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Abstract: This study investigated the effect of different heating rates on the pyrolysis behavior of the white pine wood residues.  
The raw materials were tested via two heating patterns with variable heating rates and compared with three other heating 
patterns with constant heating rates.  The yields and characteristics of products such as char, pyrolysis oil and non-condensable 
gases under different heating rates were also determined.  The gas, liquid, and solid phase yields of the products via heating 
with decreasing heating rates were similar to the yields obtained from constant heating rate at 2.3°C/min.  The pyrolysis 
process by decreasing heating rates resulted in 30.04 % char, 44.53% bio-oil, and 25.43% non-condensable gases, which 
displayed higher char yield and pyrolysis gas than the other heating patterns.  The results of thermo-gravimetric analysis 
showed that variable heating rate significantly changed the weight loss profiles during pyrolysis.  It was observed during gas 
chromatography test that CO and CO2 were released earlier than CH4 and H2.  The analysis of the chemical components 
confirmed that the bio-oil produced by heating process with decreasing rates contains less macromolecular organic matter 
content than the other patterns. 
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1  Introduction  

With the rapid increase in energy demand and global warming, 
bio-fuels as renewable energy sources were considered as one of 
the key options to substitute conventional fuels.  In China, huge 
amount of agricultural residues or biomass waste are produced 
every year, which are considered as the potential sources for 
renewable energy. 

Combustion, anaerobic digestion and thermochemical 
conversions have been widely studied as biomass conversion routes.  
It was confirmed by many literatures that thermochemical routes 
can generate useful products including charcoal, gas and bio-oil.  
Pyrolysis properties (reaction kinetics, products yields and 
composition) are influenced by many parameters such as biomass 
types, temperature, heating rate, particle size, reaction atmosphere, 
and vapor residence time[1-3].  Fast pyrolysis technology has been 
intensively investigated for bio-oil production in recent years[4].  
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Lower process temperatures (673 K) and long vapor residence 
times were favors the production of charcoal.  High temperatures 
(1023K-1173K) and longer residence times increase biomass 
gasification rate, however, moderate temperatures (773 K) and 
short vapor residence times are the optimal conditions for liquid 
(bio-oil) production[5,6]. 

Charcoal is the solid carbonaceous product with enriched fixed 
carbon, which can be used directly as a fuel, fertilizer or precursor 
for activated carbon production[7].  The quality of char is 
determined by its physicochemical characteristics such as volatile 
matter, fixed carbon, ash content, carbon content and higher 
heating value[8].  In the study of Zhou[9], the property of charcoal 
was determined in relation to pyrolysis temperatures and particle 
size of the raw material.  Onay[10] found that the changes of 
heating rates resulted in different extent of the pyrolysis and thus 
resulted in different char structure.  Haykiri-Acma et al.[11] found 
that the maximum mass losses were directly proportional to the 
heating rates. 

The pyrolysis oil contains different chemicals with various 
functional groups including acids, sugars, alcohols, ketones, 
aldehydes, phenols and their derivatives, furans and other mixed 
oxygenates[12-14], which makes isolation and purification of the 
bio-oil difficult.  Bio-oil derived from the pyrolysis process has a 
significantly lower heating value (14-18 MJ/kg) than gasoline.  
Due to the low heating value, pyrolysis gas is better suited for 
heating or feedstock drying than for power generation[15].  The 
mixture of non-condensable gases produced during pyrolysis 
consists of a number of combustible gases such as CO, CH4, H2, 
C2-hydrocarbons, as well as a high concentration of incombustible 
CO2

[16].  This study mainly explored the effects of different 
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heating patterns with variable heating rates on the decomposition 
behavior of white pine wood during slow pyrolysis.  The main 
objective of this study is to optimize the product yields and quality 
of charcoal, pyrolysis gas and bio-oil by investigating different 
heating patterns such as variable heating rate and constant heating 
rate. 

