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ABSTRACT 

Under the renewable energy context, sugarcane biomass pyrolysis has been growing as a convenient route to produce 
bio-oil, which can be set into the chemical industry and refineries as building blocks or combustion fuel. In this work 
sugarcane straw was submitted to direct pyrolysis in a fluidized bed pilot plant at 500˚C, in presence of air. Sugarcane 
in natura was also pyrolysed as a model for comparison, in order to determine the viability of processing different 
sources of raw biomass. The physicochemical characterization of the biomass precursors as well as of the bio-oils was 
also carried out, which points both biomass feedstocks as suitable for bio-oil production in terms of viscosity, surface 
tension, density and acidity. The bio-oil obtained from sugarcane in natura presented higher carbon and hydrogen con- 
tent as well as lower oxygen content. On the other hand, the metal content is higher in the bio-oil obtained from sugar- 
cane straw, in special the iron and potassium contents were 807 ppm and 123 ppm against 27 ppm and 1 ppm in the 
bio-oil from sugarcane in natura. Aliphatic and aromatic compounds as well as carbohydrates scaffolds were identified 
as the main components of the bio-oil. GC-MS analyses showed aromatic products from lignine fragmentation and free 
sugars and sugar derivatives. 
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1. Introduction 

The reduction of the use of fossil fuels has been proposed 
and encouraged in order to minimize the greenhouse 
gases and particulate emissions, pointed out by some 
authors as one of the causes for the global warming [1]. 
Under this context, biomass has emerged as a renewable 
source of energy, contributing to a clean and sustainable 
fuel economy [2]. Some of the biomass derivatives desti- 
nations include production of combustion fuel by cata- 
lytic improvement [3], manufacture of feedstocks and 
building blocks for chemical industry, derived from both 
cellulosic carbohydrates [4] and lignin components [5], 
production of H2 through chemical reforming [6], among 
others. 

Sugarcane is an excellent source of biomass in Brazil, 

where the sugar and alcohol industries are well estab- 
lished and have a high capacity of production [7,8]. Con- 
sidering the stimulus for the production of ethanol as 
complement to the fossil fuel obtained from refineries, the 
linkage between the alcohol industry and the sugarcane 
bagasse processing is mandatory to take out the maxi- 
mum energy from the biomass, minimizing at the same 
time the impact in the environment and increasing the 
profitability of the sugarcane plantations. Besides the use 
of biomass as a second generation fuel feedstock, it can 
also be considered as a primary source of renewable en- 
ergy, which can progressively enhance the CO2 mitigation. 

Pyrolysis has been the most employed thermochemical 
conversion for transformation of biomass residues into 
charcoal and bio-oil, by one side due to the easy imple- 
mentation of the technology nearby the farm crops and 
by other side due to the easy transportation of a denser *Corresponding author. 
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product to further treatment in the refineries [9-11]. 
The liquid product obtained from biomass pyrolysis is 

a complex mixture of oxygenated, aromatic and carbo- 
hydrate derived compounds, with a wide range of mole- 
cular weight, generated from the fragmentation of cellu- 
lose, hemicellulose and lignin, and from further polym- 
erization and degradation reactions due to the high tem- 
perature used in the process [8-10,12,13]. Such bio-oils 
are viscous materials, with high acidity and corrosivity. 
They usually posses a high oxygen content and lower 
carbon and hydrogen content than the fossil fuel. Be- 
cause the bio-oil is rich in functional groups, it is a ther- 
modynamically unstable liquid. 

Combustion tests of pyrolysis bio-oil showed high 
burning efficiency, comparable to those of commercial 
fuels [12]. The high potential of these products as com- 
bustion fuel is counterbalanced by their high water con- 
tent (around 15%), high viscosity (0.04 - 0.1 Pas·s at 
50˚C) and by the presence of residual solid particles [14]. 
Therefore, its properties can be improved by performing 
a catalytic upgrade process, combined or not with pre- 
vious hydrotreatment. This sequence of treatment has 
being successfully applied to several types of bio-oils 
[15-17] and the more hydrogen amount is used in the 
hydrotreament the lower oxygen content is observed in 
the final products. Moreover, bio-oil has also been up- 
graded over conventional acid catalysts as zeolites for 
oxygen removal and cracking into light olefins and aro- 
matics, important feedstocks for petrochemical industry 
[15]. 

Considering the increasing appeal for the use of re- 
newable sources of energy, the aim of this work is to 
produce a pyrolysis bio-oil in a pilot plant, from sugar- 
cane straw, a new second generation biomass sources, 
and from sugarcane in natura, as an example for directly 
introduced biomass into pyrolysis process. The determi- 
nation of the physicochemical properties of the product 
was carried out in order to evaluate the feasibility of its 
application in the refinery for further catalytic improve- 
ment to combustion fuel. Although most of this sort of 
study has been done with sugarcane bagasse, in natura 
samples could also be used as feedstock from specially 
dedicated farm crops. 

