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Abstract: A horizontal drum kiln is a traditional method widely used in Southeast Asian countries
for producing biochar. An understanding of temperature conditions in the kiln and its influence
on biochar properties is crucial for identifying suitable biochar applications. In this study, four
agricultural residues (corncob, coconut husk, coconut shell, and rice straw) were used for drum
kiln biochar production. The agricultural residues were turned into biochar within 100-200 min,
depending on their structures. The suitability of biochar for briquette fuels was analyzed using
proximate, ultimate, and elemental analysis. The biochar’s physical and chemical properties were
characterized via bulk density, iodine number, pHp ¢, SEM, and FTIR measurements. All biochars
had low O/C and H/C ratios and negative charge from both carbonyl and hydroxyl groups. Coconut
husk and shell biochar had desirable properties such as high heating value and a high amount of
surface functional groups which can interact with nutrients in soil. These biochars are thus suitable
for use for a variety of purposes including as biofuels, adsorbents, and as soil amendments.

Keywords: agricultural residues; biochar; biochar characterization; biochar application

1. Introduction

Agriculture is one of the dominant sectors for both the Thai economy and other South-
east Asian (SEA) countries, with a high overseas demand for their food and agricultural
products such as rice, sugar, coconut, and corn. Consequently, these countries produce high
amounts of agricultural residues from both harvesting and the food processing industries.
It was estimated that there more than 500 million tons/year of residues are produced from
the agricultural and forest sectors of SEA countries [1]. Thus, these residues represent a
significant challenge to proper waste management and reuse. The conversion of these
agricultural residues into biochar represents a promising avenue for their reuse and val-
orization. Biochar is a carbon-rich material which is mostly derived from biomass and has
high stability in the environment.

It has been widely reported that biochar can be used directly as a renewable energy
source [2], as a soil amendment to improve fertility [3] and control soil greenhouse gas
emission [4,5], and as a filter media for wastewater treatment [6]. The process of making
biochar produces less air pollution than the open burning of agricultural residues in fields,
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which can emit noxious gases (CO, SOx, NOx) and smoke particles carrying carcinogen
substances [7]. Apart from the particulate matter, a 16 polyaromatic hydrocarbon concen-
tration ranging between 151.7 and 1090.4 ug/m? was reported from the open burning of
agricultural debris in fields [8], which has adverse health effects.

