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Abstract: Biochar has a carbon-based porous structure that is advantageous for adsorbing air
pollutants. The pore structure of biochar ranges from several tens to hundreds of m?/g depending
on the production temperature. We compared the pore characteristics of biochar with its NOx and
SOx adsorption performances to evaluate its adsorbing potential. Biochar was produced from
cypress biomass via slow pyrolysis in a fixed-bed reactor and CO: partial gasification. Slow
pyrolysis experiments at 500-700°C were conducted to produce biochar, followed by yield,
proximate, elemental, and surface area analyses. CO: partial gasification activated the biochar
produced by slow pyrolysis at the same temperature, and similar analyses were performed. NO and
SOz adsorption experiments were conducted separately and together for biochar produced under
each condition. Biochar produced at 600°C showed the highest specific surface area. CO2 partial
gasification increased the surface area at each temperature, reaching 680.3 m?/g at 700°C. In single
adsorption experiments, N2 carbonized biochar showed NO and SO: adsorption efficiencies of 84—
90% and 88.2-91.4%, respectively, with similar trends in simultaneous adsorption experiments. CO:
activated biochar exhibited higher adsorption efficiencies due to its increased surface area, with NO
and SO: adsorption at 89.8-93.9% and 92-98.9%, respectively. Biochar activated at 700°C
simultaneously adsorbed approximately 99% NO and SO:. The NO adsorption efficiency increased
with increasing surface area of the small pores, whereas the SO: adsorption efficiency improved
with the development of both small and large pores.

Keywords: Biochar; Pyrolysis; COzactivation; NOx and SOx adsorption

1. Introduction

The widespread combustion of fossil fuels across various human industrial sectors, including
power generation, waste incineration, and cement manufacturing kilns, has led to the emission of
substantial quantities of gaseous pollutants (such as sulfur dioxide, nitrogen oxides, carbon
monoxide, volatile organic compounds, hydrogen chloride, mercury, and ammonia), along with
aerosols (PM10, PM2.5) and carbon dioxide [1]. Industrial plants are equipped with a diverse range
of pollutant control devices. Selective catalytic reduction (SCR) and selective and noncatalytic
reduction (SNCR) are used to reduce NOx [2-5]. Additionally, flue gas desulfurization (FGD)
methods have been adopted to simultaneously eliminate acidic gases, such as SO, HCI, HF, and
soluble Hg? simultaneously [6,7]. Wet flue gas desulfurization (WFGD) is the primary method for
removing SOz from flue gas and has high desulfurization efficiency, albeit at a significant operating
cost and generates [8].

The semi-dry desulfurization reactor (SDR) and dry desulfurization reactor (DR) methods
employ solid absorbents, such as calcium-based sorbents, metal oxides, and activated carbon, for SOz
removal [9,10]. These desulfurization methods have lower efficiencies than wet desulfurization and
are challenging to apply on an industrial scale owing to their higher costs. The periodic regeneration
of sorbents consumes additional energy, thereby increasing operational costs [11].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Biochar from waste biomass has emerged as a potential substitute for commercial activated
carbon due to its varied sourcing, affordability, and environmental sustainability [12]. The raw
materials for biochar, including timber, wood residues, agricultural remnants, and food waste, are
abundantly available and are cost-effective [13-15]. Biochar has extensive applications, particularly
in flue gas adsorption, with promising prospects. Biomass activated carbon materials, with their
unique pore structures, stability, and large surface area, are widely employed in gas adsorption,
water treatment, and air purification [16-18].

The properties of biochar can be further enhanced using activation methods. This includes
physical activation using steam or CO:z [19-23] and chemical activation with agents such as zinc
chloride, potassium hydroxide, and phosphoric acid [24,25]. In conventional activated carbon
production, carbonization and physical activation occur in separate steps, constituting a two-step
process. Conversely, chemical activation is a single-step process in which carbonization and
activation occur simultaneously using chemicals [26].

