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The effects of the pyrolysis conditions in terms of temperature (400 to 
600 °C), residence time (0.5 to 3.5 h), nitrogen flux (0 to 1 L/min), and 
temperature increase rate (1.5 to 3 °C/min) on the physicochemical 
properties of biochar were studied. The physicochemical properties 
evaluated in the biochar were specific surface area, pore volume, 
average pore size, total carbon content, pH, total acidity, elemental 
composition, and polycyclic aromatic hydrocarbons (PAHs) content. A 
higher specific surface area of 108.28 m2/g and a mean pore size 
diameter of about 2.24 nm were found when the pyrolysis was conducted 
at 600 °C. In general, the pH and total acidity increased with the 
increased pyrolysis temperature. The total PAH concentration in all of the 
combinations studied varied from 0.16 to 8.73 μg/kg, and only 
phenanthrene, pyrene, and chrysene were detected. The increased 
temperature seemed to decrease the PAH concentration in the biochar. 
Nevertheless, there was no correlation found between the PAH content 
and the combined evaluated parameters. 
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INTRODUCTION 
 

In recent years, the number of biochar publications has increased rapidly, with a 

number of studies evaluating the physical and chemical characteristics of biochar used as 

a soil amendment (Novak et al. 2009; Biederman and Harpole 2013), soil remediator 

(Qin et al. 2013; Waqas et al. 2014), raw material for catalyst development (Dehkhoda 

and Ellis 2013), modifier agent in the controlled release formulations of nutrients 

(González et al. 2015), and immobilization support (González et al. 2013). 

The physicochemical properties of biochar, such as pore diameter, size 

distribution, total surface area, and nutrient content, are closely related to the pyrolysis 

conditions and the original biomass feedstock (Chen et al. 2014; Manyà et al. 2014). The 

pyrolysis temperature causes chemical and physical changes to the feedstock, such as 

decreasing the H/C, O/C, and (N+O)/C ratios. For example, high temperatures increase 

the specific surface area (Devi and Saroha 2015) but decrease the amount of biochar 

produced, and they cause demethylation and decarboxylation reactions that result in high 

amounts of carbonized and aromatic structures (Chen et al. 2014; Devi and Saroha 2015).  
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If the pyrolysis temperature is too high, then there is an excessive amount of 

carbon volatilization, and low concentrations of functional groups are obtained (Chen et 

al. 2014). The chemical composition, pH, surface charge, and thermal stability of biochar 

are also affected by the pyrolysis temperature, and these properties influence the degree 

of biochar reactivity (Downie et al. 2009; Chen et al. 2014). 

Additionally, the operational pyrolysis conditions can lead to the production of 

polycyclic aromatic hydrocarbons (PAHs), which are strongly adsorbed by the biochar 

(Khan et al. 2013; Yargicoglu et al. 2015). The presence of PAHs in biochar is a matter 

of concern because of their potential carcinogenic and mutagenic characteristics (Anjum 

et al. 2014; Devi and Saroha 2015). Thus, the amount of these toxic constituents in the 

biochar determines the potential use of the material. For instance, before agricultural soil 

application, it is necessary to test the PAHs content in the biochars for their potential 

genotoxicity and risk of contamination (Hilber et al. 2012; Anjum et al. 2014). 

There are few studies on the interaction between the pyrolysis conditions and 

biochar quality, and in particular, the PAHs content. Currently, the principal reports 

addressing the effect of pyrolysis temperature, residence time, and raw material on the 

PAHs content are by Hale et al. (2012), Keiluweit et al. (2012), Devi and Saroha (2015), 

and Fu et al. (2016). However, these parameters have been studied separately or not 

systematically. Only Buss et al. (2016) reported the effect of the residence time, highest 

treatment temperature (HTT), and carrier gas flow rate on the total concentrations of 16 

US EPA PAHs in biochar. However, there is no known correlation between the biochar 

physicochemical properties, PAHs content, and pyrolysis conditions. 

The aim of this study was to evaluate the effect of temperature, residence time, 

nitrogen flux, and temperature increase rate on the oat hull derived biochar yield, its 

physicochemical properties, and PAHs formation and accumulation. 

