [12] have produced carbonaceous products from
corn stover by pyrolysis and hydrothermal carbonization and
comparatively analyzed their characteristics. They reported
that hydrochar has lower ash content and pH but a higher C
recovery rate than pyrochar. Cao, et al. [13] compared chemical
structures after generating hydrochar and slow-pyrolysis
pyrochar with Swine-Manure. However, all these studies
compared the properties of pyrochar and hydrochar produced
at different temperatures.

Recent studies have compared adsorption characteristics
in addition to the physiochemical properties of hydrochar
and pyrochar. Wang, et al. [14] have produced hydrochar and
pyrochar from Napier grass by hydrothermal carbonization
(200 and 240 °C) and pyrolysis (300 and 500 °C) and conducted
adsorption studies for Cd>* sorption performances. They
reported that the pyrochar had higher pH and ash content
as well as better stability, while the hydrochar showed more
oxygen functional groups. Researchers have explained that
the pseudo-second-order kinetic model best fitted the Cd**
sorption kinetics of biochars, the pyrochar exhibited better Cd>*
sorption capacity. Huff, et al. [15] have produced pinewood,
peanut shell, and bamboo biochar by hydrothermal conversion
and pyrolysis and conducted a comparative study on methylene
blue adsorption properties. They reported that HTC was higher
in CEC (Cation Exchange Capacity) than biochar due to a higher
oxygen functional group and O: C ratio. However, the adsorption
performance of methylene blue was not proportional to CEC.
Elaigwu, et al. [16] have produced Prosopis africana (a flowering
plant) shell char by pyrolysis and hydrothermal carbonization
and studied Pb>* and Cd>* removal performance. They reported
that the performance of hydrochar for Pb and Cd removal
was higher than that of biochar. However, Babeker, et al. [17]
reported that the Cu adsorption capacity of pyrochar derived
from Acacia Senegal waste was seven times that of hydrochar.
These studies compared the characteristics and adsorption
capacity of hydrochar and biochar produced at different
temperatures.

Therefore, in this study, pyrochar and hydrochar were
produced from cellulose, lignin (which are components
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of biomass), and corn husk (a type of biomass) at the same
temperature (300 °C). Additionally, pyrochar was generated
at a general pyrolysis temperature (500 °C). Cellulose is
the most abundant organic compound that can be found in
nature possessing a structural function in plant cell walls
[18] Lignin is also contained in plant cell walls, which plays
a role in binding, cementing, and putting the fibers together
[1]. In this study, physicochemical characteristics according to
the biochar generation process for each biomass component
were then compared. Adsorption performances of biochar for
Cd(11), which is a highly persistent environmental toxicant and
inflicts chronic intoxication by directly destroying the creatural
urinary system [19], were compared by using two different
isotherm models. This study will provide valuable insights into
the potential Cd mechanism and water pollution prevention
strategies by elucidating the differences in properties of
biochar produced from biomass components (lignin, cellulose)
and biochar produced from corn husk, which are composed of
these materials.

Material and methods
Biochar preparation

To generate pyrochar (PC) through pyrolysis, each cellulose
(C), lignin (L), and corn husk (CH) was put into a pyrolysis
device. After that, while N, was injected, the temperature was
raised from room temperature to 300 °C (or 500 °C) at 10 °C/
min and maintained at the corresponding temperature for
1 hour. The pyrochar generated in this way was named PC-
C-x, PC-L-x, or PC-CH-x (x = 300 or 500). Hydrochar using
hydrocarbonization was prepared by mixing biomass with H,0
at 1: 5 5-weight ratio, which was then put into a Parr reactor
(Model 4545, Parr Instrument Co.) and reacted at 300 °C for 1
hour. After the reaction, the mixture of water and hydrochar
(HC) was separated through filtration. Hydrochar was dried
at 100 °C in an oven for 24 hours. Hydrochar generated from
this process was expressed as HC-C-300, HC-L-300, or HC-
CH-300.

