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Abstract. The use of biomass for energy generation has aroused great attention and 
interest because of the global climate changes, environmental pollution and reduction of 
availability of fossil energy. This study deals with pyrolysis of four agricultural wastes 
(sawdust, sugarcane straw, chicken litter and cashew nut shell) in a fixed bed pyrolytic 
reactor. The yields of char, liquid and gas were quantified at 300, 400, 500, 600 and 
700oC and the temperature and pressure effects were investigated. Pyrolytic liquids 
produced were separated into aqueous and oil phases. XRF spectroscopy was used for 
qualitative and quantitative elemental analysis of the liquids and solids produced at 
whole temperature range. Calorific value analysis of liquids and solids were also 
performed for energy content evaluation. Experimental results showed sawdust, 
sugarcane straw and cashew nut waste have very good potential for using in pyrolysis 
process for alternative fuel production. 
 
Introduction. 
 
Global climate change, environmental pollution and reduction of the availability of 
fossil energy resources make renewable energy a topic of growing importance. Among 
the current sources of clean energy, biomass has been considered the most highlighted 
one worldwide to supplement the resources of fossil fuels in decline. Within South 
America, Brazil has the greatest potential for biomass production, as it presents diverse 
ecological environments that favored the development of natural forests of various types 
with numerous species, forming a potential to be used for different purposes, and it has 
large areas which have not been cultivated yet and which may be used for the 
production of crops for energy purposes [1]. Wood and other biomass can be treated in 
several different ways to produce fuels. Usually these methods are divided into 
biological and thermal. Among the thermal processes of conversion are combustion, 
gasification, liquefaction and pyrolysis as the main ones. Pyrolysis of biomass can be 
defined as the decomposition of an organic matrix in the absence of an oxidizing agent, 
or in an amount such that gasification does not occur completely in order to obtain 
solid, liquid and gas as byproducts. Charcoal can be used as fuel either directly in the 
form of briquettes or as coal-oil or coal-sewage water as it has high calorific value, or it 
can be used as input for the preparation of activated carbon. The gaseous product can 
also be used as fuel, as it also has high calorific value. The liquid product, or pyrolytic 
oil, has the chemical composition of biomass, and it is composed of a complex mixture 
of hydrocarbons. It is useful as a fuel, it can be added to the input of oil refineries or 
upgraded by catalysts to produce refined fuels of higher grade, or may potentially be 
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used as a chemical. Bio-oils are usually preferred as products for their high calorific 
values, easy transportation and storage, their low content of nitrogen and sulfur and the 
alternative of being converted into chemical [2]. Yields of products (gas, liquid and 
solid) depend on factors such as final temperature of the process, operating pressure of 
the reactor, residence time of solid, liquid and gas phases inside the reactor, heating rate, 
gaseous environment and the initial properties of biomass. The main objective of 
pyrolysis process is to obtain products with higher energy density and better energy 
properties than those of the initial biomass. This work was carried out in order to study 
the pyrolysis reaction conditions of some residues of Brazilian agro-industry and to 
characterize the properties of the solid and liquid products obtained in order to verify 
their possible use as fuel. 
 
Materials and experimental methods. 
 
Materials. The materials employed in this study were cashew nut shell, sugarcane 
straw, chicken litter and sawdust. These precursors will be named as CNS, SS, CL and 
SD, respectively. They were all obtained as waste from local producers. CNS, CL and 
SD were employed without pretreatment. SS was first processed in a knife mill to 
facilitate its insertion in the reactor. 
 