 

 

EXPERIMENTAL 
 
Material and Methods 

Experimental design 

An unreplicated 2-level factorial design was adopted to evaluate the effects of the 

four main factors, temperature (T), residence time (tR), nitrogen flux (fN), and temperature 

increase rate (Ti), on the physicochemical properties of the oat hull derived biochar. The 

computational program Design Expert 6.0 (Stat-Ease, Inc., Minneapolis, MN, USA) was 

used to generate the experimental design and to perform the appropriate statistical 

analyses. To estimate the intrinsic experimental error and the overall curvature effect 

simultaneously, four replicates at the center point were carried out. In this method, each 

parameter was coded to a -1, 0, or +1 interval, according to its range. The low, middle, 

and high levels of the parameter corresponded to -1, 0, and +1, respectively. Based upon 

these coded factors, the list of experiments required for the study with four parameters is 

shown in Table 1. 

The following response variables were evaluated: specific surface area (BET) 

(YBET), carbon content (YC), pore volume (YPv), average pore size diameter (BJH) (YPd), 

pH (YpH), and total acidity (YTA). 
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Table 1. Matrix of the 24 Factorial Design Adopted in the Biochar Production Trials 

Level  

Factors 

X1 

Temperature (ºC) 
X2 

Residence time (h) 
X3 

Nitrogen Flux (L/min) 

X4 

Temperature increase rate 
(ºC/ min) 

Low (-1) 

 

400 0.5 0.0 1.5 

Middle (0) 500 2.0 0.5 2.25 

High (+1) 600 3.5 1.0 3.0 

Run 
Identification 

Sample 

Factors 

X1 X2 X3 X4 

1 BC1 1 -1 -1 1 

2 BC2 0 0 0 0 

3 BC3 1 1 -1 -1 

4 BC4 -1 -1 -1 -1 

5 BC5 0 0 0 0 

6 BC6 -1 -1 1 1 

7 BC7 1 1 1 1 

8 BC8 -1 1 -1 1 

9 BC9 1 -1 1 -1 

10 BC10 0 0 0 0 

11 BC11 -1 -1 1 1 

12 BC12 0 0 0 0 
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Biochar Production 
Oat hull was used as the raw material to obtain the biochar. The chemical 

characterization of this raw material was described previously (González et al. 2013). It 

was found that the total carbon (CT) is 42.65%, total nitrogen (NT) is 0.49%, H, O, and S 

contents were 4.72%, 69.72%, and 0.96%, respectively. The ash content is 6.20%, and pH 

is 3.06. The lignin, cellulose, and hemicellulose contents are 7.5%, 34.3%, and 26%, 

respectively.  

The oat hull derived biochar was produced at the Center of Waste Management and 

Bioenergy, Universidad de La Frontera, Chile. For each experimental run given by the 

factorial design (Table 1), the pyrolyzer was fed 500 g of raw material and then purged 

with nitrogen gas to displace the air before starting the process. 

Once the pyrolysis process was concluded, the liquid fraction (bio-oil) and biochar 

were then weighed to determine their respective yields. The gas yield was estimated from 

the overall mass balance. 

 

Biochar Characterization 
A number of physicochemical properties of the biochar were determined. The pH 

(1/10, wt/v) was measured electrochemically with a pH meter (Thermo Orion 9512, 

Waltham, MA, USA) according to Chen et al. (2014). The total N, C, H, and S contents 

were measured using a CHNS-O (Eurovector EA 3000, Changsha, China). The total 

acidity (Ba(OH)2 method) and carboxylic acidity (Ca(C2H3O2)2 method) were determined 

according to Tan (1996). The phenolic acidity was determined by the difference between 

the total and carboxylic acidities. The isoelectric points (IP) and Z potential were 

determined using a Zetasizer Nano ZS (Malvern Co., Malvern, UK) coupled with a MPT-2 

autotitrator. The samples were dispersed in deionized water at 25 °C and titrated with 1 M 

HCl and 1 M NaOH (Qiu and Ling 2006). 

