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1. Introduction

Biochar is known as a carbon-rich biomaterial that can be used as an environmentally
friendly adsorbent material that can be used for the removal of water and wastewater
pollutants. For example, Siipola et al., [1] demonstrated the potential use of biochar
produced from pine for the removal of polyethylene (PE) microplastics water pollutants



from aqueous environments. Likewise, Wang et al., [2] outlined the use of hardwood
and straw biochar for water decontamination, the results of which showed > 95 %
retention capacity of polystyrene (PS) microplastics present.

Biomass feedstock for biochar production is abundant, readily available, and
economical. Up to 10 - 20 million tonnes of wood waste are generated annually by
European countries [3]. Furthermore, the EU mandated set 70 % target retrieval of
resources from construction and demolition wastes requires that alternative uses of such
materials are needed [3], [4]. In Finland, 58 % of construction and demolition waste is
comprised of wood, approximately 40 % of which is currently incinerated for energy
recovery [3], [4]. Nevertheless, this wood also has the potential for use in biochar
production, which would offer the opportunity for wood waste utilization in a more
sustainable manner.

Biochar can be synthesized by several methods including the thermochemical
treatment of biomass feedstock using pyrolysis (fast/slow), gasification and
hydrothermal carbonization process [5-7]. Of these, the pyrolysis process is a method
used to synthesize biochar from biomass in the absence of oxygen gas (O,), typically at
temperatures between (300 - 800 °C) and can be classified as either a slow or fast
approach [1], [5], [8-16]. Slow pyrolysis is typically performed at temperatures between
(350 - 800 °C) and involves a longer heat residence time of (5 - 10 minutes).
Furthermore, slow pyrolysis generally provides a higher yield (30 %) of biochar with
higher surface area and porosity. Biochar produced by slow pyrolysis methods is
primarily utilized as bio-based absorbent materials to remove water and wastewater
pollutants [16]. One study estimates the costs of biochar production via slow pyrolysis
as US $ 1000 per tonne of dry feedstock [6]. Another study estimates the cost of biochar
production with slow pyrolysis range between US $ 35 - 40 per tonne of biochar
excluding transportation costs [5]. In contrast, fast pyrolysis is performed at
temperatures between (425 - 550 °C) and typically, has a shorter heat residence time of
(~1 or < 2 seconds). This approach results in a lower yield (12 %) of biochar with low
surface area/porosity and is typically used to produce bio-oils [1], [5], [6], [16].

Other alternative processes for biochar production include gasification and
hydrothermal carbonisation. Gasification only provides low yields (10 %) of biochar
and uses a gasification temperature of (> 800 °C) in the presence of (O,). Its heat
residence time ranges from (seconds to hours). Gasification is primarily used to produce
syngas/synthetic gaseous products [5], [6], [16]. Hydrothermal carbonisation process is
a method that converts wet biomass feedstock to pyrolytic liquid and gaseous products
at a low-temperature range (180 - 250 °C) in the presence of (O;) and has heat residence
time (several hours to a day). It is believed that biochar produced by hydrothermal
carbonization method has a potential use for carbon sequestration [5], [16]. However,
depending on the intended application and use, it is also possible to modify the physical
and chemical characteristics with several different biochar modification methods, for
example, steam, oxygen, carbon dioxide or magnetic activation to improve porosity,
pores size, surface area and hydrophobicity [5], [6], [16], [17].

During biochar synthesis, a thermochemical procedure is utilised to convert biomass
into carbon-rich material with new/improved properties, consequently the
characteristics of a biochar produced are highly dependent on the pyrolysis temperature
selected [18]. Other parameters that can influence the biochar properties include
pyrolysis operating parameters - like pre-and post-treatment, nitrogen gas (N;) flow
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rate, heating rate, and heat residence time [19]. Nevertheless, among these, pyrolysis
temperature is one of the main parameters that influences the overall physicochemical
characteristics of any biochar [8-15].

Several studies have previously reported that pyrolysis temperature influence the
physical and chemical characteristics of biochar, for instance, biochar's total surface
chemistry, surface area, total elemental concentration, yields, pore diameter and degree
of porosity. Biochar adsorption property primarily depends on surface chemistry;
therefore, it is highly dependent on the surface chemistry and surface area of the biochar
[8-10], [12], [14], [15], [20], [21].