The influence of process variables in pyrolysis. Biomass pyrolysis reactions were 
performed in a stainless steel reactor of 26.6 cm height and internal diameter of 9.8 cm, 
externally heated by an electric furnace. The reactor was fed with about 670 g of CNS, 
85 g of SS, 400 g of CL and 350 g of SD at a time. The lid of the reactor had three 
aligned outputs, the middle one was used to connect a thermocouple Exacta type K and 
the other ones used as gas outlet and to connect the reactor to a mercury manometer 
which measured the pressure. The exhaustion of gas was made with the aid of a 
Prismatec 2VC 660 mmHg vacuum pump, model 131. When leaving the reactor, the 
gas passed through a system of glass condensers connected to the vacuum pump. Each 
condenser was connected to a filtering flask that collected the condensate. The gas that 
passed through this system was burnt in a Bunsen burner. The pyrolytic reactor was 
equipped with a temperature controller NOVUS, model N1100. This equipment allowed 
to control the heating rate, temperature ramp and final temperature of the reator. For 
CNS, three-level full factorial experiments [3] were conducted where it was studied the 
parameters temperature (400, 500 and 600 °C) and pressure (0, -250 and -500 mmHg). 
Pressure variation was not studied during SS, CL and SD pyrolysis since it was 
observed that it did not influence the yields of bio-oil obtained from CNS. For SS, CL 
and SD pyrolysis was performed at 400, 500, 600 and 700 °C under 0 mmHg. All of the 
experiments were conducted with a heating hate of 12.5ºC/min and the final 
temperatures were maintained for at least 180 min or until no more gas release was 
observed. At the end of the reactions solid product was removed and weighed. The 
liquid phase was collected in the filtering flasks connected to the condensers. This phase 
consisted of aqueous and oil phases, which were separated and weighed. The yield of 
gas was calculated by difference. The temperatures and pressures used were chosen 
from previous studies of biomass pyrolysis by different authors and with various raw 
materials. [4,5,6,7] 
 
Characterization of samples. Tests for moisture of the samples of CNS, SS, CL, SD 
and their respective charcoals were performed according to ABNT NBR 8293 [8], from 
Brazilian Association of Technical Norms (ABNT). Ash content of the biomass wastes 
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samples and its charcoals were determined by using ABNT NBR 8289 [9]. Volatile 
matter and fixed carbon content of the samples of pyrolytic charcoal were determined 
with ABNT NBR 8290 [10] and ABNT NBR 8299 [11] respectively. Ash content from 
the samples of bio-oil was determined by using ABNT NBR 9842 [12]. In order to 
verify that the pyrolytic products can be used as fuels, the sulphur content was measured 
according to ASTM D 1552. To verify the possibility of dioxins and furans emissions 
during combustion of charcoal, a sequential analysis of XRF was performed on the solid 
product obtained from the biomasses studied. A viscosity measuring device 
VicsoSystem® AVS 350 was used to determine the viscosity of the oils obtained. 
Finally, the calorific value of biomass, charcoal and bio-oil samples was determined 
according to ABNT NBR 8633 [13]. 
 
Design of Experiments. A statistic analysis of the experimental data from pyrolysis of 
CNS was made by using the technique of the design of experiments (DOE). Through 
this technique it was possible to evaluate the effect of temperature and pressure in the 
properties of the pyrolytic coal and oil. 
 
Results and discussion. 
 
Pyrolysis yields. Table 1 shows the results of yields of products obtained from 
pyrolysis of CNS using a combination of different temperatures and pressures, which 
resulted in nine runs. It can be noticed that for all pressures studied, the yield of 
charcoal decreased with the increase of temperature. Minimum yield of liquid product 
was obtained at 400 ºC, increasing at 500 ºC and having little variation at 600 ºC. After 
separation of the oil phase from the aqueous one, it was noticed that the yield of bio-oil 
followed this same behavior. Unlike charcoal yield, the yield of gas was found to 
increase with increasing temperature. Similar tendencies were also observed for the 
pyrolysis of soybean cake [7] and pistachio shells [2] at ambient pressure. 

 
Table 1 – Product yields from CNS pyrolysis. 

Sample Product yield (wt.%) 
Charcoal T = 400 °C T = 500 °C T = 600 °C 

P = 0 mmHg 24.67 22.00 20.27 
P = - 250 mmHg 27.27 21.93 19.83 
P = - 500 mmHg 27.61 21.95 22.99 
Aqueous phase T = 400 °C T = 500 °C T = 600 °C 
P = 0 mmHg 23.01 21.27 20.58 

P = - 250 mmHg 23.66 23.67 24.10 
P = - 500 mmHg 22.55 23.72 21.98 

Bio-oil T = 400 °C T = 500 °C T = 600 °C 
P = 0 mmHg 33.37 37.29 37.83 

P = - 250 mmHg 30.59 36.61 36.38 
P = - 500 mmHg 32.45 36.75 37.24 

Gas T = 400 °C T = 500 °C T = 600 °C 
P = 0 mmHg 18.95 19.44 21.32 

P = - 250 mmHg 18.47 17.78 19.68 
P = - 500 mmHg 17.39 17.58 18.69 

 
Empirical equations were obtained by multiple regressions to represent the variation of 
product yields as functions of temperature and pressure. Equations 1, 2 and 3 present 
these relationships for yields of charcoal (CY), bio-oil (OY) and gas (GY) with 
correlation coefficients of regression of 0.91, 0.96 and 0.95 respectively. 
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291,074,293,017,23 TTPCY −−−=       (1) 
22 02,175,071,253,35 TPTOY +−+=       (2) 