Biochar characterization

The ultimate analysis to determine the contents of C, H, N,
and S for each raw biomass and generated biochar was analyzed
using an elemental analyzer (Flash 200, Thermo). O content was
calculated as the remaining content. Moisture, volatile, ash, and
fixed carbon contents were analyzed using a thermogravimetric
analyzer (TGA701, LECO). Proximate analysis was carried
out to obtain the values of Moisture, volatile, ash, and fixed
carbon contents using a thermogravimetric analyzer (TGA701,
LECO). The specific surface area and porosity of each sample
were analyzed using the N, adsorption-desorption method
(3Flex, Micromeritics) that could analyze the BET surface
area, pore volume, and pore size. Surface characteristics and
chemical compositions of char generated according to the
application process and temperature were analyzed using FE-
SEM (Field Emission-Scanning Electron Microscopy, MIRA
3 XMU, TESCAN) and EDS (Energy Dispersive Spectrometer,
X-act, OXFORD). Functional groups on the sample surface were
analyzed by FT-IR (Fourier transform infrared spectroscopy,
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Nicolet 6700, Thermo) with a wavenumber range of 4000-400
cm™ and a resolution of 4 cm-. pH values at the point of zero
charges (pszc) were measured according to previous studies
[20,21]. After adding 0.1 M NaOH and 0.1 M HCl to 10 ml of 0.01
M Nacl to adjust the pH from 2 to 9 (pH,,...), 30 mg of biochar
was added to the NaCl solution adjusted to each pH followed by
shaking at 300 rpm for 48 hours. After measuring the final pH
(pH,,.)), the final pH subtracted from the initial pH was defined
as ApH (ApH=pH, -PH,...). pH  was determined as the pH
when ApH = 0 in the ApH vs. pH__. profile.

pzc

initial

Adsorption experiment

Each char was added to the Cd(Il) aqueous solution
and reacted to examine the Cd(I) adsorption performance.
The adsorption efficiency was evaluated by measuring the
concentration of CA(1I) before and after the reaction. An aqueous
solution of Cd(I) at a concentration of 50 mg/L was prepared
with CdCl,-2%/2H,0 (Sigma Aldrich Chemical Co.). The pH of the
aqueous solution was 6.0. Each char of 0.05 g was added to 20
mL of the aqueous solution of Cd(II) at each concentration and
shaken at a speed of 250 rpm for 18 hours at room temperature.
After the reaction, filtration was performed using a qualitative
filter paper (Adventec, 0.45 pm). The concentration of Cd(Ir)
was measured using ICP-OES (Inductively Coupled Plasma —
Optical Emission Spectrometry, OPTIMA 8300, Perkin Elmer).
The isothermal adsorption was evaluated based on adsorption
performance with Results and discussion.

Characterization of hydrochars and pyrochars

Yield, proximate, and elemental analysis: Table 1
summarizes biochar production yield with ultimate and
proximate analysis results of cellulose, lignin, corn husk,
pyrochar, and hydrochar. The biochar yield was determined as
the ratio of the mass of the biochar product to the mass of the
biomass using the following equation (1) shown below:

massof biochar(g) o

Yield (%)= -
mass of biomass(g)

(1)

It was found that lignin had the highest yield, followed by
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cellulose and corn husk. Muley, et al. [22] have reported that
lignin is composed of a cross-linking macromolecule. Thus,
lignin is a material constituting a cell wall of biomass. Muley,
et al. [22] also reported that lignin was relatively thermally
stable with a complex molecular structure and had a high
char yield due to its high fixed carbon content, while cellulose
had relatively low thermal stability and fixed carbon content
[22]. Corn husk as a biomass containing hemicellulose is
decomposed at 180~350 °C [23]. Therefore, most hemicellulose
composing corn husk was decomposed and the char yield was
lower than that of cellulose at 300 °C. However, at 500 °C, the
char yield was higher than that of cellulose under the influence
of thermally stable lignin. When the thermal decomposition
temperature was the same, the yield of HC was lower than that
of PC. Kambo, et al. [2] have explained that in a hydrothermal
condition, some biomass polymers are converted into an
aqueous phase due to subcritical water, leading to decreased
solid product.

When their thermal decomposition temperatures are the
same, the oxygen content of pyrochar is higher than that of
hydrochar. Inthe case of pyrochar, as the thermal decomposition
temperature increased, the C content increased while the O and
H contents decreased. According to the Van Krevelen diagram,
raw biomass has high 0/C and H/C, while O/C and H/C are very
low after slow pyrolysis. HC is similar to slow pyrolysis and
0/C, whereas H/C is high [24]. Figure 1 shows the O/C vs. H/C
of pyrochar and hydrochar. In the case of lignin, O/C and H/C
were somewhat low due to its high C content. When the thermal
decomposition temperature was 300 °C, O/C and H/C of PC were
similar to HC. However, as the pyrolysis temperature increased
by 500 °C, O/C and H/C decreased, resulting in similar results to
Van Krevelen's diagram overall. High H/C and O/C in HC-300
and PC-300 meant low carbonization of biomass, indicating
that high contents of non-carbonizable organic matter were
present in biochar [25].