The thermal conversion of biomass into biochar depends on both temperature and
the amount of oxygen present. The processes involved include drying, torrefaction, car-
bonization, pyrolysis, gasification, and combustion [9]. There are many reactors for the
production of biochar and heating systems including combustion, electricity, induction,
microwave or solar heating through an external diaphragm, and inert gas or sand. The
shape of reactors is typically cylindrical, conical, or cuboid [9]. A cylindrical reactor can
be made from 200 L oil drums placed in horizontal, vertical, or oblique position. Other
types of traditional kilns widely used in Asian countries include earth-mound kilns and
brick kilns, since they require low investment and are made of easy to find construction
materials. Earth-mound kilns or pit kilns are constructed by digging a hole, laying the
biomass in the pit, and covering it with soil which is used in small-scale conservation
agriculture [10]. This low technology kiln is commonly used in rural areas. However, while
the quality of the charcoal is good in these cases, the energy loss is greater than that of other
kilns. Brick kilns are typically used in industrial applications, as they need to produce
more biochar than other types of kilns in order to recover the higher cost of construction.
Their furnace life is long, and one can easily control the temperature during the brick kiln
combustion process. However, brick kilns cannot be moved. Drum kilns are very popular
in the rural areas of Thailand as they are more efficient than other traditional kilns. Drum
kilns enable control of inlet air during carbonization. The produced charcoal is of high
quality and contains less ash. Moreover, there are byproducts from the charcoal production
process (namely wood vinegar or tar). The charcoal can be used as pest control and to
produce liquid fertilizer [11]. The drum kiln service life is between two and three years.
The simple design of horizontal drum kilns makes it possible for rural people in Thailand
and other SEA countries to make the kiln themselves and produce biochar for their uses
in households and for commercial purposes. However, the biochar’s characteristics vary
for different biomass starting materials [12], pyrolysis temperatures, and pyrolysis con-
ditions [13]. The chemical and physical characteristics of biochar are crucial sources of
information for selecting the best valorization pathway. Biochar is currently being used as
soil amendment for the enhancement of nutrient fertility in soil. Recently, many researchers
have also investigated the use of biochar derived from agricultural residues for the removal
of organic substances, metals, nutrients, and pathogens as an environmentally low-cost ad-
sorbent and locally available material. Most tests have been conducted in aqueous solution
using a batch experiment. Water filtration trials have been conducted using biochar either
solely or incorporated with sand. Biochar technology is popular in developing countries
for household uses including energy and food security and also water purification [14].
Biochar is also currently used for briquette making as an alternative fuel in rural area
since it has higher calorific value than raw biomass [15]. The suitable fuel properties are
normally determined by proximate analysis (contents of moisture, ash, volatile matter,
and fixed carbon). Agricultural residues in Thailand are ubiquitous, particularly rice and
corn residues [16], whereas coconut residue is available in the coastal and central areas of
Thailand. Thus, they are available locally for the production of biochar. The aims of this
paper are: (i) to produce biochar from four common agricultural residues, corncob (CC),
coconut husk (CH), coconut shell (CS), and rice straw (RS) using a horizontal drum kiln
method; (ii) to investigate the physical and chemical properties of biochar for its potential
use as adsorbent and soil amendment; (iii) to identify the most suitable biochars for fuel
use; and (iv) to evaluate the use of biochar for canal water filtration and seed germination.
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2. Materials and Methods
2.1. Agricultural Residues and Biochar Preparation

Four common agricultural residues in central Thailand, namely CC, CS, CH, and RS
were used in this study. CC was obtained from a local market and was sun dried. The rest
were obtained from the fields and used as received. A horizontal drum kiln with a capacity
of 0.2 m3 at the Center for Energy and Environmental Engineering, Kasetsart University,
Kamphaeng Saen campus, was used to produce the biochar. The chimney was welded
onto the bottom of the drum. The drum kiln was first placed in a rectangular foundation
made by a concrete block. Then, the entire drum was covered with sand to prevent heat
loss during carbonization. Figure 1 shows the front view and side view of the drum and
connected pipes. A thermocouple was installed at 20 cm depth from the drum wall to
monitor the temperature inside the chamber every 10 min from the start up to 600 min.
The CC, CH, CS, and RS residues with a dry weight of 18.4, 10.4, 34, and 10 kg, respectively,
were loaded into the chamber of the drum kiln. The loaded drum’s lid was closed and
sealed with clay or mortar, except for the firing section. Small pieces of wood were stacked
in the firing section to light the kiln. More wood pieces were placed into the firing section
to burn until smoke was observed coming out through the chimney. White smoke was
released from the chimney while the agricultural residues were partially decomposed with
the release of water vapor. Air intake was then reduced by covering the front aeration
channel to about one fourth and the smoke became clear. This showed that the agricultural
residue was fully carbonized. The firing section was completely closed with clay and the
chimney was also sealed. The sealed kiln was then left overnight for at least 12-15 h to
complete the biochar production process. The biochar was weighed and the percentage of
yield was determined as the ratio of the biochar mass to raw biomass. After cooling, all
biochar samples were ground to less than 2 mm in diameter.
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Figure 1. Schematic of the horizontal drum kiln pyrolysis unit. (a) Front view and (b) side view.