231,055,062,020,168,18 TPTTPGY −−++=      (3) 
 
According to Equations 1 and 2, charcoal and oil yields produced during the pyrolysis 
of CNS are more influenced by temperature than by pressure. The interaction between 
the two variables is only significant for gas yield. Product yields from pyrolysis of CL 
and SD also followed the same tendencies as the ones obtained from pyrolysis of CNS. 
These values are presented in Table 2. Because of the reactor capacity the quantity of 
SS oil produced in the liquid phase from its pyrolysis was such that it was not possible 
to separate it and measure it. The influence of pressure was not studied in these cases, 
since it did not appear to have influence on bio-oil yields. 
 

Table 2 – Product yields from SS, CL and SD pyrolysis. 
Sample Product yield (wt.%) 

Charcoal T = 300 °C T = 400 °C T = 500 °C T = 600 °C T = 700 °C 
Sugarcane straw 47.35 35.00 30.59 28.82 27.65 

Chicken litter 53.38 44.25 39.63 38.25 37.13 
Sawdust 45.29 35.43 30.43 28.14 26.86 

Aqueous phase T = 400 °C T = 500 °C T = 600 °C T = 600 °C T = 700 °C 
Sugarcane straw 33.98 33.95 35.62 38.08 33.09 

Chicken litter 29.13 29.63 31.00 33.13 33.50 
Sawdust 32.86 39.29 38.00 39.71 39.71 
Bio-oil T = 400 °C T = 500 °C T = 600 °C T = 600 °C T = 700 °C 

Sugarcane straw - - - - - 
Chicken litter 4.13 7.50 9.50 8.50 7.75 

Sawdust 4.29 8.43 10.00 9.00 9.00 
Gas T = 400 °C T = 500 °C T = 600 °C T = 600 °C T = 700 °C 

Sugarcane straw 18.67 31.05 33.79 33.09 29.12 
Chicken litter 13.38 18.63 19.88 20.13 21.63 

Sawdust 17.57 16.86 21.57 23.14 24.43 
 
Characterization of samples. Moisture, ash content and calorific value of the biomass 
wastes samples studied are presented in Table 3. It can be observed that CNS was found 
to have the highest calorific value, close to that found for rapeseed cake (23.4 MJ/kg) 
[6]. SS and SD presented similar values and the calorific value for CL was the lowest 
one, close to the ones found in literature for rice straw (13.62 and 12.72 MJ/kg) [14,15].  
 

Table 3 – Characteristics of biomass wastes fed. 
Characteristics Cashew nut 

shell 
Sugarcane 
straw 

Chicken 
Litter Sawdust 

Moisturea (wt.%) 10.06 7.55 12.14 8.24 
Ash contenta (wt.%) 3.29 4.60 30.07 1.49 
Calorific value (MJ/kg) 23.29 18.82 13.56 18.32 

          a On a dry basis. 
 
The results of characterization of the charcoal samples (Table 4) showed that the 
charcoal obtained from CL presented great content of ash (46.40 wt.%), which was 
expected since CL already presented great content of ash before pyrolysis (30.07 wt.%). 
This charcoal also presented the lowest content of fixed carbon of 30.94 wt.%, which 
indicates a charcoal of lower quality for burning. The content of sulfur found in the 
charcoal from CL was higher when compared to the other charcoals. The emission of 
sulfur during combustion is undesirable for its corrosive action and because it causes the 
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formation of toxic gases such as SOX in the atmosphere, which cause acid rain. Calorific 
values of all charcoals were found to be higher than those of their biomass of origin, but 
SS and CL presented values very similar to them. The charcoal from SD presented the 
highest value of 70.66 MJ/kg. 
 