Enaime et al., [16] have previously found that biochar produced at high temperatures
contains more aromatic functional groups. In addition, further research [5], [22] has
suggested that biochar surface chemistry might show hydrophobic, hydrophilic and
acidic/basic behaviour depending on different pyrolysis temperatures. Similarly, [5],
[16] showed that the hydrophobic nature of biochar surface properties improves as the
oxygen and nitrogen content decreases.

Biochar processing temperature can significantly impact the potential application of
a biochar [19]. Besides, the use of biochar is substantially dependent on its physical and
chemical characteristics [8-10], [12], [14], [15], [20], [21]. Hence, a detailed
understanding of the physicochemical variations in biochars that result from different
pyrolysis temperatures is essential to be able to tailor their properties. Consequently,
this study aims to provide insight and necessary guidance that allows the selection of
suitable pyrolysis temperatures to synthesize biochar with the required characteristics
for any desired application. The objective of this work is to characterize the biochar
derived from pine wood to investigate the influence of processing temperature on the
physical and chemical characteristics. This research experimentally evaluates the
elemental composition, surface area, density, pore dimeter and volume of produced
biochar. In addition, Fourier transfer infrared (FTIR) spectroscopy was utilized to
examine the changes in surface functional groups that resulted from the treatment
conditions.

Overall, the findings detailed here provides an insight into how biochar
physicochemical properties can be affected by different pyrolysis temperatures. Hence,
the novelty of this experimental work is that it provides a clear demonstration of the
effect of different pyrolysis temperatures used during the slow pyrolysis of pine wood
has on the physical and chemical properties of the resultant biochar.

2. Materials and methods
2.1. Materials

Pine wood lumber was provided by Aalto University Wood Workshop, which was
cut into squares of 2 x 2 cm? area, washed with deionized water and subsequently oven-
drying at temperature of 65 °C for 6 hours. Prior to slow pyrolysis, the sample was
ground further to reduce the size using a Wiley Mill, (model M02, Arthur H Thomas
Co., Pennsylvania, USA).



2.2. Methods
2.2.1. Biochar production

A Nabertherm GmbH, Model RHTH 80 - 300/16, (Nabertherm, Lilienthal, Germany)
horizontal tube furnace was used for biochar extraction. The prepared pine wood
biomass samples were thoroughly mixed/homogenised prior to subsequent use. When
ready, samples were loaded into a ceramic crucible and placed in the middle of a tubular
furnace prior to the application of a heating rate of (5 - 10 °C minutes) until the selected
pyrolysis temperature was achieved. Biochar was extracted from pine wood by slow
pyrolysis at pre-determined temperatures of (300 °C, 500 °C and 800 °C) for 3 hours
and (450 °C) for 4 hours with a (N,) flow rate of 300 L/hour [1]. To examine the effect
of pyrolysis heat residence time at 450 °C, the total heat residence time was increased
from 3 to 4 hours. After the pyrolysis process was finished, the furnace was turned off
to allow the produced biochar to cool down to room temperature while the (N,) flow
maintained until complete. When the tubular furnace was completely cooled, the
biochar was removed from the furnace, immediately placed in an airtight glass bottle,
and then stored in a desiccator until all the required analyses were completed.

To calculate the yield of biochar, the weight before and after the biochar pyrolysis
were recorded. For biochar yield calculation Equation 1 was used [23-25].

Wi Equation 1
Biochar yield (%) = 7 % 100 quation

Where: W; = Mass after pyrolysis; Wy= Dry mass (before pyrolysis).

To estimate the moisture content, the dry mass weight of a pine wood biomass
sample before and after oven drying at 65 °C for 6 hours was determined. The moisture
content estimated using Equation 2 [26], [27].

Moisture Content (%) Equation 2
Wb —Wd at 65 °C

Wb
X 100

Where: W, = Initial weight before dried; W, = Final weight after dried (at 65 °C for 6
hours).