2. Material and Methods 

2.1. Preparation and Characterization of the 
Sugarcane Samples 

The sugarcane samples used in this work are from a spe- 
cial variety rich in fiber, developed for energetic purpose 
and provided by the company Canavialis. The sugarcane 
was dried and milled. A random sampling of the sugar- 
cane was carried out, and two feedstocks for the pyroly- 
sis studies were selected: sugarcane in natura (whole 

sugarcane), producing the bio-oil named BIOSC, and 
sugarcane straw (green and dry leaves), giving the bio-oil 
named BIOSS. Granulometric analyses (ASTM E828) 
were carried out using a set of W.S. TYLER™ Stainless 
Steel Test Sieves. The mean diameter of the particles 
were calculated based on the Sauter mean diameter ex-  

pression:  1p i pid x d  , where: xi is the mass frac-  

tion of the particles with mean diameter dpi; dpi is the 
mean diameter of the particles retained between one test 
sieve and its subsequent, in mm. 

The humidity of the fresh sugarcane samples was de- 
termined for the sugarcane in natura and straw. Analyses 
to determine the fractions in weight for humidity, vola- 
tiles, ashes and fixed carbon on the dry samples were 
carried out. The humidity was determined according to 
the regulation ASTM E871, the samples were oven dried 
at 104˚C - 110˚C under air circulation until no mass 
variation was observed. The volatile fraction was deter- 
mined by heating the samples in an open crucible at 
850˚C for six minutes, according to the regulations 
ASTM E872 and ASTM E897. The ashes were quanti- 
fied by heating the samples at 750˚C for two hours, ac- 
cording to the regulation ASTM D1102. The calorific 
power was determined by the calorimetric bomb tech- 
nique (ASTM D2015), where the heat released by the 
combustion of the biomass with oxygen (initiated by an 
electric ignition) was measured. The water-bath temper- 
ature was measured over time, and from the plots of 
heating and cooling, the energy released during the com- 
bustion process was determined. The experiment was 
conducted under adiabatic conditions, which allowed the 
determination of the superior calorific power at constant 
volume, which can be converted to inferior calorific 
power by analytic calculations. 

2.2. Sugarcane Pyrolysis in the 
Thermogravimetric Balance 

Pyrolysis tests of the sugarcane in natura were carried 
out in a thermogravimetric balance, BP Engenharia, Mo- 
del RB-300-200. The sugarcane feedstock was grounded 
and sun dried, with 10% - 15% of humidity. In the ex- 
periments, 5 grams of biomass was placed in a nickel 
crucible. The liquids and gases formed during the ex- 
periments were collected through the condensers (cooled 
with ice) and the electrostatic precipitator, respectively. 
The collected gases were analyzed by gas chromatogra- 
phy using a CG-90 equipment, with a thermal conductiv- 
ity detector, using argon as carrier gas, equipped with 
three columns: a 5 Å molecular sieve column, of 3.15  
10−3 m of diameter and 2 m of length; a Porapak N col- 
umn, with 3.175  10−3 m of diameter and 6 m of length; 
a Chromosorb column, with 1.18  10−3 m of diameter 
and 1 m of length. The chromatography was calibrated 
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with a standard gas mixture containing N2 (60%), H2 
(10%), CH4 (10%), CO (10%) and CO2 (10%), in volume. 
The data analyses were performed using the software 
PeakSimple 2.83, from SRI Instruments, USA. This set 
of columns allowed the analyses of the gases H2, O2, N2, 
CH4, CO and CO2. The analysis condition is: line pres- 
sure: 608 kPa; gas flow: 30 mL/min; detector tempera- 
ture: 100˚C; oven temperature: 35˚C; filament current: 70 
mA. 

2.3. Sugarcane Pyrolysis in the Pilot Plant 

The pyrolysis tests of the sugarcane in natura and straw 
were also carried out under fast pyrolysis conditions, in a 
Bioware pilot plant, model PPR-20, with a fluidized bed 
reactor (Figure 1). The pilot plant has a feed capacity of 
20 kg of biomass per hour. Figure 2 shows a scheme 
with the main components of the plant. The feed of the 
reactor with the biomass was carried out by a dosimeter 
with a silo (1), at a regulated velocity of transportation 
into the pyrolysis reactor (2). After the fast pyrolysis, so- 
lid (coal), gases and bio-oil were formed. The coal was 
separated by the cyclones (3) and stored in a silo (4). The 
bio-oil was separated in the recovery system (5). The 
combustion chamber is coupled to a heat exchanger. The 
heat was used to warm the fluidization air. Temperature 
and pressure in different parts of the plant were moni- 
tored by an acquisition data system. 