2  Materials and methods 

2.1  Raw materials analysis 
White pine wood residues were collected from a fuel factory 

located in Beijing, China.  The samples were screened to the same 
particles sizes of 5-6 mm and dried for 3 h at (105±5)°C.  
Proximate and elemental analyses were performed on the samples 
to determine their basic physiochemical properties.  In addition, 
hemicellulose, cellulose and lignin content were tested following 
the methods of AOAC/AACC and AOCS.  Proximate analysis 
was conducted following the ASTM D3173 and D3175 standards.  
The elemental composition was analyzed by an automatic 
elemental analyzer (EA3000).  The C, H, N, and O content in the 
biomass and charcoal were analyzed by using high temperature 
combustion method, and the results are shown in Table 1. 

 

Table 1  Chemical analysis results of the samples 

Components/wt% White pines 

Volatiles 81.01 

Fixed carbon 11.98 

Ash 0.95 

Moisture 6.06 

Hemicellulose 24.11 

Cellulose 42.26 

Lignin 26.69 

C 49.44 

H 6.33 

O 43.85 

N 0.38 
 

2.2  Slow pyrolysis experiments 
Pyrolysis was carried out using a lab-scale fixed bed reactor 

with length of 800 mm and internal diameter of 100 mm, which 
was heated externally by an electrical furnace and continually 
purged with nitrogen gas.  The outlet of the pyrolysis reactor was 
connected to a condenser and a gas flow meter for detecting the 
non-condensing gas.  Schematic figure of the pyrolysis unit is 
shown in Figure 1.  Biomass feedstock (200 g) was used for each 
test.  Two heating patterns, decreasing heating rate (DHR) and 
accelerating heating rate (AHR), with three other heating patterns 
with constant heating rates were tested as shown in Figure 2 with 
initial temperature at 40°C.  The changing points of the heating 
patterns were selected based on the pyrolysis characteristics of 
hemicellulose, cellulose and lignin.  Studies suggested that 
hemicellulose and cellulose pyrolysis reactions ranged from 200°C 
to 360°C.  The reaction temperature range of lignin can be 
extended to more than 500°C[17].  In addition, to ensure a higher 
char yield and lower liquid yield, the heating rate is normally lower 
than 30°C/min[18-21].   

For Pattern 1, named as DHR, 200°C and 360°C were selected 
as the changing points to separate the three reaction phases with 
different heating rates of 20°C/min, 10°C/min and 2°C/min, 
respectively.  While for Pattern 2, named as AHR, the three 
reaction phases were set with different heating rates of 2°C/min, 
10°C/min and 20°C/min, respectively.  Heating rates for Patterns 

3, 4 and 5 were fixed at 4.6°C/min, 2.3°C/min and 9.2°C/min, 
respectively.  Heating rate of 4.6°C/min in Pattern 3 guaranteed 
its pyrolysis time was in common with Patterns 1 and 2.  The final 
pyrolysis temperatures of all five experiments were all set at 520°C.  
During the pyrolysis of the raw materials, the N2 was purged at a 
flow rate of 100 mL/min to remove the gas phase products.  
Pyrolysis gases were sampled with collection bags after being 
condensed, 50 mL gas was collected every 10 min. 

 
Figure 1  Schematic view of the pyrolysis unit 

 
Figure 2  Five heating patterns 

 

2.3  Char analysis 
Thermo-gravimetric analysis (TGA) was carried out using a 

TGA analyzer (TG-60) to determine the characteristic of pyrolysis.  
In addition to particle size (1-2 mm), the processing conditions 
(heating rate, final pyrolysis temperature, etc.) were identical to 
that of the fixed bed.  The TGA analysis can eliminate the 
temperature lag problems caused by the heat conduction, which 
then allow for more accurate characterization pyrolysis behavior of 
the sample[22,23].  In addition, the method of proximate and 
elemental analyses used for the char samples were the same as that 
been used for the raw material.  The higher heating value (HHV) 
of charcoal and raw materials were analyzed using a bomb 
calorimeter (ZDHW-5000).  
2.4  Gas and bio-oil analysis 

Composition of the pyrolysis gas was detected using a gas 
chromatography (GC).  The column temperature was set at 100°C, 
and preheated for 5 h before test.  The chromatographic column 
TDX-01 (3 m×3 mm) was used in this test.  The carrier gas was 
helium with the pressure of 0.2 MPa. 