As a result of the ultimate analysis, when the thermal
decomposition temperature was the same, the C content of
cellulose having a low decomposition temperature was found
to be higher than that of lignin and the fixed carbon content

Table 1: Physico-chemical properties and yield of raw biomass(cellulose, lignin, corn husk), HC-C-300(cellulose hydrochar at 300 °C), HC-L-300(lignin hydrochar at 300 °C),
HC-CH-300(cron husk hydrochar at 300 °C), PC-C-300(cellulose pyrochar at 300 °C), PC-L-300(lignin pyrochar at 300 °C), PC-CH-300(cron husk pyrochar at 300 °C), PC-C-
500(cellulose pyrochar at 500 °C), PC-L-500(lignin pyrochar at 500 °C), PC-CH-500(cron husk pyrochar at 500 °C).

Proximate analysis Composition analysis

Ultimate analyss __
yield
Volatile Fixed )
mass carbon

Cellulose = 4198 6.34 51.66 0.02 0.00

Lignin 61.73  5.61 31.51 0.68 0.47 4.21 62.05 32.25 1.49 - - - - - - - -
CornHusk = 44.00 5.83 @ 49.51 0.66 0.00 7.39 75.55 14.22 2.85 - - - - - - - -
HC-C-300 = 8237 392 1363 0.09 0.00 1.86 47.06 50.89 0.19 88.39 1094 0.67 - - - - 43.3
HC-L-300 71.30 493 2298 046 0.33 1.69 50.98 45.45 1.89 72.47 2545 207 - - - - 70.9
HC-CH-300 75.03  4.91 18.91 1.16  0.00 1.91 50.91 44.80 2.40 73.74 2532 0.86 - 0.13 - - 37.2
PC-C-300 7262 433 2295 0.11 0.00 3.18 58.58 37.48 0.77 75.52 2366 0.83 - - - - 45.5
PC-L-300 = 70.56 4.68  23.31 0.76 = 0.69 1.10 52.77 44.08 2.06 69.13 2736 234 - - 1.18 - 72.7
PC-CH-300 6396 445 3036 1.23 0.00 2.65 54.11 36.96 6.27 6535 31.04 098 174 0.66 - 0.23 40.8
PC-C-500 88.72  2.83 8.30 0.16  0.00 1.32 23.34 75.04 0.80 88.79 10.47 0.75 - - - - 23.8
PC-L-500 = 82.41 256 13.58 0.86 0.58 2.14 34.33 58.73 4.80 83.99 1045 356 045 - 1.57 - 58.2
PC-CH-500 77.17 1.38 1896 1.38 0.00 2.95 26.02 61.02 10.02 = 6297 2427 3.60 5.11 6.12 - 0.57 25.6

adifference
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Figure 1: Atomic H/C ratios and O/C ratio of of raw biomass(cellulose, lignin, corn
husk), HC-C-300(cellulose hydrochar at 300 °C), HC-L-300(lignin hydrochar at 300
°C), HC-CH-300(cron husk hydrochar at 300 °C), PC-C-300(cellulose pyrochar at 300

°C), PC-L-300(lignin pyrochar at 300 °C), PC-CH-300(cron husk pyrochar at 300 °C),
PC-C-500(cellulose pyrochar at 500 °C), PC-L-500(lignin pyrochar at 500 °C), PC-CH-
500(cron husk pyrochar at 500 °C).

of hydrochar was higher than that of pyrochar. In the case
of pyrochar, as the decomposition temperature increased,
the fixed carbon and ash content increased as the yield and
volatile content of char decreased due to the decomposition
of non-carbonizable organic matter. In particular, when the
temperature was the same, the ash content of pyrochar was
found to be higher than that of hydrochar. F, et al. (2018)
have explained that this is because it is dissolved in inorganic
compounds by subcritical water in the process of hydrothermal
carbonization of hydrochar generation. These results were
also confirmed by component analysis using EDS. Alkaline and
alkaline earth metals such as K, Na, and Mg were detected in
pyrochar, while no corresponding components were detected
in hydrochar. Thus, it seemed that they were dissolved in water
during the production process.