The surface functional groups of the biochar were characterized by Fourier 

transform infrared spectroscopy (FTIR) using a Bruker Tensor 27 spectrometer (Karlsruhe, 

Germany). The sample discs were prepared by mixing the oven-dried samples (at 105 °C) 

with spectroscopic-grade KBr at ambient temperature in a biochar/KBr ratio of 1:200. The 

FTIR spectra were recorded at 32 scans with a resolution of 4 cm-1 from wavenumbers 

4000 to 500 cm-1 (González et al. 2013). 

The specific surface area (Brunauer-Emmett-Teller), pore volume (BJH), and 

average pore size diameter were determined using a NOVA 1000e porosimeter 

(Quantachrome, Boynton Beach, FL, USA) by adsorbing and desorbing nitrogen at 77 K 

on the samples that were previously dried and outgassed at 160 °C for 16 h (González et 

al. 2013). 

The scanning electron micrographs (SEM) were recorded by scanning electron 

microscopy variable pressure (VP-SEM) to analyse the structure and chemical contrast 

with a SU-3500 Microscope (Hitachi-Japan, Hitachinaka, Japan). The biochar samples 

were mounted on a 12 mm aluminium sample holder (stub) using carbon double-sided tape 

for adhesion. 
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Extraction and Quantification of Polycyclic Aromatic Hydrocarbons (PAHs) 
Concentration in Biochar 

The PAHs concentration in the biochar and raw oat hull material was determined 

by gas chromatography coupled with mass spectrometry (GC-MS) after Soxhlet extraction. 

The Soxhlet extraction was carried out according to the methodology described by Hale et 

al. (2012) using toluene as the extractant, and the PAHs were quantified through the US 

EPA method TO-13A (1999). The toluene of each sample was evaporated using N2 gas 

and suspension in n-hexane (200 L) mixed with 2 L of deuterated acenaphthene-d10, 

phenanthrene-d10, chrysene-d12, and perylene-d12, which were used as internal standards, 

for the PAHs quantification.  

Then, the samples were cleaned by passing them through a silica gel column and 

eluted with 10 mL of a mixture of dichloromethane/n-hexane. Finally, the samples were 

analyzed by GC/MS on a QP2010 plus (Shimadzu, Tokyo, Japan). The PAHs separation 

was accomplished by using a capillary column (30 m x 0.32 mm x 0.25 μm film thickness 

RTX-5MS, Restek, Bellefonte, PA, USA) with helium as the carrier gas and a temperature 

program which started at 70 °C for 4 min, then the temperature increased to 300 °C at a 

rate of 10 °C/min, and the temperature remained at 300 °C for 10 min. The total 

temperature program time was 37 min. 

 

 

RESULTS AND DISCUSSION 
 

The pyrolysis results under the different operational conditions are summarized in 

Table 2. For each response, the program delivered a regression model, which included the 

linear and interaction terms. Thus, the functional relationships between the response (y) 

and coded independent variables (x1 for temperature, x2 for residence time, x3 for nitrogen 

flow, and x4 for temperature increase rate) were quantified by means of the estimated 

parameters of the regression model. 

 

Table 2. Experimental Results Obtained from the Factorial Design 

Run 
Identification 

Sample 
YBET (m2/g) YC (%) YVp (cc/g) YPd (nm) 

1 BC1 33.9 78.27 0.016 1.48 

2 BC2 11.7 73.91 0.015 2.14 

3 BC3 101.1 79.20 0.019 1.29 

4 BC4 1.3 69.13 0.0011 1.48 

5 BC5 13.1 77.35 0.014 1.66 

6 BC6 13.4 69.35 0.0032 2.22 

7 BC7 120.5 79.67 0.019 1.02 

8 BC8 15.2 69.81 0.0038 2.24 

9 BC9 58.6 79.89 0.007 1.29 

10 BC10 10.9 73.35 0.012 1.73 

11 BC11 0.90 68.62 * * 

12 BC12 9.57 71.67 0.015 1.80 

*The BJH model was unable to calculate the pore volumen and pore size distribution 

The model for the specific surface area (YBET, m2/g), after performing 12 

experiments and discarding the insignificant effects, was derived from the following 
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equation, 

YBET = 43.1125 + 35.4125A – 476.925B + 19.437C + 476.437ACD  (1) 

where A, B, C, and D are the coded factors of temperature (°C), temperature increase rate 