Table 4 – Results of characterization of the charcoal samples. 
Characteristics CNS charcoala SS charcoala CL charcoala SD charcoala 
Moistureb (wt.%) 0.91 1.53 0.75 0.22 
Ash contentb (wt.%) 11.49 14.31 46.40 2.76 
Volatile matterb (wt.%) 29.81 27.41 22.67 27.19 
Fixed carbonb (wt.%) 58.70 58.28 30.94 70.66 
Sulfur content (wt.%) 0.014 0.258 0.900 0,073 
Calorific value (MJ/kg) 28.52 19.69 14.28 33.29 

    a Obtained at 500 ºC, 0 mmHg. 
      b On a dry basis. 
 
XRF tests results (Table 5) showed presence of SiO2 and K2O in higher quantity in the 
charcoals of CNS, SS and CL. SD charcoal presented greater quantity of SiO2 and 
Fe2O3. Charcoal from SD was the one with fewer impurities while charcoal from CL 
was the most impure one. Chlorine (Cl) is present in all samples, which causes concern 
because its presence is associated with dioxin and furan emissions during combustion. 
There is also the presence of sulfur which is expressed in SO3 form. 
 

Table 5 – XRF tests results for charcoals. 
Componente CNS charcoal (%) SS charcoal (%) CL charcoal (%) SD charcal (%) 
Na2O 0,20 0 1,27 0,06 
MgO 0,82 0,61 1,49 0,19 
Al2O3 0,18 0,68 0,13 0,26 
SiO2 2,01 3,67 20,7 1,18 
P2O5 0,43 0,32 4,65 0,04 
SO3 0,16 0,64 1,73 0,05 
Cl 0,08 0,69 1,94 0,02 
K2O 2,88 2,96 5,59 0,23 
CaO 0,48 1,18 3,28 0,40 
TiO2 0,01 0,23 0,02 0,02 
Cr2O3 0,03 0,03 0,01 0,06 
MnO 0,02 0,02 0,12 0,01 
Fe2O3 0,46 0,90 0,32 0,52 
CuO < 0,01 0 0,06 0 
ZnO < 0,01 0 0,06 0 
RbO2 < 0,01 0 < 0,01 0 
SrO < 0,01 0 0,01 0 
ZrO2 < 0,01 0 0 0 
 
The results of characterization of the bio-oil samples obtained from the pyrolysis of 
CNS, SS, CL and SD at 500ºC and 0 mmHg are presented in Table 6. Once more the 
product obtained from CL presented the highest values of ash and sulfur content (0.064 
and 0.567 wt. % respectively). Calorific values of all bio-oils were found to be higher 
than those of their biomass of origin and the value of CNS bio-oil was the highest one 
(40.93 MJ/kg). The results of XRF for the bio-oils presented in Table 7 show small 
amounts of Na in the sample of SD bio-oil, P in CL bio-oil and Br in the sample of CNS 
bio-oil. Sulfur is present in all samples. The analysis did not detect the presence of Cl in 
the samples, which makes possible to affirm that there is no emission of dioxins and 
furans during the combustion of these pyrolytic oils. 
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Table 6 – Results of characterization of the bio-oil samples. 
Characteristics CNS bio-oila CL bio-oila SD bio-oila 
Ash content (wt.%) 0.050 0.064 0.019 
Sulfur content (wt.%) 0.205 0.567 0.015 
Calorific value (MJ/kg) 40.93 37.88 29.17 
Viscosity (cSt)    
T = 24.9 °C 128.08 98.51 30.74 
T = 60.0 °C 22.63 24.94 8.40 
T = 90.0 °C 8.55 12.23 7.82 

                        a Obtained at 500 ºC, 0 mmHg. 
 

Table 7 – XRF results for bio-oils. 
Component CNS bio-oil (%) CL bio-oil (%) SD bio-oil (%) 
Na 0 0 < 0,01 
P 0 < 0,01 0 
S 0,49 1,23 0,02 
Br 0,03 0 0 

 
Conclusions. 
Pyrolysis of sawdust and cashew nut shell resulted in solid and liquid products of good 
quality, with potencial for use as fuels. Sugarcane straw produced no visible amount of 
bio-oil, probably due to the small quantity of this raw material that the reactor supported 
to perform the reaction. Its charcoal presented satisfactory properties. Chicken litter 
produced charcoal with great content of ash and smaller value of fixed carbon when 
compared to the other materials. In addition, both its oil and charcoal presented 
remarkable quantity of sulfur, which make them not recommended for use as fuel. 
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