Specific surface area and porosity: Table 2 summarizes
the specific surface area and porosity of char generated by
biomass type and char reaction conditions. When thermal
decomposition temperatures were the same, it was found
that the specific surface area and pore volume were in the
order of corn husk > cellulose > lignin. A low specific surface
area means an underdeveloped porous structure and an
incomplete carbonization [26]. The specific surface area and
pores were developed in corn husk because hemicellulose was
decomposed and pores were formed, whereas in lignin known
to be relatively thermally stable, specific surface area and pores
were not developed. As increasing the pyrolysis temperature,
more specific surface area and pore volume were developed.
Kambo, et al. [2] have explained that void formed in biochar
due to volatilization of organic compounds can result in the
development of specific surface area and pore volume.

Surface characterization: Figure 2 shows the results of
surface characteristics of hydrochars and pyrochars produced
according to the type of biomass and char reaction conditions.
Different shapes appeared depending on the type of raw
material. Cellulose was found that the circular shape of short
fiber was maintained even after the thermal decomposition
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process, whereas lignin had a shape in which the surface was
cut after the thermal decomposition reaction.

Biochar produced at the same temperature in different
thermal processes was verified that more pores were formed
in a hydrochar than in a pyrochar. More pores were developed
as temperature increased in the pyrochars. This trend was the
same as the analysis results of specific surface area and pore
characteristics. At the same temperature, specific surface area
and pore volume were higher in hydrochar than in pyrochar.
For pyrochar prepared at a higher temperature, a larger
specific surface area and pore were also found based on shape
measurements in Figure 2.

Figure 3 shows FT-IR analysis results of hydrochars and
pyrochars generated according to the type of biomass and
reaction conditions. Also, Table 3 summarizes function groups
by wavenumber [19,26]. The functional groups of cellulose
and corn husk char produced at 300 °C were similar. However,
lignin had slightly different results. Similar results have been

Table 2: Specific surface areas and porosities of HC-C-300(cellulose hydrochar at
300 °C), HC-L-300(lignin hydrochar at 300 °C), HC-CH-300(cron husk hydrochar at
300 °C), PC-C-300(cellulose pyrochar at 300 °C), PC-L-300(lignin pyrochar at 300
°C), PC-CH-300(cron husk pyrochar at 300 °C), PC-C-500(cellulose pyrochar at 500
°C), PC-L-500(lignin pyrochar at 500 °C), PC-CH-500(cron husk pyrochar at 500 °C).

BET Surface area(m?/g)| Total Pore Volume(cm?/g) | Pore Size(nm)

HC-C-300 4.47 0.0017 0.95
HC-L-300 0.41 0.0001 0.71
HC-CH-300 1.43 0.0038 1.44
PC-C-300 0.83 0.0003 1.36
PC-L-300 0.07 0.0000 0.89
PC-CH-300 0.39 0.0003 1.68
PC-C-500 462.87 0.2018 1.74
PC-L-500 86.62 0.0470 217
PC-CH-500 78.65 0.0377 1.92

(a)___l-;;.c-:’»OO(xz. 5k)

(c) H-CH-300{x500

(f) P-CH-300(x500)

Figure 2: Scanning Electron Microscope (SEM) images of of HC-C-300(cellulose
hydrochar at 300 °C), HC-L-300(lignin hydrochar at 300 °C), HC-CH-300(cron husk
hydrochar at 300 °C), PC-C-300(cellulose pyrochar at 300 °C), PC-L-300(lignin
pyrochar at 300 °C), PC-CH-300(cron husk pyrochar at 300 °C), PC-C-500(cellulose
pyrochar at 500 °C), PC-L-500(lignin pyrochar at 500 °C), PC-CH-500(cron husk
pyrochar at 500 °C).
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Figure 3: FTIR spectra of HC-C-300(cellulose hydrochar at 300 °C), HC-L-
300(lignin hydrochar at 300 °C), HC-CH-300(cron husk hydrochar at 300 °C), PC-