Representative biochar activation involves partial gasification reactions that utilize steam and
CO: to enhance the surface area and produce additional syngas. Gasification reactions based on CO:
are approximately four times slower than those utilizing steam, providing advantages for process
control, and are thus widely employed at the laboratory scale [27]. The CO:zactivation reaction shown
in Equation (1) involves the Boudouard reaction mechanism [28]. Carbon reacts with CO2 to produce
carbon monoxide, which forms a porous structure on the char surface. The COz activation reaction is
rapid within the high-temperature range of 900°C to 1100°C but requires longer reaction times for
activation at lower temperature ranges [29].

C+CO, - 2C0 (1)

CO2 activated biochar has been reported to have enhanced the physicochemical properties of
biochar, resulting in improved gas adsorption capacity [30]. The CO: activation of agricultural and
forest residues such as oak, corn hulls, and corn stover yielded activated carbon with Brunauer-
Emmett-Teller (BET) surface areas ranging from 400 to 1000 m?/g [31]. The study highlighted the
significant influence of the nature of the precursor on the surface area and porosity of activated
carbon. Furthermore, experiments with rice straw revealed that precarbonization had a notable effect
on pore development, resulting in higher BET surface areas in the two-step process than in the one-
step process [32].

In this study, the adsorption characteristics of NO and SO: were analyzed for Nz-carbonized
biochar and CO:activated biochar. COz-activated biochar was prepared using a two-step pyrolysis-
activation process. The stem of cypress (Chamaecyparis obtusa) was used as the raw material for the
biochar, and prior characterization of N2-carbonized biochar was performed for comparison with the
characterization of COz-activated biochar. Finally, the NOx and SOx adsorption efficiencies of both
Nz-carbonized and COz-activated biochar were analyzed.

2. Materials and Methods
2.1. Materials
Slow pyrolysis

Figure 1 shows a schematic diagram of the laboratory-scale fixed-bed pyrolysis system. The
pyrolysis reactor had an inner diameter of 50 mm and height of 250 mm, which was designed to
ensure a uniform temperature distribution. The temperature of the biomass particles was measured
using K-type thermocouples placed 50, 100, and 150 mm from the top of the reactor. Cypress wood
was used as the biomass sample for the pyrolysis experiments, and 100 g of 6—7 mm cubic particles
was used in each experiment. The pyrolysis reactor was heated from room temperature to the target
pyrolysis temperatures of 500, 600, and 700°C at a rate of 10°C/min using an external electric heater,
and the temperature was maintained for 4 h to ensure complete pyrolysis. The pore size of biochar
varies with production temperature [33]. In this study, the biochar temperature was set between 500
700°C to analyze the adsorption effects of NOx and SOx based on the pore size of biochar. To create
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an oxygen-free atmosphere inside the reactor, nitrogen was supplied at 5 L/min using a mass-flow
controller (VIC-D200, MFC, KOREA). After pyrolysis, the biochar remained inside the reactor,
whereas the pyrolysis by-products such as tar (condensable gases) and non-condensable gases were
separated through a tar condensation system at the reactor outlet. For tar collection, the water
temperature in the water-cooled condenser was maintained at 10°C to condense the larger molecular
weight components initially. The temperature was further lowered to —20°C using a thermostatic bath
with circulating coolant to maximize tar condensation. The non-condensable gases separated in the
tar condensation system were analyzed in real time for gas composition (CO, COz, Hz, and CHa) using
an online gas analyzer. Because the focus of this study was to evaluate the adsorption characteristics
of biochar for NOx and SOx, the analysis results of the pyrolysis by-products are not described, and
the detailed characteristics of biochar are presented. The characteristics of the tar and gases as
pyrolysis byproducts were found to be similar to those reported in a previous study [33].
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Figure 1. Schematic diagram of the system of pyrolysis, CO2 partial gasification, and NOx/SOx
adsorption.