(°C/min), residence time (h), and nitrogen flux (L/min), respectively. The coded factors 

were determined according to the following equations, 

A = -1 + (T – 400) / 100       (2) 

B = -1 + (Ti – 1.5) / 0.75       (3) 

C = -1 + (Rt – 0.5) / 1.5       (4) 

D = -1 + (Nf – 0) / 0.5        (5) 

The model for the average pore size diameter (YPd, nm), after discarding the 

insignificant effects, is given by Eq. (6), 

YPd = 1.3775 + 0.315C        (6) 

In the case of the carbon content (YC), pore volume (YVp), pH (YpH), and total 

acidity (YTA), the experimental results were not adjusted to the mathematical model, and 

that was reflected in the low R2 values obtained (Table 3). 

 

Table 3. Results of Test of Significance of Factors and Interaction for the Models 

Factors or 
Interactions 

p-Value of YBET 
Factors 

p-Value of YC 
Factors 

p-Value of YVp 
Factors 

p-Value of YPd 
Factors 

A < 0.0001 0.0095 0.0009 0.2484 

B < 0.0001 0.9134 0.0085 0.0397 

C < 0.0001 0.7739 0.0136 < 0.0001 

D 0.0021 0.8787 0.0754 0.0473 

AB 0.2073 0.8808 0.0981 0.1057 

AC 0.0001 0.9239 0.1074 0.0106 

AD 0.0016 0.6809 0.1655 0.1825 

ACD < 0.0001 0.9185 0.0088 0.0371 

Model < 0.0001 0.1226 0.1076 < 0.0001 

R2 0.9996 - - 0.9677 

 

Effect of Pyrolysis Process Conditions on the Specific Surface Area (BET) 
and Average Pore Size Diameter of Biochar 

As shown in Fig. 1a, the specific surface area increased with higher temperatures 

and residence times. The temperature was the most significant variable that affected the 

results. In particular, the specific surface area was strongly affected, which became higher 

with higher temperatures (Yao et al. 2012; Park et al. 2013; Devi and Saroha 2015). The 

effect of the residence time was demonstrated by Klasson et al. (2014), which showed that 

increasing the residence time from 120 to 240 min in the pyrolysis process carried out at 

800 °C increased the specific surface area from 44 to 423 m2/g in the almond shell derived 

biochar. In this study, the interaction between the temperature and residence time favored 

the production of biochar with higher specific surface areas. For example, a specific 

surface area of 120.5 m2/g was obtained at 600 °C and 210 min residence time, which was 

much higher compared to the specific surface area of 33.9 m2/g that was obtained at the 
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same temperature and 30 min residence time (Table 2). However, the temperature had a 

larger effect on the specific surface area of the biochar than the residence time, which is 

reflected in the inclination of the level curve obtained for the temperature (Fig. 1a). 

The specific surface area during pyrolysis was not only dependent on the 

temperature and residence time, but also depended on the characteristics of the raw 

material (Klasson et al. 2014). For instance, woody biomass often has higher cellulose, 

hemicellulose, and lignin contents compared to biomass from herbaceous or grass species, 

and the proportion of each compound can influence the biochar surface characteristics, 

such as surface area, surface acidity, pH, functional groups, and other properties 

(Keiluweit et al. 2010; González et al. 2013). A high lignin content combined with high 

temperatures leads to high specific surface areas (Li et al. 2014). Therefore, due to the low 

lignin content of oat hull (8%), it was expected that the biochar would have a low specific 

surface area compared to other raw materials that underwent similar pyrolysis conditions, 

such as the biochar obtained by Li et al. (2014) from pyrolyzed lignin, cellulose, and 

wood. However, the obtainable by-products from oat hull residue were very low or null, 

therefore, the biochar from oat hull is of great interest in order to obtain a cost effective 

sorbent for heavy metal removal from contaminated water and soils. 
 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. a) Three-dimensional graph of the specific surface area model with the effects of 
temperature and residence time on the specific surface area (BET) (P < 0.05) (at Ti = 2.25 °C/min 
and fN = 0.50 L/min). b) three-dimensional graph of the average pore size diameter (BJH) model 
with the effects of the temperature and residence time on the average pore size diameter (BJH) (P 
< 0.05) (at Ti = 2.25 °C/min and fN = 0.50 L/min). 