C-300(cellulose pyrochar at 300 °C), PC-L-300(lignin pyrochar at 300 °C), PC-CH-
300(cron husk pyrochar at 300 °C), PC-C-500(cellulose pyrochar at 500 °C), PC-L-
500(lignin pyrochar at 500 °C), PC-CH-500(cron husk pyrochar at 500 °C).

reported previously [27]. Researchers have explained that the
characteristics of lignin in the biochar generated in moderate
temperatures are not dominant. Unlike cellulose char or corn
husk char, in HC-L-300 and PC-L-300, bands were formed at
1204 cm™, 1264 ¢cm™, and so on. The band at 1204 cm™ was
due to C-O stretching vibration and the band at 1264 cm™ was
due to C=C aromatic ring vibration as summarized in Table
3. The formation of these bands means that the C=C and C-0
bonds of lignin are not completely decomposed [19]. The
band’s size decreased as the pyrolysis increased from 300 °C
to 500 °C because carbonization occurred as the temperature
increased [26]. It was found that bands at about 1050 cm™ and
2920 cm™ were large in PC-C-300 and PC-CH-300, while their
sizes were relatively small in HC, PC-C500, and PC-CH-500.
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This was because C-O and aliphatic C-H were not completely
decomposed in PC-300 while C-0 and C-H bonds were broken
at a high temperature or hydrothermal carbonization. In
particular, the formation of 1578 c¢cm™ band after 2922 cm™
band reduction due to an increase in pyrolysis temperature
was due to the decomposition of aliphatic carbon of cellulose
to form aromatic carbon [28]. It seems that pyrolysis is
advantageous for the formation of functional groups while
hydrothermal carbonization is advantageous for surface area
and pore formation when thermal decomposition at a moderate
temperature.

Adsorption experiments

Adsorption isotherm experiments can be used to investigate
the mechanism for the interaction between the adsorbent and
the adsorbate. To investigate the adsorption characteristics of
Cd(11) by pyrochar and hydrochar, the amount of adsorbent was
fixed at 0.05 g. Isothermal adsorption characteristics were then
evaluated according to the concentration of the adsorption
(Cd(1r)). Two adsorption isotherm models used frequently are
the Langmuir and Freundlich models. The Langmuir model
is an adsorption formula applied under the assumption that
the adsorbent is adsorbed into a monomolecular layer on the
surface of the adsorbent. It is expressed with Equation (2)
shown below:

G = amK Ce
© (14K Ce) (2)
If this is expressed in a linear equation, it can be expressed
as Equation (3) shown below:

IR "
de K xdmCe dm

Where C, is the equilibrium concentration of Cd(iI) in
solution(mg/L), q,, is the maximum adsorbed amount per unit
mass of adsorbent (mg/g), and K| is the Langmuir constant.
Results are summarized in Table 4.

The Freundlich model represents the relationship between

Table 3: Functional groups of Fourier-Transform Infrared Spectroscopy (FT-IR)
spectra of HC-C-300(cellulose hydrochar at 300 °C), HC-L-300(lignin hydrochar at
300 °C), HC-CH-300(cron husk hydrochar at 300 °C), PC-C-300(cellulose pyrochar at
300 °C), PC-L-300(lignin pyrochar at 300 °C), PC-CH-300(cron husk pyrochar at 300
°C), PC-C-500(cellulose pyrochar at 500 °C), PC-L-500(lignin pyrochar at 500 °C), PC-
CH-500(cron husk pyrochar at 500 °C).

3435~6 0-H stretching Hydroxyl or carboxyl groups
2922~9 C-H stretching Aliphatic
about 1700 C=0 stretching Carbonyl, ester, or carboxyl
1510-1600 C=C stretching Aromatic skeletal in lignin
C-H deformation C-H deformation carbohydrates
1420-1460 C=C stretching aromatic and carboxylic compounds
C=0 stretching from carboxylic compounds
1100-1260 C-0 stretching Aromatic of methoxyl and phenyl
propane structure
1050-1060 C-O stretching -
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the amount of adsorbent adsorbed to the adsorbent and the
concentration of solution. It is defined as qg = KFCé/ N. By
taking logs on both sides, it can be expressed as equation (4)
shown below:

1
Inde = InK +HlnCe (4)

Where g, is the amount of Cd(1I) adsorbed per unit weight
of the adsorbent (mg/g), K, and n are Freundlich constants,
and C, is the equilibrium concentration (mg/L) of Cd(ll) in
the solution. The linear plot of the Langmuir and Freundlich
adsorption isotherm of Cd(II) is shown in Figure 4 and the
results of the Freundlich isotherm are summarized in Table 4.
The q,, K, and R*>values of the Langmuir model were obtained
by plotting 1/q,vs. 1/C, (Figure 4(a)). Also, K., 1/n, and R>values
of the Freundlich model were obtained by plotting In(q,) vs.
In(C,) (Figure 4(b)).