The chemical components of heavy oil in bio-oil were 
determined using GC-MS following the area normalization method.  
The GC-MS (DSQ) was equipped with an AB-5MS capillary 
column (30 m×0.25 mm×0.25 µm), and was used to identify the 
chemical compounds contained in the bio-oil.  Initial column 
temperature was maintained at 80°C for 3 min and then raised to 
300°C at the heating rate of 3°C/min. 
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3  Results and discussion 

3.1  Effect of heating rate on pyrolysis process and product 
compositions 

To explore the effect of different heating rates on pyrolysis 
process and product yields, five heating patterns were tested as 
shown in Figure 2.  Patterns 1, 2 and 3 had the same heating-up 
time and holding time.  In Patterns 3, 4 and 5, product yields were 
generated by pyrolysis under different constant heating rates. 

In terms of product yield distribution, the gas, liquid and solid 
phase yields of Pattern 1 are similar to that of Pattern 4.  Pattern 1 
achieved the highest mass proportion of gas yield of 25.43% with 
the lowest bio-oil yield at 44.53% (Figure 3).  It was found that 
more charcoals were produced by Patterns 1 and 4 than Patterns 2, 
3 and 5.  Although Pattern 4 had the highest char yield of 31.09%, 
it required heating-up time of 208 min, which is two times of that 
in Pattern 1.  To obtain high char yield with reduced heating-up 
time, Pattern 1 had a better performance than Pattern 4.  Patterns 1 
and 4 had the similar heating rates (2°C/min and 2.3°C/min) in 
high temperature region which was higher than 360°C.  Their 
heating rates were lower than the other three patterns and obtained 
the similar gas, liquid and solid phase yields.  It could be also 
concluded that heating rates in the high-temperature region is a key 
factor affecting product yields.  It also can be explained by the 
observations reported by previous literatures[4, 24, 25], that intensive 
fracture and reorganization of functional groups occurred in the 
high-temperature region, which significantly changed the product 
yields.   

 
Figure 3  Product yield distributions of white pine wood under 

different heating patterns 
 

Under the same pyrolysis conditions, different constant heating 
rates resulted in changes of the product distributions.  In Patterns 
4, 3 and 5, constant heating rates were used at 2.3°C/min, 
4.6°C/min and 9.2°C/min, respectively.  Raise the heating rate 
increased the bio-oil yield from 44.99% to 54.82%.  However, the 
yields of gas (from 23.92% to 17.81%) and char (from 31.09% to 
27.37%) showed the opposite trends.  Therefore, it can be 
concluded that a higher heating rate is not conducive to the 
production of charcoal and pyrolysis gas in the process of slow 
pyrolysis.  Numerous studies made the similar observations that 
high heating rate results in higher liquid yields and less solid yield 
and non-condensable gases[26-28].   

To further explore the influence of heating rate on pyrolysis 
process, thermo-gravimetric experiments were conducted to get the 
TGA and DTG curves of Patterns 1, 2 and 3 in Figure 4, same 

pyrolysis time and holding time were used.  The results showed 
that different heating rates had a significant impact on weight loss 
behavior.  The maximum loss of the three heating methods 
occurred at the range of 350°C-365°C and the maximum weight 
losses were recorded at 24.61 min (Pattern 1), 102.15 min (Pattern 
2) and 72.22 min (Pattern 3), respectively.  This is also confirmed 
by the research of Quan et al.[29] that 350°C-365°C are the main 
temperature range for pyrolysis of cellulose and part of lignin in 
this temperature range.  The weight losses below 240°C were 
mainly caused by the moisture evaporation and decomposition of 
hemicellulose.  The decomposition of the cellulose and lignin 
occurred when the temperature was higher than 240°C.  
Comparing to Patterns 1 and 3, Pattern 2 has the higher DTG peak 
point of -1.48 mg/min.  While the peak point for Patterns 1 and 3 
are in the vicinity of -1.08 mg/min and -0.65 mg/min, respectively.  
The reason is the rapid heating stage of Pattern 2 happens after 
240°C, which is also the temperature range for decomposition of 
cellulose and lignin.  Different biomass materials contain different 
contents of the cellulose, hemicelluloses and lignin, which then 
affected the results of the TGA and DTG.  Therefore, as shown in 
Figure 4, DTG peaks of cellulose and lignin did not separated very 
clearly, which was different with the results presented by Park et 
al.[3], who used garlic stems and pepper stems as feedstock. 