2.2. CO: Partial Gasification for Biochar Activation

An experiment was performed using the pyrolysis system shown in Figure 1 to activate the
specific surface area of biochar through COz partial gasification. In the pyrolysis experiment, nitrogen
was used as the purge gas. After pyrolysis was completed, the gas was switched to CO: at the target
pyrolysis temperature to perform the partial gasification experiment. CO2 was supplied at 5 L/min
and the partial gasification process lasted for a total of 3 h. The tar and gases were analyzed under
the same conditions as in the pyrolysis experiment, and the detailed analysis results were similar to
those of previous studies [26,31].

2.3. Analysis of Biomass and Biochar

Proximate analysis of biomass and biochar was conducted according to ASTM standards
(Moisture content: ASTM E871-82, volatile matter: ASTM E872-82, ash: ASTM D1102-84), and fixed
carbon was calculated based on the difference. Elemental analysis was performed for C, H, and N
using a CE Instrument EA 1108 instrument, and the O content was calculated based on the difference.
The higher heating values of the biomass were measured using a bomb calorimeter (Parr-1261, Parr
Instruments). The pore volume distributions of the raw material and biochar were measured using
N2-BET (Micrometrics, Tristar 3020). The compositions of non-condensable gases (CO, CO2, Hz, O,
and CH4) generated through pyrolysis were measured using an online analyzer. The mass yield of
the pyrolysis products from biomass was calculated as the mass percentage of each product relative
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to the mass of the raw material. The masses of biochar and tar were measured directly, whereas those
of the gases were calculated based on the difference relative to the raw material.

2.4. Characteristics of NOx/ SOx Adsorption from Biochar and Activated Biochar

The NOx adsorption experiments used NO gas, whereas the SOx adsorption experiments used
SO: gas. Before all the experiments, a blank test was performed to calibrate the concentrations of NO
and SO: introduced, with no biochar present in the reactor. The concentrations of NO and SOz at the
outlet of the reactor were measured using FT-IR (DX4000, Gasmet), and the adsorption efficiencies of
NOx and SOx were calculated using the equations below, where Ny , Nsg, represent the
adsorption efficiencies of NO and SO: gases, respectively. These efficiencies were calculated from the
concentration difference between the reactor inlet and outlet.

C —Clppi
77N0 — NO(out) NO(in) « 100% (2)
NO
C —Cq
77SOZ — S0, (aug SO, (in) % 100% (3)
50,

Table 1 lists the experimental conditions, including the input concentrations and flow rates of
NO and SO:. First, adsorption experiments for NO and SO: were conducted under single-gas
conditions to analyze the reduction characteristics of the biochar. Subsequently, NO and SO: were
simultaneously introduced to analyze the simultaneous reduction effect of the biochar. Adsorption
experiments for NO and SO: with biochar and activated biochar were performed similarly to compare
and analyze the adsorption effectiveness based on changes in the pore size, distribution, and
characteristics of biochar.

Table 1. Experimental conditions of NOx and SOx adsorption based on biochar.

Inlet concentration Flow rate
Condition NO 502 Oz NO SO2 Oz Total
(ppm) (ppm) (vol%) (L/min) (L/min) (L/min) (L/min)
NO adsorption 50 - 10 0.6 - 1.2 1.8
SOz adsorption - 97 - - 1.2 - 1.2
NO+ SO>* 97 97 10 0.13 0.13 1 1.26

*Simultaneous adsorption.

In the NO adsorption experiments, air was used to maintain an Oz input concentration of 10 vol.
%. NOx adsorption on carbon-based materials such as biochar and activated carbon occurs in the
presence of Oz, as shown in Figure 2 [34,35].