1a) 

1b) 
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Figure 1b shows the effect of the residence time and pyrolysis temperature on the 

average pore size diameter of the biochar. For this property, the residence time was shown 

to have the most significant effect compared to the temperature. In this sense, the increased 

residence times and low temperatures produced a biochar having pore size diameters in the 

range of mesopores (between 2 nm and 50 nm). The opposite effect was observed in Fig. 

1b, where high temperatures (~ 600 °C) and high residence times allowed for completed 

reactions, which led to higher degrees of order in the biochar structure and pores with 

smaller diameters (< 2nm) or micropores (Downie et al. 2009). It is necessary to consider 

that mesopores are crucial to the liquid-solid adsorption processes in soils (Downie et al. 

2009). In addition, biochar with larger pore sizes can be used by soil microorganisms as 

protection (Thies and Rilling 2009). 

 

  

  

Fig. 2. SEMs of (a and a1) oat hull biochar pyrolyzed at T = 400 ºC, Ti = 3.0 ºC/min, tR = 3.5 h, and 
fN = 0.0 L/min at different scales (BC8) and (b and b1) oat hull biochar pyrolyzed at T = 600ºC, Ti = 
3.0 ºC/min, tR = 3.5 h, and fN=1.0 L/min (BC7) at different scales. 

 

The average pore size diameter of the biochar was influenced by the nature of the 

biomass and pyrolysis conditions. The average pore size diameter of the biochar also has 

implications for determining the suitability of this product for specific applications, such as 

an adsorbent, support material, and other applications (Downie et al. 2009). The SEM 

images show that the biochar had a heterogeneous structure with differences in the porous 

structure that were due mainly to the different treatments that were applied (Fig. 2). 

a) a1) 

b) b1) 
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Several reports described that increasing the heating rates determines the extent of 

pore formation. In fact, Cetin et al. (2004) found that the biochars generated under 

atmospheric pressure and low heating rates generated a product that consisted mainly of 

micropores, whereas those prepared at high heating rates contained a high amount of 

macropores. This was a result of melting processes. However, in this study there was no 

effect of increasing heating rate on the pore size from, due to the short range evaluated. 

 The optimized mathematical models used to obtain the high values of specific 

surface area and average pore size diameter had the following parameters: T of 599.83 °C, 

Ti of 2.94 °C/min, tR of 3.40 h, and fN of 1.0 L/min, and T of 600 °C, Ti of 2.96 °C/min, tR 

of 3.5 h, and fN of 0.89 L/min, respectively (Table 4). 

These models were further validated through the experiments performed at these 

operating conditions (Table 4). The difference between the experimental data and 

mathematical model for the specific surface area was less than 11%, and for the average 

pore size diameter, there was a less than 5% difference. As was expected, the operational 

conditions to maximize the specific surface area and average pore size diameter were 

similar for both properties, and a relationship between the total specific surface area and 

average pore size diameter was determined. The increase in the pyrolysis temperature 

allowed for more structured surfaces and pores with smaller diameter. 

The biochar produced at high temperatures, where the micropores are the main 

contributor to the higher values of specific surface area, are adequate to be used as 

adsorbent for small molecules, gases, and common solvents (Downie et al. 2009). 

 
 

Table 4. Predicted and Experimental Values for the Specific Surface Area and 
Average Pore Size Diameter of Biochar 

Parameters Predicted by Models  Observed Value  

Specific surface area (BET) (m2/g) 120.51 108.28 

Average pore size diameter BJH 
(nm) 

2.36 2.24 

The specific surface area model was pyrolyzed at T= 599.83 °C, Ti = 2.94 °C/min, tR = 3.40 h, and 
fN = 1 L/min, and the average pore size diameter model was pyrolyzed at T = 600ºC, Ti = 2.96 
°C/min, tR =3.5 h, and fN = 0.89 L/min. 
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Effect of Pyrolysis Process Conditions on Product Yields 

The lower pyrolysis temperatures produced high yields of biochar, while the 

biochar yield rapidly decreased with increasing pyrolysis temperature (Table 5). This 

reduction with increasing pyrolysis temperatures has been reported to be mainly due to 

thermal degradation of cellulose and hemicellulose as well as dehydration of hydroxyl 

groups (Demirbas 2004). At temperatures greater than 300 °C, cellulose becomes 

depolymerized, which produces volatile compounds (Lehmann and Joseph 2009). Even 

though the heating rate and residence (Demirbas 2004) affect the biochar yield, in this 

study, at increasing heating rates, no important differences in the biochar yield were 

observed.  