—

2.2. Biochar Characterization

The morphological surfaces of biochar were observed by scanning electron microscopy
(Hitachi, SU-1000, Chiyoda City, Tokyo, Japan). Bulk density (d = m/V) was measured
using the mass of dry sample (m) and total volume of sample (V) [17], where total volume
considers both the solid and pore space. Surface areas of the biochars were determined
by Ny-adsorption based techniques (Brunauer—-Emmett-Teller, BET surface area) which
is normally applicable for non-porous samples as well as for samples having pores in
the meso- and macro range. The iodine number was measured as a relative indicator of
porosity following method ASTM D4607 [18].

Characterization of biochars by proximate analysis was used to determine moisture,
ash, volatile matter, and fixed carbon following the methods ASTM D3173, ASTM D3174,
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and ASTM D3175, respectively [19]. The percentage of fixed carbon was computed by
subtracting the sum of moisture content, ash content, and volatile matter from 100. The
ultimate analysis was carried out to determine the percentage of carbon, hydrogen, nitrogen
and sulfur elements using a Perkin Elmer 2400-II CHNS/O elemental analyzer. The oxygen
content was calculated by difference. The heating value of the biochars was measured
using a bomb calorimeter (Parr 6400 automatic isoperibol calorimeter).

Metals of biochar samples were characterized by X-ray fluorescence (XRF) with a
Bruker AXS S4 Pioneer instrument. To investigate the functional groups of the biochars,
samples were mixed with KBr and the mixture was ground and characterized by Fourier
transform-infrared (FTIR) spectroscopy with a Nicolet 6700 spectrometer (Thermo Scientific,
Waltham, MA, USA). The spectrum was scanned over the wavelength number range
between 600 cm ! to 4000 cm 1.

The pH of solution (pHy) of the biochar samples was analyzed by placing the biochar
in deionized water at a ratio of 1:10 (w/v). The mixture was shaken at 100 rpm at 30 °C
for 3 h, then the pH was recorded using a pH meter. The pH at the point of zero charge
(pHpzc) was analyzed using the pH drift method. Biochar (0.15 g) was added into 50 mL of
0.01N NaCl solution with different pH values of 1.0, 3.0, 5.0, 7.0, 9.0, and 11.0, adjusted
using NaOH or HCI. The mixture at each initial pH was shaken at 100 rpm and 30 °C for
48 h prior to pH measurement. The initial pH and final pH was plotted to determine the
pHpzc at which the initial pH equals the final pH.

Ions released from each biochar were investigated by a method modified from Yuan
et al. [20]. Biochar at 5 g was leached with 50 mL deionized water by shaking at 100 rpm,
at 30 °C for 3 h. The solution was filtered and the cations and anions were analyzed by
ion chromatography (761 Compact IC, Metrohm; column Metrosep A Supp5-150/4.0 at
flow rate of 0.6 mL/min and Metrosep C4-100/4.0 at flow rate of 0.9 mL/min). The sum of
potassium (K*), sodium (Na*), calcium (Ca?*) and magnesium (Mg?*) ions was calculated
as the soluble base cations of the biochar. Soluble nitrogen (N) represented nitrogen in
the form of ammonium (NHy*) + nitrate (NO3 ™), and soluble phosphorus (P) represented
PO,3~ in the leachate.

2.3. Biochar for Water Filtration and Seed Germination Study

CH biochar was selected to study its application for water filtration and then phyto-
toxicity test. Cylindrical-shaped columns with a 0.525 L volume were used for studying the
nutrient and chemical oxygen demand (COD) removal from canal water with this biochar,
compared to a sand filter. The bed height was 13.2 cm and the column diameter was 5.8 cm.
A biochar mass of 0.1 kg was placed in the column and soaked with deionized water for
3 days. Then, canal water from near an aquaculture farm was fed continuously with a
downward flow at a rate of 15 mL/min for 420 min. The effluent was collected at intervals
over a period of time and analyzed for pH, NH4*, NO;~, total phosphorus (TP) and COD
following standard methods for the examination of water and wastewater [21].