2.2.2. Surface area and density

Biochar surface area (BET) and pore diameter were analysed by nitrogen gas
adsorption-desorption experiments under liquid nitrogen using a Microtrac BELsorp
Mini II, (MicrotracBEL, Osaka, Japan). Prior to measurement, samples were pretreated
at 100 °C under vacuum for at least 18 hours using a BELPrep VAC II Vacuum
Degasser. Data analysis of the adsorption/desorption isotherm to evaluate specific
surface area (BET) and pore size was undertaken with BELMaster analysis software
(Version 6.4.1.0). In addition, the density and volume of the biochars produced was



measured by helium (He) gas pycnometer, (Ultrapyc 1200e, Quantachrome Instruments,
Florida, USA) using a small cell (10 cm?) and based an average of fifty repetitions.

2.2.3. Elemental analysis

Elemental composition analyses were carried out on the (100 um) powder biochar
grounded by mortar and pestle using Thermo Scientific, Model FlashSmart (Thermo
Scientific, Waltham, MA, USA) Elemental analyser. The analyser comprised of a
double furnace combustion oven set-up with one for CHNS (carbon, hydrogen,
nitrogen, sulfur) and the other for O (oxygen). The analysis was performed over a
temperature range of (100 - 1100 °C) and the elemental determination of CHNS/O
elements was carried out by a thermal conductivity detector.

2.2.4. Fourier transform infrared (FTIR) spectroscopy

Fourier transform infrared spectroscopy (FTIR) analyses were conducted on the (100
um) powder biochar. The biochar obtained from pyrolysis was finely grounded with
mortar and pestle and sieved to fineness size 100 um using a Retsch sieve, Model 4188
type, (Retsch GmbH, Haan, Germany) and dried at a temperature of 105 °C overnight.
A FTIR PerkinElmer, Model Spectrum Two with ATR, (PerkinElmer, Waltham, MA,
USA) spectrometer was used combined with Spectrum 10 software, lithium tantalite
(LiTaO5;) MIR detector and KBr Windows standard optical system. After a rapid
scanning of the background, the scan was carried out on each sample and data was taken
over a spectral range of 4000 - 500 cm-! based on four repeat scans.

3. Results and discussions
3.1. Yield and Moisture content

Table 1 presents the average moisture contents and yield of biochar in percentage
(%). Drying the biomass at the temperature of 65 °C for 6 hours decreases the average
moisture content by approx. 8 % of the dry mass. It can be seen from Table 1, the yield
(quantity) of biochar decreases from 49.70 %, 24.51 %, 22.49 % and 19.75 % as the
pyrolysis temperature increases from (300 °C, 450 °C, 500 °C to 800 °C), respectively.
These results correlate with those previously observed by, for example [23], [25], [28],
[29].

A possible explanation for the reduction in biochar yield as temperature is increased
is either the occurrence of condensation polymerization (i.e. removal of small molecule
usually water) or the decomposition or loss of volatile organic compounds — although it
could also be a combination of both [24], [25], [28], [30].

At lower pyrolysis temperatures between (300 — 450 °C) there was a significant drop
in biochar yield. It is possible that at lower temperatures the macromolecular
components (cellulose, hemicellulose, lignin) of the pine wood biomass do not fully
convert to biochar [24]. Nevertheless, as the pyrolysis temperature increases between
(450 - 800 °C) the decrease in biochar yield was small, which indicates that as the
temperature is increased stable carbonaceous content is formed [10]. This observation
can also be partly explained by the fact that due to the removal of moisture and volatile
organic compounds at lower temperatures, decomposition of the biomass



macromolecular structure is the main causes of the decline in biochar yield at more
elevated temperature levels [13], [14], [24], [25], [29].

Decomposition of biomass macromolecule (i.e. cellulose, hemicellulose, lignin)
depends on the level of thermal temperatures applied [7]. For example, hemicellulose
decomposes at lower pyrolysis temperatures between 200 to 315 °C. The decomposition
of hemicellulose releases carbon dioxide (CO,), carbon monoxide (CO), methane (CHy)
and hydrogen (H,) gases. In addition, other organic compounds such as alkanes,
aldehydes, carboxylic acids, ethers, and small amount of water are byproducts of
hemicellulose decomposition [5], [14], [24]. Consequently, this may explain the sharply
decline in biochar yield at temperatures between (300 - 450 °C). On the other hands,
cellulose decomposes at the intermediate pyrolysis temperature from (300 - 380 °C) and
this processes mainly results in the formation of biochar [5], [10], [14], [24]. In contrast,
lignin decomposition is known to be a gradual process that commences at around 200
°C and can continue up to a temperature of 900 °C [5], [10], [24].