No* 0

50-140°C | 1| NO

NO + O, -¢—¢— —
NO* -O NO,
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Figure 2. Proposed mechanism for NO adsorption in presence of O

In combustion systems, the Oz concentration in the exhaust gas ranges from approximately 3 to
12% [36-38]. In this study, the condition was set with an Oz concentration of 10% to simulate the
composition of the exhaust gas. In the NO single adsorption experiment, the input concentration of
NO was 50 ppm with a flow rate of 0.6 L/min, and the air flow rate was 0.6 L/min (Oz concentration
10%). In the SOz single-input experiment, the input concentration of SO:2 was 93 ppm, with a flow rate
of 1.2 L/min. In the SOz single experiment, only SO2 (N2 balance) was introduced without the addition
of Oz. In the simultaneous reduction experiment with NO and SOz, both NO and SO: were introduced
at a concentration of 97 ppm and flow rate of 0.13 L/min each. The NO and SO: gases used in the
experiment were 1000 ppm concentration gases with an N2z balance, and the input gas concentrations
of NO and SO: were calculated identically to determine the input flow rate. To maintain an Oz input
concentration of 10% during the simultaneous NO and SO: reduction experiments, air and N2 were
mixed and introduced at 0.5 L/min each.

3.1. Biomass Characterization

The biomass sample used in this study was a typical woody biomass, specifically the stem of the
cypress (Chamaecyparis obtusa), and the results of the fuel characteristics analysis are shown in Table
2. The air-dried cypress samples contained 11.4% moisture, 76.6% volatile matter, 11.8% fixed carbon,
and 0.2% ash. When raw biomass has a high ash content and a fixed carbon ratio, the biochar
production yield tends to be high. For the biomass sample used in this study, the VM/FC ratio was
6.48, which suggests that the biochar yield is lower than that of typical woody biomass.. The
elemental composition of raw biomass was 46.32 wt.% carbon(C), 5.84 wt.% hydrogen (H), and 47.6
wt.% oxygen, which was equivalent to CiHi1510077. The BET surface area was 0.758 m?/g, indicating
that the pores were not well developed.

Table 2. Analysis of properties biomass.

Proximate analysis Elemental analysis

o o Higher heating value BET-Surface area
(Wt.%) (Wt.%) (MJ/kg) (m2/g)
M VM FC ASH C H O N 8 8
114 76.6 118 02 4632 5.84 476 0.04 18.1 0.759

3.2. Biochar Properties under Slow Pyrolysis

Table 3 presents the mass yields of the pyrolysis products and the characteristics of the biochar
produced through slow pyrolysis. At a pyrolysis temperature of 500°C, the mass yields were 21.1%
for biochar, 48.8% for tar, and 30.1% for pyrolysis gas. As the pyrolysis temperature was increased to
700°C, the biochar yield decreased to 19.39%, whereas the yields of tar and pyrolysis gas increased
marginally to 49.75% and 30.86%, respectively. The thermal decomposition of typical woody biomass
mostly occurred below 500°C. Moisture evaporated around 100°C, and hemicellulose and cellulose,
which are composed of sugar monomers, decomposed into pyrolysis vapors with light molecular
weight components at relatively low temperatures of 250°C to 400°C [28,29]. The residual lignin,
composed of highly aromatic carbon, decomposed minimally around 250°C to 400°C and gradually
decomposed at temperatures above 400°C. For the biomass sample in this study, the high volatile
matter content indicates that most devolatilization reactions occurred at temperatures below 500°C,
and as the temperature increased to 600°C and 700°C, the gradual decomposition of lignin resulted
in small changes in yield.
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Table 3. Mass yields of slow pyrolysis products and properties of biochar.