The phytotoxicity test was adapted from Tiquia [22] to test for an eventual toxic effect
of leachates from sand and biochar on plant germination. Biochar and sand before and
after water filtration were extracted with DI water for a biochar dosage of 10% (w/v) after
contact at 30 °C and 100 rpm for 1 h. The extracted solution was filtered through a 0.45 pm
membrane. Then, 20 seeds of Pak Choi were placed in 5 mL of the extract solution and DI
water was used as a control in the petri dish. All petri dishes were covered with lids and
left for five days in the dark at room temperature. The number of seeds germinated and
root length for each solution were measured. Calculation of the relative seed germination
(RSG), relative elongation (RE), and germination index (GI) followed Equations (1)—(3).

RSG (%) = 100(A/B) )

RE (%) = 100(C/D) @)
GI (%) = (RSG x RE)/100 3)
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where A and B are the number of seeds germinated in extracted solution and in DI water,
respectively. C and D are the mean length of root in each solution.

3. Results and Discussion
3.1. Temperature Profile and Yield

During carbonization, the temperature as a function of time of heating was mon-
itored to find out the maximum temperature for each agricultural residue turned into
biochar. This present paper is, to the best of our knowledge, the first paper reporting
the temperature profile for biochar making in a drum kiln, as far as non-rotary drum
kilns are concerned. The heat transfer profiling was previously done only for the rotary
one [23]. The temperature inside the kiln rose up to a peak and then decreased due to
the evaporation of water and volatile matter during thermal decomposition (Figure 2).
Pyrolysis took place over the temperature range between 150 and 400 °C, when lignin
would be decomposed and gaseous products formed such as Hp, CO, and CO, [24]. Acids,
ketones, phenols, guanidines, and furans would be formed for temperatures between 400
and 700 °C [9]. Lian and Xing [25] also reported that the molecular structure of biochar
is completed when reaching 700 °C. The peak temperature and the time taken to reach
the maximum temperature of each agricultural residue were variable due to the differ-
ent chemical composition of the plant fibers. Maximum temperatures of 480, 378, 704,
and 303 °C were reached for CC, CH, CS, and RS, respectively, after carbonization for
100-200 min. The maximum peaks were either sharp (CC and CH) or broad shaped (CS
and RS), which then tailed off after the maximum peak.

CH gave the highest biochar yield (33.7%), followed by CC (32.0%), CS (23.8%), and
RS (10.0%). The low yield of RS is due to a lower amount of fixed carbon and high amount
of inorganic materials compared to the other agricultural residues. The loss of weight from
thermal conversion of biomass to char is related to: (1) dehydration, decomposition, and
dehydroxylation of carbonates, sulfates, hydroxides and silicates; (2) oxidation of sulfide
and hydration and hydroxylation of some oxides; and (3) melt evaporation [26].

3.2. Physical Characteristic of Biochars

The structures of biochar presented in Figure 3 show the numerous hollow channels,
mostly with diameters of less than 20 micron. The International Union of Pure and Applied
Chemistry (IUPAC) classifies the pore sizes into 3 classes, micropore (<2 nm), mesopore
(2-50 nm) and macropore (>50 nm).