3.2. Surface area (BET), pore volume and density

Surface area (BET) adsorption desorption analysis results are displayed in Figure 1.
As can be seen from Figure 1 (b) there is a marked increase in the surface area and a
minor rise in the pore volume at elevated temperature (500 °C). The results of the
(BET) and density analysis are presented in Table 2. Additionally, Table 2 also
highlights that the density of the biochar was found to slightly increases from 1.28
g/cm? to 1.39 g/cm? when the pyrolysis temperature increases from (300 °C to 500 °C).

Furthermore, the surface area improves from 1.20 m?/g to 393 m?/g, and similarly
total pore increase from 0.0151 cm3/g to 0.1972 cm?/g when the pyrolysis temperature
is increased from (300 °C to 500 °C) (see Table 2). In contrast, the mean pore diameter
decreases from the macroporous (~50 nm) to mesoporous region (~2 nm) [31] when
temperature increased from (300 °C to 500 °C).

The surface area and porosity increases observed at elevated pyrolysis temperatures
shows a similar trend to that previously outlined in the literature [23], [24], [29] which
suggests that the likely reasons are caused by the release of vaporous organic material
and increase of carbonization. Another possible explanation for observed increase in
surface area and pore volume could be caused by the dimensions of the phenol and
aromatic groups and substitution of the ester and alkyl groups in lignin [24].

3.3. Elemental composition

Table 3 provides data obtained from elemental analysis and it is clear from the
results that there is the rapid decrease in the elemental oxygen (O) and hydrogen (H)
content when pyrolysis temperature increases. In comparison, the elemental carbon (C)
content increases in parallel with increasing in pyrolysis temperature, probably as a
result of the intensification in the degree of carbonization at higher pyrolysis
temperatures [24], [25]. The observed reduction in (O) and (H) content as a function of
pyrolysis temperature may result from the volatility of organic material and/or
destruction of relatively weak oxygen and hydrogen bonds present in hemicellulose,
cellulose, and lignin at higher temperatures during pyrolysis [24], [25].



From the Table 3, it can be seen that although the elemental nitrogen (N) is relatively
minor, it inclines steadily upwards with higher pyrolysis temperatures. Interestingly,
this increase in elemental (N) with pyrolysis temperature differ from those previously
detailed in literature [24], [25]. While Vijayaraghavan and Balasubramanian [24] found
that the elemental (N) content relatively stable at all pyrolysis temperature ranges and
Wei et al., [25] reported that (N) content initially increases before being followed by a
gradual decrease with increasing pyrolysis temperature. In this study the elemental
sulfur (S) content is stable (i.e. zero) for all pyrolysis temperatures investigated a
finding that agrees with previous experimental observations [24].

It is noteworthy that Table 3 shows that when the pyrolysis temperature increases the
fraction of (H/C), (O/C) and (O + N)/C steadily declines. The decline of the (H/C) ratio
reflects an increase in the degree of carbonization, which indicates that the aromaticity
of biochar increases strongly with increasing pyrolysis temperature [24], [25]. The
declination of the (O/C) fraction at elevated pyrolysis temperatures provides evidence of
the reduction of polar content, which can improve the surface hydrophobicity of biochar
[24]. It is apparent from the Table 3 that the ratio of (H/O) is initially small and
undergoes a marginal increase at higher pyrolysis temperatures.

3.4. Presence of functional group (FTIR)

The interpretation of Fourier transfer infrared (FTIR) results is mainly based on the
work of Coates [32] and Nandiyanto et al., [33] with the support of other relevant
studies. As shown in Table 4 and Figure 2 (a and b), the FTIR analysis revealed
similarities and variations in their functional groups at different pyrolysis temperatures.
Although it is possible residence time affect biochar physicochemical properties, based
on the (FTIR) analysis results, this study found that increasing holding time of heating
(i.e. heat residence time) has less impact.