Mass yields of slow pyrolysis products Properties of biochar
Sample Biochar Tar Gases VM  FC
’ (Wt.%) (Wt.%) (Wt%)  (wt%) (wt%) Dol surfacearea (m/g)
Raw biomass - - - 88.65 13.35 0.76
500°C 21.10 48.80 30.10 2522 74.78 380.04
Biochar 600°C 19.98 49.65 30.37 20.88 79.12 552.33
700°C 19.39 49.75 30.86 149 85.1 427.02

Compared to the raw sample, as the temperature increased to 500°C, the volatile matter
decreased due to devolatilization reactions, and the fixed carbon ratio increased to approximately
75%. As the temperature increased to 700°C, a small amount of volatile matter appeared due to the
residual lignin content, which decomposed slowly over a wide temperature range. The specific
surface area of biochar is a key factor determining its adsorption performance for moisture and gases.
Woody biomass, which is composed of the pith and vascular tissues, forms pores of various sizes as
its structure breaks down during pyrolysis [33,39]. The biochar produced at 500°C had a specific
surface area of 380.04 m?/g, whereas that produced at 600°C had a specific surface area of 552.33 m?/g,
which is approximately half the specific surface area of activated carbon (approximately 1000 m?/g).
The N:-BET surface area comprised pore sizes ranging from 2 to 50 nm. At a high pyrolysis
temperature of 700°C, micro pores are destroyed, and larger pores developed due to the thermal
decomposition of cell walls, resulting in a specific surface area of 427.02 m?/g for biochar at 700°C,
which is lower than that at 600°C.

3.3. Activated Biochar Properties under CO: Partial Gasification

Figure 3 compares the yield and N2-BET surface area results of the biochar produced through
CO: partial gasification with those of the biochar produced through pyrolysis. At temperature
conditions of 500°C and 600°C, a yield reduction of approximately 0.5% was observed. It was found
that the gasification reaction proceeded actively at high temperatures of about 700°C or above under
CO: partial gasification conditions, with the highest yield reduction of 4.3% occurring at 700°C.
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Figure 3. Comparative analysis of mass yields and surface area of biochar and activated biochar.
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At 500°C, the surface area increased to 538.44 m?/g through the partial gasification reaction.
Notably, at the high temperature condition of 700°C, the gasification reaction was very active, leading
to a significant increase in surface area to 680.33 m?/g compared to pyrolysis biochar. Activated
biochar increases its microsurface area through the Boudouard reaction during CO: partial
gasification [28]. The activated biochar at 600°C showed a relatively small increase in surface area
compared to conventional pyrolysis biochar. Similar to biochar with pyrolysis at 700°C, the micro
pores of the activated biochar at 600°C expanded into intermediate-sized pores due to decomposition;
therefore, the surface area in the 2-50 nm pore range did not significantly increase.

3.4. Results of NOx/ SOx Adsorption under Biochar and Activated Biochar
3.4.1. Characterization of NO/ SOz Adsorption by Biochar

Figure 4 compares the NO and SO: adsorption efficiencies by biochar after 6 h under single gas
conditions for NO and SO, respectively. The NO emission concentration for biochar produced at
500°C and 700°C was 8 ppm. Biochar produced at 600°C showed a concentration of 5 ppm, indicating
an NO adsorption efficiency of approximately 90%. Biochar produced at 600°C had the highest
specific surface area and adsorption efficiency, followed by biochar produced at 700°C and 500°C.
Biochar produced at 700°C developed larger pores (> 1 um) than that produced at 600°C. The NO
adsorption efficiency was proportional to the specific surface area of the small pores in the 2-50 nm

range.
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Figure 4. Results of adsorption efficiency of biochar.

The SOz adsorption efficiency of biochar was lowest at 88.2% for biochar produced at a pyrolysis
temperature of 500°C, while biochar produced at 600°C and 700°C showed an adsorption efficiency
of 91.4%. SOx adsorption efficiency increased with a greater distribution of larger pores greater than
1 um

Figure 5 shows the adsorption characteristics of the biochar when NO and SO: were
simultaneously introduced. After 6 h of the experiment, the NO outlet concentration for the biochar
produced at each pyrolysis temperature was measured at 6-8 ppm, showing an adsorption efficiency
of 90% compared with the input amount. The SO concentration was in the range of 2-3 ppm,
indicating an adsorption efficiency of approximately 95%. Under simultaneous NO and SO:
introduction conditions, the reduction characteristics of biochar exhibited the same trends as those
under independent NO and SOz single introduction conditions.
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Figure 5. Comparison of NO/ SOz simultaneous adsorption by biochar.