 
a. TG curves 

 
b. DTG curves 

Figure 4  TG and DTG curves of samples produced by different 
Patterns 

 

3.2  Characteristics of the chars 
The results of proximate analysis, higher heating value (HHV), 

and elemental analysis of chars are given in Table 2.  The effects 
of different heating patterns on chars are illustrated by the 
proximate and elemental analysis.   
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Table 2  Characteristics of the charcoal in different pyrolysis 
patterns 

Pyrolysis 
Procedure/wt % Pattern 1 Pattern 2 Pattern 3 Pattern 4 Pattern 5

Volatiles 18.80 16.30 16.95 17.13 16.57 

Fixed carbon 78.20 79.89 80.12 79.76 80.23 

Ash 3.00 3.81 2.93 3.11 3.20 

HHV/MJ·kg-dry-1 31.50 31.58 32.11 32.08 32.44 

C 85.82 84.48 84.74 85.14 85.74 

H 3.15 3.26 3.17 3.15 3.20 

O 10.59 11.84 11.78 11.28 10.76 

N 0.38 0.44 0.42 0.31 0.43 
 

Proximate analysis of the charcoal samples from the five 
patterns showed that the percentage of the volatile content in 
Pattern 1 (18.80%) was similar to Pattern 4 (17.13%), while Pattern 
2 (16.30%) was similar to Pattern 5 (16.57%).  Contents of fixed 
carbon content in five patterns showed no significant difference.  
Comparing the results in Patterns 3-5, it could be concluded that 
increasing heating rate resulted in a decrease in the content of the 
volatile matter content and increased of the content of fixed carbon 
content in chars.  After determination of the heat value of chars, it 
was found that within the selected temperature range, the heat 
values of charcoals increased with the increase of heating rate.  
The higher heating rate might help fix the carbon in the charcoal 
and release oxygen-containing functional groups[30,31].  The 
experiments of VHR showed that the impact of variable heating 
rate on heat value was not significant.  The results of elemental 
analysis presented that H, O decreased severely and the ratio of C 

element increased during biomass pyrolysis process.  Regardless 
of the heating pattern, C elements of white pine increased from 
49.44% to more than 84.48% and H element decrease from 6.33% 
to 3.26% or less.  The value of H/C and O/C are consistent in five 
patterns which indicate that the heating rate has little effect on H/C 
and O/C within the selected heating patterns.  
3.3  Product distribution of gas and bio-oil 
3.3.1  Distribution of pyrolysis phase products  

Besides charcoals, the characteristics of pyrolysis gas were 
also examined to investigate the process of gas generation.  The 
gas sampling started when the temperature reached 90°C with an 
interval of 50 mL/10 min.  Several main components (CO2, CO, 
CH4 and H2) were tested during pyrolysis processes.  The five 
heating patterns resulted in the different trends of the pyrolysis gas 
distributions as shown in Figure 5.  Except for Pattern 4, the 
overflow peak value (OPV) of CO2 was higher than 43.00%, while 
the OPV of CO was higher than 42.17%, and the highest value 
reached 45.25%.  In the five experiments, overflow curves of CO 
were similar to CO2 with the OPV of 40%-50%.  This observation 
was similar to the results by Wu et al.[26]  In Pattern 4 (with 
constant heating rate of 2.3°C/min), due to the slow gas 
overflowing rate and potential dilution by the carrier gas, the OPV 
was generally lower than that of other four heating patterns.  After 
analysis of the gas products, it can be concluded that regardless of 
the heating patterns during slow pyrolysis, the CO2 and CO was 
released as the main components of the early stage, followed by 
CH4 after 220°C.  The OPV of CH4 was observed in the range of 
430°C-520°C and higher than 20% except Pattern 4.  The OPV of 
H2 is obtained in high temperature range. 

 
a. Pattern1 of white pines b. Pattern2 of white pines c. Pattern3 of white pines 

 
d. Pattern4 of white pines  e. Pattern5 of white pines 

 