Bulk density of CC, CH, CS, and RS biochars were 0.69, 0.66, 1.14, and 1.69 g/ cm?,
respectively. Those biochars which have a bulk density lower than 1.00 will float in both
water and soil solutions. BET surface areas of CH and RS biochars were low at 11.0 and
14.6 m? /g, respectively. Biochar without surface modification derived from the pyrolysis of
cashew nuts was also reported to have a low BET surface area of 0.8 m?/g. The BET surface
area increased to 9 and 13 m?/g when it was activated with steam and carbon dioxide
at temperatures of 600 °C and 650 °C, respectively [27]. BET surface areas could not be
established for corncob and coconut shell biochars. Low BET surface areas are attributed
to the clogging of pores from the condensation of organic volatiles after pyrolysis [28].
Nitrogen gas is generally employed as the probe molecule in BET surface analysis since
it is a small molecule which can penetrate into the mesopores (2-50 nm). Iodine number
is normally correlated with micropore volume and is relative to pores with a 0.1-0.3 nm
diameter (lodine atomic radius = 0.132 nm). Adsorption of iodine in aqueous solution
forms a unimolecular layer on the surface, but adsorption from vapor forms pore filling
in micropores and then surface coverage in macropores [29,30]. It was found that iodine
numbers of CC, CH, CS, and RS biochars were 32.3, 68.4, 13.2, and 3.06 mg/g, respectively.
All biochars contain meso and micropores. Hence, this gives biochars a good property for
soil amendment to improve water holding capacity, soil aeration, microbial attachment,
and pollutant adsorption, particularly for the coconut husk biochar.
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Figure 2. Temperature in the oil drum kiln: (a) corncob; (b) coconut husk; (c) coconut shell; and (d) rice straw.

Figure 3. SEM images of the biochars (<1200 magnification): (a) corncorb; (b) coconut husk; (c) coconut shell; and (d) rice

straw.
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3.3. Chemical Characteristics of Biochars

The FTIR spectra of biochar are presented in Figure 4. According to the results
of Jouiad et al. [28], the bands assigned to O-H stretching (3200-3000 cm~!) and C-H
stretching (3100-3000 cm™ 1) correspond to hemicellulose and cellulose, and the bands in the
900-1400 cm ! range are representative of lignin. The mentioned band for hemicellulose
and cellulose were absent in all biochar samples due to the decomposition of the raw
biomass. A relatively small peak was found at 1362 cm~! for CH biochar indicative of
lignin (C-O group of carboxyl and alcohol). Broad bands at 1050 and 787 cm~! were
found in RS biochar due to the stretching of C-O-C and Si-O-5i groups, respectively.
These peaks existed as there were strong chemical bonds [31]. The band intensity in
the 1600 cm ™! region appeared indicative of conjugated C=C phenyl rings of ketones
and quinones. This implies condensation of the biochar organic compounds which is in
agreement with the results reported by other researchers [32-34]. Peaks for C-H bending
bonds (out of plane) in the region of 900675 cm 1, which are characteristic of the aromatic
substitution pattern, were clearly visible for all biochars except for a small peak for the
corncob biochar. Thus, the functional groups associated with the biochar surfaces were
negative charges, with carbonyl and hydroxyl groups attached to highly aromatic structures.
RS biochar also contained negative charges from silica. The highly negative surface charge
of biochar gives it potential for heavy metal adsorption through various mechanisms such
as cation exchange, electrostatic interactions, complexation, and precipitation onto biochar
surfaces [35].

RS

CH

%T

CS

CC

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm)

Figure 4. FTIR spectra of the biochars.

All biochar samples had high pH with an average of 9.17, at which most heavy metals
can be precipitated (Table 1). However, the surface charge of biochars is pH dependent. In
general, if pHyg) is <pHp,c, the surface charge of biochars exhibit a positive charge due to
the protonation of the acidic groups. This will decrease the adsorption of heavy metals due
to the electrostatic repulsion between surface positive charges and heavy metal ions. On
the contrary, when pHy, is >pHp,c, the surface functional groups are deprotonated and
are favorable to adsorb heavy metal and cationic ions such as ammonium. In this present
study, all biochars exhibited negative surface charges.
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Table 1. Chemical characteristics of the biochars.

Soluble (mmol/g) Metal (% by Weight)
Biochar PHso1 PHpze  poco
. N P K Na Ca Mg Fe Zn Al Si Cl P
Cation
cC 897 8.6l 652 028 945 15 438 343 160 026 035 006 527 195 271
CH 9.75  9.39 1027 059 627 239 192 691 146 049 0.03 010 336 146 0.60
Ccs 9.02 853 77 041 121 88 056 304 138 339 007 192 208 09 090
RS 894 888 1543 060 352 668 150 509 229 076 001 006 249 945 0.63

Note: pHsol = 5 g biochar in 50 mL deionized water at 100 rpm, 30 °C for 3 h; pHpzc = 0.15 g biochar in 50 mL 0.01 N NaCl at 100 rpm,
30 °C for 48 h; Base cation = K* + Na* + Ca?* + Mgz“'; Soluble N = NH4* + NO3 ™.