 

Table 5. Pyrolysis Products Yield of the Different Experimental Runs from the 
Factorial Design 

Pyrolysis Conditions 

 
Biomass 

(g) 

Yield (%) 

T 
(°C) 

Ti 
(°C/min) 

tR  
(h) 

fN 
(L/min) 

Biochar 
 

Bio-oil 
 

Syngas 
 

600 3.0 0.5 0.0 500 34.89 45.83 19.28 

500 2.25 2.0 0.5 500 40.60 37.50 21.90 

600 1.5 3.5 0.0 500 31.90 43.94 24.17 

400 1.5 0.5 0.0 500 49.57 38.31 20.82 

500 2.25 2.0 0.5 500 44.43 43.58 15.98 

400 1.5 3.5 1.0 500 49.49 37.26 12.23 

600 3.0 3.5 1.0 500 32.70 40.64 26.66 

400 3.0 3.5 0.0 500 46.30 28.91 24.78 

600 1.5 0.5 1.0 500 30.46 46.43 19.12 

500 2.25 2.0 0.5 500 45.72 37.92 25.06 

400 3.0 0.5 1.0 500 49.89 36.90 12.99 

500 2.3 2.0 0.5 500 45.43 44.64 9.92 
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Effect of Pyrolysis Process Conditions on PAHs Concentration 

The principal PAHs detected were phenanthrene, pyrene, and chrysene (Table 6), 

which are included in the 16 PAHs classified by the US EPA as priority-pollutants based 

on their toxicity to humans and frequency of occurrence in hazardous waste sites (ATSDR 

2005). In addition, based on the number of benzene rings, these compounds have been 

classified into three categories: i) high molecular mass PAHs with five and six rings, 

which are benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene, indeno[1,2,3-

cd]pyrene, dibenz[a,h]antracene, and benzo[ghi]perylene (BbF, BkF, BaP, IND, DAB, and 

Bghip, respectively), ii) middle molecular mass PAHs with four rings, which are 

fluoranthene, pyrene, benz[a]anthracene, and chrysene (Fla, Pyr, BaA, and CHR, 

respectively), and iii) low molecular mass PAHs with two and three rings, which are 

naphthalene, acenaphthylene, acenaphthene, fluorine, phenanthrene, and anthracene (Nap, 

Acpy, Acp, Flu, Phe, and Ant, respectively) (Hu et al. 2014). In the raw material, PAHs 

were not detected, and in the biochar samples, the total PAHs concentration varied from 

0.16 to 8.73 μg/kg (Fig. 3). 

The highest concentration of the total PAHs for this study was found in the biochar 

produced at 400 °C (BC4) (Fig. 3). The present results are consistent with the studies 

reported by Devi and Saroha (2015) and Alburquerque et al. (2015) for biochar produced 

from paper mill effluent treatment plant sludge and pinewood. Two of the predominant 

compounds detected in the present study (phenanthrene and pyrene) also were observed by 

the mentioned researchers, who used pyrolysis temperatures between 350 and 550 °C. 

Moreover, Devi and Saroha (2015) and Alburquerque et al. (2015) reported a decreasing 

PAHs concentration when the temperature increased, similar to our results. Buss et al. 