The absorbance peak at 3339 cm! in biochar synthesized at (300 °C) and in the raw
pine wood (i.e. reference sample) represents the O-H (alcohol, phenol, or carboxylic
acid). The peaks at (2919 cm!), (2896 cm™"), (2895 cm!) and (2894 cm!) in biochar
(450 °C), (300 °C), (500 °C) and in raw pine wood in respective order represent C-H
stretching (alkanes). The peak at 2161 cm! in the raw pine wood and in biochar (300
and 800 °C) show the existence of -C=C- stretch (alkynes). Likewise, the peak at 2049
cm! in the raw pine wood and in biochar (300 °C) show the presence of -C=C- stretch
(alkynes).

C=C/C=C=C stretching (allene) correspond to the absorbance band at 1980 cm™! in
the biochar (500 and 800 °C), and the band at 1979 cm ! in biochar (300 °C). The bands
at 1748 cm! in biochar (800 °C), the band at 1736 cm! in raw pine wood and the band
at 1733 cm! in biochar (300 °C) correspond to C=0 stretching (ester, ketones,
aldehydes, carboxylic acid).

C=C is stretching (aromatic ring, conjugated alkene), C=0O stretching (conjugated
alkene) and/or N-H bending (primary amines) represent the absorbance band at 1604
cm! in raw pine wood, and the bands at (1596 cm!), (1586 cm™!), (1584 cm™') and
(1581 cm!) in biochar synthesized temperature (300 °C), (450 °C), (500 °C) and (800
°C), respectively.



The absorbance bands at 1509 cm! in biochar synthesized at temperature (300 °C)
and the band at 1507 cm™! in raw pine wood corresponds to N-O stretching (nitro
compound), C=C/C=C-C aromatic ring stretching and/or N-H bending (primary amines)
groups. The band at 1450 cm™! in biochar (300 °C) and the peaks at (1427 and 1373 cm-
1) in raw pine wood indicate the presence of C-H bending (alkane) and/or O-H bending
(alcohol, phenol, carboxylic acids) within the matrix.

C-0O/C-0O-C stretching represent the absorbance bands at (1263 and 1024 cm™') in
raw pine wood, the bands at (1264, 1102, 1052 and 1029 cm') in biochar (300 °C), the
band at 1170 cm! in biochar (450 °C), the band at 1190 cm™! in biochar (500 °C), and
the peaks at (1215 and 1072 cm!) in biochar synthesized at pyrolysis temperature (800
°C). The bands at (809 and 591 ¢cm!) in raw pine wood, band at 663 cm'! in biochar
(300 °C), bands at (864, 811 and 754 cm!) in biochar (450 °C) and bands at (863, 811
and 752 cm™!) in biochar (500 °C) assigned to C-H out-of-plane bend (aromatic).

The presence of C-Cl, C-Br, C-I stretching (halo compound) and/or C-H out-of-plane
bend (aromatic) are responsible for the band at 559 cm™! in raw pine wood, the peak at
558 cm! in biochar (300 °C), the peak at 572 cm! in biochar (450 °C), and the bands at
(572, 529, 514, and 502 cm!) in the biochar synthesized at pyrolysis temperature (800
°C).

4. Conclusions

This study set out to investigate the effect of pyrolysis temperature on the
physicochemical properties of biochar derived from pine wood. To accomplish this aim
biochar from pine wood biomass was synthesized by a slow pyrolysis method using
tubular furnace. For each run at the selected temperatures (300, 500, 800 °C) the tubular
furnace heat residence time was selected as 3 hours. In addition, to examine the effect of
pyrolysis heat residence time, the heat residence time was increased to 4 hours at the
pyrolysis temperature of 450 °C.

Following synthesis, a comprehensive physical (surface area, pore size, pore volume,
density, yield) and chemical (surface functional groups, elemental composition)
characterization of the biochar was undertaken using Fourier transfer infrared (FTIR)
spectroscopy, elemental analysis, and gas adsorption (BET) analysis techniques.

The elemental analysis results show that as pyrolysis temperature increases, the
biochar yield, the elemental concentration of oxygen (O) and hydrogen (H) decreases.
In contrast, the elemental concentration of carbon (C) significantly increases with
pyrolysis temperature increases. The BET analysis shows that the surface area and pore
volume increased, whereas the pore size decreased with the increase in pyrolysis
temperature. The FTIR analysis revealed similarities and variations in their functional
groups at different pyrolysis temperatures. Through the pyrolysis temperatures in the
temperature range between (300 - 800 °C), the absorbance bands were developed and/or
diminished. This study found that increasing heat residence time has less impact.