Results from metal analysis revealed that biochar derived from rice straw and co-
conut shells contained high amounts of silica and potassium, whereas potassium and
chloride were the main inorganic components in CH and CC biochars (Table 1). This
finding corresponds with previous research, reporting high silica and potassium for agri-
cultural residues from straw [36]. The sequences of metals follow K > Cl > Si > Na > Ca,
K>Cl>Ca>Si>Na, S5i>K>Fe>Ca> Al and Si > K > Cl > Ca > Mg for CC, CH,
CS, and RS, respectively. Potassium, calcium, magnesium, and sodium are all water sol-
uble, making the biochars alkalic. Biochars can release ions as they have high soluble
base cations, particularly for rice straw and coconut husk biochars. They also can release
nitrogen (NH;* + NO;3; ) and phosphorus. Thus, biochar amendment in soil can enhance
soil fertility through improving nutrient availability for both macronutrients (N, P, K, Ca
and Mg) and micronutrients (Fe and Zn). RS and CS biochar have high silica contents
which benefit plant growth. Silica enhances the crop productivity under stress as the
chemical dynamics between Si and many soil components enhances nutrient availability
and decrease toxic chemical availability in both soils and plants [37]. The application of RS
biochar was reported to immobilize and reduce lead and cadmium in soil [38].

3.4. Proximate and Ultimate Analysis

Proximate analysis is normally used to determine the properties of biochar for fuel
use. The biochar from CC had the highest moisture and volatile matter content (Table 2).
High volatile matter can increase the heating value, but high moisture is undesirable in fuel.
It requires time and energy to change the moisture into vapor, subsequently increasing
cost. Biochar from RS had the lowest high heating value (HHV) (14.24 MJ]/kg) because
of its high content of ash (35.75%). CH and CS have better HHVs as they have high fixed
carbon and low ash. This proximate analysis result was similar to the work performed by
Gonzaga et al. [39] for coconut husk biochar produced using pyrolysis in a micro top-lit
updraft retort at 500 °C.

Table 2. Proximate analysis and heating value of the produced biochars.

. Moisture Ash Volatile Matter Fixed Carbon High Heating
Biochar (%) (%) (%) (%) Value
(MJ/kg)
CC 18.67 6.33 48.97 26.03 22.05
CH 1.69 8.56 5.99 83.76 23.26
CS 2.96 4.42 38.63 53.99 23.60
RS 191 35.75 33.41 28.93 14.24

In the present study, the CS-based biochar comprised more volatile matter but less
fixed carbon than the biochar from CH. Wang and Sarkar [40] reported that CH and CS
contain high cellulose and lignin, with the shell having the highest amount of cellulose and
husk the maximum amount of lignin. The higher cellulose content of the shell produced
more tar than the husk. It was also reported that higher lignin content in biomass increases
HHYV [41]. Cellulose and hemicelluloses were reported to have HHVs of 18.60 MJ/kg,
whereas lignin has an HHV of 23.26-25.58 M]/kg [42]. At temperatures below 300 °C,
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dehydration and depolymerization of cellulose occurred via torrefaction, subsequently
becoming hydrophobic [9]. Thus, RS was transformed into a torrefied biomass rather than
char as the entire temperature during thermal decomposition was less than 300 °C. As
temperature increases, the thermal decomposition continues, resulting in liquid or gaseous
products and a decrease in the ratios of O/C and H/C.