(2016) collected and analyzed 46 biochar produced under different operational conditions 

and different configuration of reactors and concluded that feedstock characteristics highly 

influenced on PAH concentrations.  Also, it was found that the conversion technology is a 

factor to be considered. Regarding the temperature, Buss et al. (2016), after analyzing the 

samples, were unable to recommend a particular pyrolysis temperature for the production 

of biochar with low PAH content. 
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Table 6. Concentration of PAHs in Biochars Pyrolyzed at Different Operational Conditions 

Note: 
n.d 
indicat
es not 
detect
ed. 
Napht
halene 
(Nap), 
Acena
phthyl
ene 

(Acpy), Acenaphthene (Acp), Fluorene (Flu), Fluoranthene (Fla), Anthracene (Ant), Benz[a]anthracene (BaA), Benzo[b]fluoranthen 
(BbF), Benzo[k]fluorane (BkF), Benzo[a]pyrene (BaP), Indeno[1,2,3-cd]pyre (IND), Dibenz[a,h]anthracene (DBA), and 
Benzo[ghi]perylene (Bghip) were measured, but these compounds were not detected.  
 
 
Table 7. Chemical Properties of Biochar Samples Pyrolyzed at Different Conditions 
 

n.d. indicates not detected. STA is the total acidity, SCOOH is the carboxylic acidity, SOH is the phenolic acidity, and IP is the isoelectric point.  
 

 

Parameter 
Biochar Samples 

BC1 BC2 BC3 BC4 BC5 BC6 BC7 BC8 BC9 BC10 BC11 BC12 

pH 10.82  10.60 10.63 8.11 10.86 10.24 10.88 9.76 10.77 10.64 8.56 10.43 

STA (mmol/g) 11.1 12.8 12.8 15.3 13.2 12.2 13.7 12.3 13.4 11.3 12.4 13.3 

SCOOH (mmol/g) n.d n.d n.d n.d n.d n.d n.d n.d n.d n.d n.d n.d 

SOH (mmol/g) 11.1 12.8 12.8 15.3 13.2 12.2 13.7 12.3 13.4 11.3 12.4 13.3 

IP 2.86 1.67 1.74 1.72 1.56 1.20 2.21 1.90 1.85 1.76 1.89 1.55 

C (%) 78.27 73.91 79.20 69.13 77.35 69.35 79.67 69.81 79.89 73.35 68.62 71.67 

N (%) 4.68 5.13 5.36 5.77 6.51 6.39 7.37 7.72 8.22 7.21 5.83 6.29 

H (%) 1.97 2.47 1.65 3.44 2.86 3.21 1.84 3.29 2.15 2.46 3.78 2.46 

S (%) n.d n.d n.d n.d n.d n.d n.d n.d n.d n.d n.d n.d 

PAHs (μg/kg) Oat hull BC1 BC2 BC3 BC4 BC5 BC6 BC7 BC8 BC9 BC10 BC11 BC12 

Phenanthrene (Phe) n.d 0.44 4.53 2.18 5.27 0.53 n.d 0.87 n.d 0.77 2.67 1.27 1.85 

Pyrene (Pyr) n.d n.d 1.58 0.77 3.09 n.d n.d 0.67 n.d n.d 2.46 n.d 1.13 

Chrysene (Cry) n.d n.d 0.24 n.d 0.37 n.d n.d n.d 0.17 n.d 0.35 0.77 0.20 
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Fig. 3. Total PAHs concentration in the biochars obtained from different pyrolysis conditions 
 

As mentioned before, the predominant compounds detected in the oat hull derived 

biochar were phenanthrene, pyrene, and chrysene. Nevertheless, the observed PAHs 

concentration in biochar was very low (0.17 to 8.73 mg/kg). The occurrence and content of 

each of these compounds depended on the biomass composition and chemical 

modification of the biomass constituents during the pyrolysis process (Anjum et al. 2014). 

Yargicoglu et al. (2015) reported the PAHs content in six different commercial wood-

derived biochars for different production conditions. Pyrene, phenanthrene, naphthalene, 

fluoranthene, and acenaphthylene were found in major proportions in the biochar produced 

from a mixture of biomass that was 90% pine and 10% fir wood, and obtained by fast 

pyrolysis 

The nitrogen flux and residence time of the pyrolysis of the biomass were other 

factors that affected the generation of PAHs during slow pyrolysis. A higher nitrogen flux 

reduced the chance for aromatic radicals to undergo condensation, which promoted the 

PAHs precursors to be conducted in the gas flux, and therefore prevented the formation of 

PAHs (Buss et al. 2016).  