Figure 5  Distributions of pyrolysis gases with Patterns 1-5 
 

3.3.2  Chemical component of bio-oil 
By comparing three kinds of heavy oil of white pine bio-oil 

derived from Patterns 1-3, significant differences were spotted.  
Based on the sample analysis by GC-MS, more than 50 kinds of 
constituents were identified including many organic acids, ketones, 

phenols and polycyclic aromatic hydrocarbons.  Comparison of 
the high content constituents in two samples was shown in Table 4, 
the organics in the category of C3-C6 generated by Pattern 1 were 
generally higher than that by Pattern 2.  The acetic acid content by 
Pattern 1 was 19.19%, which was 5.52% higher than content of by 
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Pattern 2.  The acetol content of 18.58% in Pattern 1 was 6.00% 
higher than that in Pattern 2.  However, in Pattern 2, the organic 
products of C10-C20 were generally higher than Pattern 1.  The 
formulae of polycyclic aromatic hydrocarbons were more 
complicated and the distinction was clearly reflected in Figure 6.  
This pattern generates more C16-C21 organic molecules including 
C21H30O2 (CAS: 1235-74-1), C20H28O2 (CAS: 5155-70-4), C18H18 

(CAS: 66552-97-4), etc.  These ingredients were not detected in 
the bio-oil produced via Pattern 1. 

 
a. Pattern 1 

 
b. Pattern 2 

 
c. Pattern 3 

Figure 6  GC-MS spectrum of bio-oil produce 
 

The reason for this distinction was that the decomposition of 
the hemicellulose resulted in higher percentage of small organic 
molecules, which discharged during rapid heating rate under low 
temperatures.  However, during lignin and cellulose pyrolysis, 
organic macromolecules were generated in the high temperature 
range.  Gas products (including condensable and non-condensable 
gases) were released slowly with slow reaction caused by low 
heating rate.  Thus, the gas products are possibly further cleaved 
to form simple compounds, which were then removed by the 
carrier gas eventually.  Organic macromolecular volatiles were 
generated by Pattern 2 in the high-temperature range, without 
adequate re-cracking, they were removed from the fixed bed 
quickly by the other products or the carrier gas.  Eventually, more 
organic macromolecules were condensed and collected.  GC-MS 
curve of Pattern 3 was similar to that of the Pattern 2, where lower 
2-propanone (0.6%) and acetic acid vinyl ester (3.8%) presented in 
the product. 

 

Table 4  Main components of the bio-oil and their contents 

Formula Pattern 1 
/% 

Pattern 2
/% 

Pattern 3
/% 

2-propanone C3H6O 2.37 1.63 0.6 

Acetic acid vinyl ester C4H6O2 5.29 4.40 3.8 

Isopropenyl methyl ketone C5H8O 5.11 3.98 3.47 

Ethanoic acid C2H4O2 19.19 13.67 14.36 

Acetol C3H6O2 18.58 12.57 12.89 

2-Furancarboxaldehyde C5H4O2 7.8 4.04 4.59 

Carbolic acid C6H6O 2.82 2.11 2.61 

1, 2-Benzenediol C6H6O2 / 2.44 2.74 

3-Methyl-1, 2-Cyclopentanedione C6H8O2 3.10 3.53 3.87 

2-Methoxy-4-Methylphenol C8H12O2 2.92 5.54 4.81 

p-Ethylguaiacol C9H12O2 1.29 4.76 4.58 
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4  Conclusions 

Based on the analysis of the char characteristics, yields of 
non-condensable gases, and the production efficiency, DHR is 
proved to be the optimal pyrolysis pattern in this study, which 
showed three-phase yields of 30.04% charcoal, 25.43% gas, and 
44.53% bio-oil, respectively.  Thermo-gravimetric analysis 
reveals that the heating pattern significantly affected the weight 
loss behavior, and the results of the elemental analysis shows that 
carbon enrichment, dehydrogenation, and deoxygenation occurred 
in the process of pyrolysis.  Through pyrolysis gas analysis, it can 
be concluded that regardless of the heating rate during slow 
pyrolysis, the gas releasing starts with CO2 and CO, followed by 
CH4 after 220°C.  The OPV of CH4 was observed at 430°C-520°C.  
The H2 production peaks were recorded at high temperatures region.  
Higher percentage of small molecule organic compounds and lower 
percentage of polycyclic aromatic hydrocarbons are formed by 
DHR. 
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