Results showed that adsorption characteristics of Cd(II)
by pyrochar and hydrochar in the Langmuir model were more
suitable than those in the Freundlich model, with an R of 0.99
or higher. The Cd(ll) was adsorbed as a monomolecular layer
on the surface of the pyrochar and hydrochar. Yan, et al. [29]
reported the adsorption isotherm of Pb and Cd on corn stalk
biochar can be well described by the Langmuir model, Sangsuk,
et al. [30] also reported that the adsorption of methylene
blue on the BP(Biden pilosa) biochar followed the Langmuir
adsorption isotherm, that was similar results as in this study.

Comparing adsorption results with cellulose char, the PC-
C-500 had a specific surface more than 100 times larger than
that of HC-C-300, whereas the adsorption amount was lower
than that of HC-C-300. Zama, et al. [31] have reported that
physical characteristics such as specific surface area of biochar
have little effect on heavy metal removal in a study on the effect
of physicochemical properties of biochar produced at different
temperatures on the absorption and desorption of heavy metals
(Pb, Cd, As). Figure 5 summarizes pH,,. (point of zero charge)
measurement results for each type of pyrochar and hydrochar.
pH,,. refers to the pH value in which the sum of the surface
positive charges is balanced with the sum of the surface negative
charges. The surface of the adsorbent has a positive charge at

Table 4: Results of isotherm model on adsorption of Cd(Il) by HC-C-300(cellulose
hydrochar at 300 °C), HC-L-300(lignin hydrochar at 300 °C), HC-CH-300(cron husk
hydrochar at 300 °C), PC-C-300(cellulose pyrochar at 300 °C), PC-L-300(lignin
pyrochar at 300 °C), PC-CH-300(cron husk pyrochar at 300 °C), PC-C-500(cellulose
pyrochar at 500 °C), PC-L-500(lignin pyrochar at 500 °C), PC-CH-500(cron husk
pyrochar at 500 °C).

_agmaig) LK LR KT R

HC-C-300 15.17 0.441 0.9968 6.817 0.234 0.9569
HC-L-300 11.79 0.628 0.9991 6.672 0.153 0.9760
HC-CH-300 17.81 0.175 0.9933 5.086 0.302 0.9069
PC-C-300 13.71 1.298 0.9923 10.017 0.088 0.8660
PC-L-300 16.26 0.476 0.9966 8.458 0.167 0.8935
PC-CH-300 56.52 0.312 0.9965 16.495 0.331 0.9646
PC-C-500 14.65 0.417 0.9978 7.192 0.176 0.9388
PC-L-500 15.99 1.026 0.9939 10.813 0.102 0.9350
PC-CH-500 116.80 0.547 0.9993 70.046 0.135 0.9372
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Figure 4: Linear plot of the Cd(1I) adsorption following the Langmuir and Freundlich
model by HC-C-300(cellulose hydrochar at 300 °C), HC-L-300(lignin hydrochar at
300 °C), HC-CH-300(cron husk hydrochar at 300 °C), PC-C-300(cellulose pyrochar at

300 °C), PC-L-300(lignin pyrochar at 300 °C), PC-CH-300(cron husk pyrochar at 300
°C), PC-C-500(cellulose pyrochar at 500 °C), PC-L-500(lignin pyrochar at 500 °C),
PC-CH-500(cron husk pyrochar at 500 °C).