3.4.2. Characterization of NO/ SO2 Adsorption by Activated Biochar

Figure 6 shows the adsorption characteristics of NO and SOz under single-gas conditions using
activated biochar after 6 h. The NO adsorption efficiencies of the activated biochar at 500, 600, and
700°C were 89.8%, 90.3%, and 93.9%, respectively. The specific surface area significantly increased
through CO: partial gasification, resulting in a 1-2% increase in NO adsorption efficiency compared
to biochar produced through pyrolysis. Similar to biochar produced through pyrolysis, the NO
adsorption efficiency increased in proportion to the specific surface area.
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Figure 6. Results of adsorption efficiency analysis of CO:z activated biochar.

The SO:2 adsorption efficiencies of the activated biochar at 500, 600, and 700°C were 92.0%, 94.3%,
and 98.9%, respectively. Through CO: partial gasification, the specific surface area of biochar
increased along with a fourfold increase in the distribution of pores larger than 1 um. Compared to
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biochar produced through the pyrolysis process at 700°C, the SOx adsorption efficiency of activated
biochar increased by approximately 7%. Additionally, with activated biochar at 700°C, SO2was not
emitted during the first 90 min after the start of the experiment and was measured at <1 ppm for ~200
min.

Figure 7 shows the results of the real-time analysis of the simultaneous NO and SOx adsorption
characteristics of activated biochar. The final NO outlet concentrations for activated biochar at 500°C
and 600°C were measured at 4-5 ppm, indicating a high reduction rate of about 95% compared to the
input amount. Additionally, the final SO: concentrations for activated biochar at 500°C and 600°C
were about 2 ppm, with a reduction rate of approximately 98%, and marginal change in SO: was
observed over 6 h. The NO and SO: concentrations in the biochar activated at 700°C were below 1
ppm. Similar to the SO: single experiment, SO2 was not detected during the first ~90 minutes after
the start of the test with activated biochar at 700°C.
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Figure 7. Comparison of simultaneous NO/ SO2 adsorption by CO: activated biochar.

When adsorbing NO and SO: using biochar at room temperature, achieving a specific surface
area of more than 530 m?/g can provide a reduction rate of over 95%. Furthermore, securing a specific
surface area of approximately 700 m?/g for biochar can result in a high reduction rate of
approximately 99%. Biochar can be used as a replacement for low-temperature SCR for additional
NO reduction in the stacks of existing combustion-based plants. Considering the energy input for
biochar and CO: activation and the yield of biochar, it is appropriate to produce and activate biochar
at 500°C for practical use.

4. Conclusions

This study investigated the adsorption and reduction characteristics of NO and SO: using
biochar produced by pyrolysis and activated biochar produced by CO: partial gasification. To utilize
biochar as an adsorption material for NO and SO, biochar was produced at 500-700°C through
pyrolysis and CO: partial gasification, and its characteristics, such as yield and BET surface area, were
analyzed. The COr-activated biochar showed improved adsorption efficiency for NO and SO2
compared with the biochar produced through pyrolysis, with the activated biochar at 700°C
exhibiting a simultaneous adsorption efficiency of approximately 99% for NO and SO:. The specific
surface area and pore size of the biochar were proportional to the adsorption efficiency of NO and
SOs..
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Biochar demonstrated a high efficiency for NO and SO: adsorption at room temperature and can
be directly utilized as an industrial adsorbent. By integrating biochar systems into existing industrial
plants, NOx and SOx emissions can be reduced to almost zero. Biochar with adsorbed NO and SO2
can be directly used as a soil amendment. As biochar is used for the adsorption of NO and SOz as an
intermediate step before being utilized as a soil amendment, it offers an environmentally friendly
solution for reducing air pollution.
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