The results of ultimate analysis (elemental C, H, N, S and O) of raw biomass and
biochar samples are represented in Figure 5. It was revealed that biochars became more
carbonaceous with the percentage of carbon ranging between 53.6 and 68.6%. From the
percentage of each element, the molecular formula of the raw biomass samples were CH,O,
CH; 5008, CH; 60g ¢, and CH,Op ¢ for CC, CH, CS, and RS, respectively. Then, the loss of
hydrogen and oxygen during thermal conversion changed these molecular formulas to
CHy600.4, CH60g.3, CH 6003, and CH ¢Og ¢ for CC, CH, CS, and RS biochars, respec-
tively. All biochar samples had lower H/C and O/C ratios than their parent raw biomass
because of the loss of carbon and hydrogen into gases. Cellulose is the main structural
component of cell walls and a linear molecule; hemicellulose is a two dimensional polymer
molecule of xylan and glucomannan; and lignin is a three-dimensional macromolecule.
There are hydrogen bonding and van der Waals forces among cellulose, hemicellulose, and
lignin molecules [43]. During thermal conversion, various atoms form new bonds in new
molecules of carbon dioxide, water, and other gases, and the formation of new bonds is an
exothermic process in which heat is given off. The bond energy of C=0 (CO;) is 803 k] /mol.
The O/C ratio decreased around 60% for corncob and coconut husk to biochars resulting in
O/C ratios of 0.3. The low ratios indicate that the biochars have better fuel characteristics
than the raw biomass. The O/C ratios of rice straw biochar was the highest at 0.6, resulting
in the lowest heating value. In addition, biochars produced at higher temperatures haves
lower O/C ratio, and the ratio correlates with high heating value [36,44]. The European
Biochar Certificate (EBC) includes requirements that the molar ratios of O/C and H/C
should be less than 0.4 and 0.7, respectively [45].

| %C
m %H
m %N
W %S
%0

Raw Biochar Raw Biochar Raw Biochar Raw Biochar

10

o

8

o

6

o

%

o

4

2

o

CcC CH CS RS

Figure 5. Ultimate analysis of the biochars.

Recently, biochar was used solely or mixed with biomass in the form of pellets [2]
or briquettes to increase HHV of fuel for households and small-scale factories. Starch or
molasses are binding materials normally applied to make pellets or briquettes from biochar.
The Thai standard for community briquette charcoal mandates that the HHV is no less
than 21 MJ/kg and the maximum moisture content should be no more than 8% [46]. From
this present study, CH and CS biochars have the potential to make pellet and briquette fuel.
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The RS biochar did not meet the requirement of the EBC certificate (O/C > 0.4) and Thai
standard (HHV < 21 MJ/kg), whereas while the CC biochar contained higher moisture than
the Thai standard the ash content was too high. High ash content of fuel has a tendency
to form slag deposits and fused agglomerates at high temperatures during combustion,
resulting in the malfunctioning of combustion systems. Potassium, calcium, and silicate
are the main metals which could contribute to agglomeration [47]. Due to this, both RS and
CC need specific pretreatment before being used as fuel. It is recommended to cut corncobs
into smaller pieces to decrease the moisture before carbonization in the kilns. Liu et al. [48]
reported biochar washing with acetic acid and citric acid could decrease ash contents to
mitigate the slagging and fouling issues.