Biochar is a renewable and environmentally friendly biomaterial. Pyrolysis
temperature is one of the biochar processing conditions which is determined biochar
specific application. The present study demonstrates that the physicochemical properties
of biochar are highly dependent on the selected pyrolysis temperature. Controlling the
pyrolysis temperature helps designing biochar for specific applications for example



adsorbent material for removal of water and wastewater pollutant. Overall, this study
provides important information for biochar producers/manufactures that helps to
understand the effect of different pyrolysis temperatures, thereby enabling the
possibility to produce tailored biochar with the most suitable physicochemical
properties for a specific application.
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Figure 1. Biochar BET adsorption/desorption isotherms at (a) 300 °C and (b) 500 °C.

Figure 2. FTIR comparison (a) before and (b) after normalization of absorbance data.
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Table 1. Moisture content, residence time and yields of biochar.
Table 2. Surface area (BET), total pore, mean pore diameter and density of biochar.
Table 3. Elemental concentration in biochar produces at selected temperatures.

Table 4. Functional groups identified in biochar synthesized at selected temperatures.
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a. Raw pine wood
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Pyrolysis temperature (°C)  Residence time  Yield (%) Moisture content (%)

300 °C 3 hours 49.70 8.12
450 °C 4 hours 24.51 8.15
500 °C 3 hours 22.49 8.08
800 °C 3 hours 19.75 8.20

Pyrolysis temperature  BET surface area  Total pore  Mean pore diameter  Density

) (m?/g) (cm*/g) (nm) (g/cm’)
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300 °C 1.2

500 °C 393

0.0151 50.22 1.28

0.1972 2.01 1.39

Pyrolysis temperature (°C)

Element concentration average (%) 450 °C 500 °C 800 °C
Oxygen (O) 12.6506 10.98801 2.504993
Nitrogen (N) 0.079174 0.089235 0.121925
Carbon (C) 82.2771 84.35802 94.45817
Hydrogen (H) 3.423658 3.303805 0.773469
Sulfur (S) 0 0 0

o/C 0.153756 0.130254 0.02652
H/C 0.041611 0.039164 0.008188
H/O 0.270632 0.300674 0.308771
(O+N)/C 0.154718 0.131312 0.027810
Wavenumber (cm™) Functional groups References
3339 O-H stretch H-bonded (alcohols, phenols, [32-39]

acids)

2919; 2896; 2895; 2894

C—H stretching (alkanes)

[32, 33, 35-40]
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2161; 2049 —C=C- stretch (alkynes) [32-34]

1980; 1979 C=C=C stretching (allene); C=C stretching [32, 33]

1748; 1736, 1733 C=0 stretching (ester, ketones, aldehydes, [32, 33, 35, 39,
carboxylic acid) 41]

1604; 1596; 1586; 1584; 1581

C=C stretching (aromatic ring, conjugated
alkene);

C=0 stretching (conjugated alkene);

N-H bending (primary amines)

[32-35, 40-43]

1509; 1507

N-O stretching (nitro compound);
C=C-C aromatic ring stretching;

N-H bending (primary amines)

[32-35, 39, 42,
43]

1450; 1427; 1373

C-H bending (alkane);

O-H bending (alcohol, phenol, carboxylic
acids)

[32, 33, 35, 38-40,
42]

1264; 1263; 1215; 1190; 1170; 1102; 1072;
1052; 1029; 1024

C-0O/C-O-C stretching (alcohols, carboxylic
acids, esters, ethers)

[23, 32-35, 38-40]

864; 863; 811; 809; 754; 752; 663; 591

C-H out-of-plane bend (aromatic)

[32-34, 38, 40-43]

572; 559; 558; 529; 514; 502

C-Cl, C-Br, C-I stretching (halo compound);

C-H out-of-plane bend (aromatic)

[32, 33, 42, 44]
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Highlights

e Varying pyrolysis temperatures offered various biochar physicochemical
characteristics.

e At higher temperatures, biochar possesses larger carbon and smaller oxygen
percentage.

e Increasing pyrolysis temperatures increase surface area and enhance porosity.

e Different pyrolysis temperatures revealed variations of surface functional
groups.
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