In the present study, the effect of nitrogen flux generated important differences in 

the PAHs concentrations. The experiments BC4 and BC11 had the same temperature and 

biomass residence time, but different nitrogen flux rates (0 L/min and 1.0 L/min, 

respectively), which resulted in a difference in the PAHs concentrations by about 6 µg/kg. 

In addition, the residence time also affected the production of PAHs. In fact, for the 

treatments BC4 and BC8, the final temperature was 400 °C and the nitrogen flux rate was 

0 L/min, but the residence times of the biomass were 0.5 h and 3.5 h, respectively. The 

higher residence time showed macromolecules cracking, coupled with the generation of 

volatile compounds, which changed the total PAHs concentration from 8.73 µg/kg (BC4) 

to 0.17 µg/kg (BC8). According to Yargicoglu et al. (2015), the long residence times in the 

slow pyrolysis process generates a cracking of the PAHs formed during the first stage of 

pyrolysis. Therefore, these biochars can be used in agricultural applications because of 

their low PAHs concentrations. 
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Fig. 4. FT-IR spectra of biochar from oat hull pyrolyzed at different conditions: a) synthesized at 
400 °C, where BC4: 1.5 °C/min, 0.5 h, and 0 L/min; BC6: 1.5 °C/min, 3.5 h, and 1.0 L/min; BC8: 
3.0 °C/min, 3.5 h, and 0 L/min; and BC11: 3.0 °C/min, 0.5 h, and 1.0 L/min; b) synthesized at 500 
°C, where BC2: 2.25 °C/min, 2.0 h° and 0.5 L/min; BC5: 2.25 °C/min, 2.0 h° and 0.5 L/min; 
BC10: 2.25 °C/min, 2.0 h, and 0.5 L/min; and BC12: 2.25 °C/min, 2.0 h, and 0.5 L/min; and c) 
synthesized at 600 °C, where BC1: 3.0 °C/min, 0.5 h, and 0 L/min; BC3: 1.5 °C/min, 3.5 h, and 0 
L/min; BC7: 3.0 °C/min, 3.5 h, and 1.0 L/min; and BC9: 1.5 °C/min, 0.5 h, and 1.0 L/min. 

 
 

c) 

a) b) 
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Effect of Pyrolysis Conditions on the Chemical Biochar Properties 
In this study, an increase in the carbon content was observed for higher pyrolysis 

temperatures (Table 7). According to the literature, the increase in the total carbon 

content is the result of a series of reactions, such as polymerization, condensation, and 

aromatization. It was also observed that high pyrolysis temperatures led to increases in 

the pH values. According to the literature, higher pyrolysis temperatures increase the 

inorganic fraction (ash content) of the biochar produced (Table 7).  

These results can be confirmed by observing the FT-IR spectra of the biochar 

samples (Fig. 4 a, b, and c). The O-H stretching band observed at approximately 3400 

cm-1 was present in all of the biochar samples, but the intensity decreased when high 

pyrolysis temperatures were used. The O-H groups represent hydroxyl functional groups, 

supporting the results obtained for the total acidity (Table 7), which was determined 

mainly by the presence of alcoholic compounds. Aromatic C-C ring stretching (1590 cm-1 

and 1400 cm-1) decreased in intensity with increased temperatures. Strong bands (1200 to 

1000 cm-1) were assigned to the stretching of C-O of secondary alcohols. Carboxyl C-O 

stretching (1736 cm-1) and carboxyl groups were not present in any of the samples. The 

surface acidity of the biochar produced at lower temperatures (400 °C) was significantly 

higher compared to the other biochar samples. 

 
 
CONCLUSIONS 
 
1. Different results for the biochar, bio-oil, and syngas were observed for the different 

pyrolysis conditions. For the operational conditions evaluated, the physicochemical 

characteristics of the biochar showed differences. 

2. An increase in the pyrolysis temperature resulted in increases in the carbon content, 

pH, and specific surface area. In addition, prolonging the residence time in 

combination with high temperatures caused an increase in the specific surface area of 

the biochar. 

3. The oat hull derived biochar produced under these pyrolysis conditions contained 

only small concentrations of PAHs, therefore, higher pyrolysis temperatures generally 

lead to the production of biochar with more desirable properties in the context of 

PAHs, and therefore, could be used in agricultural processes without any negative 

effects.  
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