3.5. Application of CH Biochar for Water Filtration

As CH biochar has better physical properties than the other biochars, particularly
for the adsorption capability (highest iodine number), the CH biochar was selected to
study its application as a filter media. The CH biochar was selected to study its application
as a filter media for canal water filtration to reduce nutrient inputs into aquaculture
ponds. Canal water near a coastal aquaculture farm was used since CH residue is easily
sourced in the coastal aquaculture area. The initial concentrations of NH4*, NO;~, TP,
and COD in the canal water were 0.12 mgN/L, 0.34 mgN/L, 1.14 mgP/L, and 192 mg/L,
respectively. The biochar filter removed a substantial amount of COD from the canal
water with 95% removal over 30 min of operation (Figure 6a). In contrast, the sand
filter could not remove NH* (Figure 6b), whereas NH,;* adsorption occurred in the
biochar filter, resulting in an effluent concentration which met the Thai coastal water
quality standard for aquaculture (<0.10 mg/L) [48]. It was evident that TP could not
be removed in the biochar filter during the first 200 min of operation as it was initially
released from the biochar itself. Then, TP was gradually removed to 0.52 mgP/L. On
the contrary, TP could be removed in the sand filter during the first 200 min of operation
and was not remove afterwards. It was noticed that effluent pH values of biochar and
sand filters were in the range of 8.18-8.37 and 7.18-7.70, respectively. At a pH in the
7.2-12.7 range, phosphorus in the form of HPO,?~ and TP removal in the biochar filter was
possibly achieved by precipitation with calcium as CaHPOy [49]. This can be confirmed
from the high amount of soluble base cation in the coconut husk biochar. A high pH
could enhance NH4* removal as the biochar surfaces exhibited a negative charge, but
it was not favorable to adsorb NO3 . Nitrogen removal (NH;" and NO; ™) could also
be achieved by microbial degradation via nitrification/denitrification reactions. In the
present study, biochar and sand filters could not lower NO3 ™~ and TP concentrations to
less than 0.06 mgN/L and 0.045 mgP /L, respectively, at the recommended level of coastal
water quality for aquaculture [50]. However, the guidelines of water quality for coastal
aquaculture for marine shrimp hatchery and nursery for the concentration of NH;* and
NOj37, are less than 0.4 mg/L and 60 mg/L, and no guideline values for TP and COD are
mandated [51].

According to the prior discussion, biochar contains volatile matter and metals, and
thus its toxicity to seedlings was considered in order to evaluate the biochar suitability as a
soil amendment. The Petri dish test method without soil was conducted as an easy and
rapid ecotoxicological test for the initial screening of biochars used as a soil amendment [52].
It was found that the % GI of media after water filtration was significantly higher than
virgin media (p-value < 0.05). The GI values of sand and CH biochar before water filtration
were 49.0% and 46.2%, respectively, whereas the values were 90.2% and 132.9% for sand
and biochar after water filtration, respectively (Figure 7). The % RE after water filtration
was also significantly higher than virgin media (p-value < 0.05), while % RSG of media
before and after water filtration was not significantly different at 0.05. The germination
inhibition which occurred for virgin biochar was likely due to the elevated pH. The volatile
organic compounds originating from the carbonization process could also inhibit seed
germination [53]. Moreover, NH,;*-N can be a significant factor affecting phytotoxicity [22].
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Biochar released NH4* and it would be converted to unionized NH; by more than 80% at
30 °C when it is exposed to a high pHy value of 9.75 [54]. In addition, the increment of GI
and RE values implies that the adsorbed nutrients from the canal water could stimulate
seed germination. Hence, using virgin biochar without mixing with soil may affect plant
seedlings.
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4. Conclusions

The data presented in this study show that temperature in a drum kiln is related to
the type of agricultural residues. Biochars from CH and CS residues can be used as fuel,
for soil amendment, or as adsorbents since they have high heating value, high soluble N
and P for plant growth, high acidic functional groups for cationic adsorption, and a high
iodine number for pollutant adsorption in pores. CC biochar has high moisture, which
is not suitable for fuel use, and has less surface functional groups for adsorption. Thus it
would require either pretreatment or surface modification. Alternatively, it can be used
as a soil amendment. Production of RS biochar by the horizontal kiln had a small yield
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and high ash content, which is suitable for soil amendment for enhancing soil fertility. In
addition, it can be used as adsorbent for cationic adsorption since it has high silica groups
on its surfaces. CH biochar can be used as filter media for canal water treatment to improve
water quality in coastal aquaculture, and the spent biochar can be applied to support the
growth of plant seedlings.
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