a pH below pH,,., but has a negative charge at a pH higher
than pHy, [32]. Tran, et al. [33] have applied the pH , ApH
calculation formula (ApH=pH, ;,,,-PHy,,) for pH , in a relevant
study as opposed to this study (ApH = pH,, -pH, ,..). According
to their study results, by changing the formula applied in this
study, in the case of pH_,,,, > PH,,., the surface of biochar had
a positive charge by protonation of acid groups. Metal sorption
is inhibited because of an electrostatic repulsion between Cd(1I)
ions and functional groups, so the adsorption amount was
measured to be low [32]. Researchers have explained that in the
case of pH_, ., > PH,, complexation or surface precipitation
is the primary mechanism of heavy metal removal. Through
FT-IR results, many functional groups such as -OH, C-0, and
C=0 were formed in PC-C-300. It was judged that Cd(II) was
removed through surface complexation by oxygen functional
groups. Han, et al. [34] have also announced that the lower
Sb(111) and Cd(11) adsorption performance in hydrochar than
pyrochar due to low contents of surface functional groups
and fewer negative charges, consistent with the results of this
study. Cd(II) adsorption amount of lignin pyrochar (PC-L-
300, 500) was slightly higher than that of cellulose pyrochar
pyrochar (PC-C-300, 500), while the adsorption amount of
cellulose hydrochar (HC-C-300) was higher than that of lignin
hydrochar (HC-L-300). As a result of EDS analysis, inorganic
substances such as Na and K were not detected in HC-L-300,
whereas Na contents were measured to be 1.18% and 1.57%
in PC-L-300 and PC-L-500, respectively. Na contents were
decreased to 0.93% and 1.19% after adsorption by PC-L-300
and PC-L-500, respectively. Deng, et al. [35] have explained
that K, Ca, Na, Mg, and so on of biochar can be exchanged with
ions such as Cd during the adsorption process. The amount of
Cd(11) adsorption increased due to cation exchange between
Na and Cd. In addition, the Na content was higher in PC-
L-500 than in PC-L-300, although the adsorption amount
was measured to be slightly higher in PC-L-300, which was
considered to be due to the effect of surface complexation by
oxygen function groups formed in PC-L-300.

Corn husk char had a higher Cd(11) adsorption than cellulose
or lignin char. In particular, the adsorption amount increased
significantly in PC-CH-300 and PC-CH-500. As shown in
Figure 5, PH,,. values of PC-CH-300 and PC-CH-500 were

about 7.5 and 8.8, respectively, meaning that the surface of char
was negatively charged. Thus, Cd(Il) was adsorbed onto the
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Figure 5: pH__ values of HC-C-300(cellulose hydrochar at 300 °C), HC-L-300(lignin
hydrochar at 300 °C), HC-CH-300(cron husk hydrochar at 300 °C), PC-C-300(cellulose

pyrochar at 300 °C), PC-L-300(lignin pyrochar at 300 °C), PC-CH-300(cron husk
pyrochar at 300 °C), PC-C-500(cellulose pyrochar at 500 °C), PC-L-500(lignin
pyrochar at 500 °C), PC-CH-500(cron husk pyrochar at 500 °C).

surface of negatively charged char by electrostatic attraction.
In the case of pH_, ., < PH,,, high Cd(11) adsorption by PC-
CH-300 and PC-CH-500 indicate that electrostatic attraction
is an important mechanism during Cd(I1) adsorption by biochar
[35,36].

In addition, corn husk char had a higher ash content than
other char. Alkali and alkaline earth metals such as K, Si, and
Mg were detected in EDS analysis. K and Mg contents of PC-
CH-300 were 1.74% and 0.23%, respectively. However, these
contents were decreased to 0.5% and 0.13%, respectively, after
the adsorption experiment. K and Mg contents were 5.11% and
0.57%, respectively, in PC-CH-500. These contents were also
decreased to 1.27% and 0.27%, respectively, after the adsorption
experiment. Thus, Cd(I) was removed by cation exchange with
K, Mg, and so on in PC-CH-300 and PC-CH-500.

Conclusion

This study compared physicochemical properties and Cd(1I)
adsorption performances of hydorchar and pyrochar generated
with cellulose, lignin, and cornhusk as raw materials. It was
found that pyrochar produced at the same temperature as
hydrochar (300 °C) had a higher char generation yield, ash
and oxygen contents, and more developed oxygen functional
groups, but lower specific surface area and pore volume than
hydrochar. Cd(i1) adsorption performances of hydrochar and
pyrochar were more suitable with the Langmuir model. When
PH un > PH,,, surface complexation by oxygen functional
groups was observed. When pH .. < PH,, electrostatic
attraction was found to be an important mechanism of Cd(11)
adsorption. Also, when alkali elements such as K and Na
were present in biochar, cation exchange was found to be an
important mechanism of Cd(11) adsorption removal.
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