Initially, the reactor is fed with 6 kg of sand, which 
functions as a bed improving the heat and mass transfer 
in the reactor. Through an electric resistance, the sand 
temperature is raised to 500˚C before starting the opera- 
tion. Then, the biomass is transferred from the silo to the 
reactor, the air flow is controlled by a rotameter to keep 
 

 

Figure 1. Picture of the bioware pilot plant, model PPR-20. 

 

Figure 2. Diagram of the fast pyrolysis pilot plant, model 
PPR-20, Bioware: (1) silo, (2) fluidized bed reactor, (3) two 
cyclone separators units, (4) silo for coal storage, (5) bio-oil 
separator, (6) combustion chamber. 
 
the temperature of the reactor and the fluidized bed be- 
tween 470˚C - 500˚C. The bio-oil recovery system and 
the combustion chamber are then turned on. In the re- 
covery, the bio-oil is separated in light bio-oil (acid ex- 
tract) and heavy bio-oil (more viscous fraction). The pa- 
rameters of the plant operation are: sugarcane granu- 
lometry = 0.78 mm; inert granulometry = 0.27 mm; 
height of the inert bed = 150 mm; air flow = 10 m3/h; 
pressure inside the reactor = 50 - 80 mmH2O; biomass 
fed rate = 19.5 kg/h; water flow in the bio-oil separator = 
2 L/min. The biomass space-time is estimated as 10 sec- 
onds. 

Mass balance: the mass balance for the pyrolysis pro- 
cess was calculated according to the following mathe- 
matical expressions: 

fed biomass + air flow  light bio-oil + heavy bio-oil 
+ coal + gases 

Gas flow in the outlet: 

 airG BM HB LB CF F F F F F               (1). 

Product yields: 

100; 100;

100; 100
HB HB BM LB LB BM

C C BM G G BM

X F F X F F

X F F X F F

   
   

  (2) 

where: F = flow; X = yield; BM = fed biomass; air = flu- 
idization air; HB = heavy bio-oil; LB = light bio-oil; C = 
coal; G = gases. 

Energy balance: the energy balance for the pyrolysis 
process was calculated according to the following mathe- 
matical expressions: 

*

* * * *
BM BM C

HB HB LB LB C C G

F SCP E

GF SCP F SCP F SCP F SCP



   
(3) 
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where: Ec is the energy consumed during the process; 
SCPHB is superior calorific power of the component i. 
SCPG was estimated based on the ideal gas mixture de-
termined in the thermogravimetric balance experiment, 
considering for the gases H2, CH4 and CO the following 
superior calorific power, 34,000 kcal·kg−1, 13,250 
kcal·kg−1 and 2440 kcal·kg−1, respectively. The oxygen 
and nitrogen mass balance can not be properly estimated 
once the former can be partially incorporated into the 
liquids and solids products and the latter was used as 
carrier gas for performing the GC analysis. The formed 
gas amount was estimated by difference according to 
Equation (1), then this value was subtracted to the nitro- 
gen amount in the airflow stream, therefore the gas 
composition was used without considering the nitrogen 
content. It is important to point out that the contribution 
of the gas flow is largely inferior to those values ob- 
served for the others fractions and did not contribute 
much to the overall energy balance, as shown in the dis- 
cussion part. Therefore, the above assumptions did not 
compromise at all the pilot plant energy balance. 

2.4. Determination of the Bio-Oil 
Physicochemical Properties 

The preparation of the bio-oil samples for characteriza- 
tion was carried out as follow: crude bio-oil was filtered 
to remove solid residues, and then solubilized in acetone. 
The insoluble material was filtered out under reduced 
pressure to give the polar fraction. Subsequently, the re- 
sidue was suspended in toluene to extract the non-polar 
components, the solid residue was filtered out again un- 
der reduced pressure. The polar and non-polar fractions 
were combined and the solvent was removed in a rotary 
evaporator.The water content was determined by Karl 
Fisher titration using a 841 Methrom equipment, apply- 
ing the methodology used to determine water in petro- 
chemicals (ASTM D6304). The acidity of the bio-oil was 
determined by potentiometric titration according to the 
methodology ASTM D664 (841 Titrando with Touch 
Control, 803 KF Titration Stand and Reagent Organizer). 
Viscosity was measured using a ARES TA rheometer 
with a Couette geometry and the temperature was set to 
25˚C and 60˚C. The methodology employed was step 
rate test with a shear rate of 200 s−1, 100 s−1, 75 s−1, 10 
s−1 and 5 s−1. Density and surface tension were deter- 
mined by a Kruss-processor K-100 tensiometer, using the 
Wilhelmy plate method to determine the surface ten- 
sions. X-ray fluorescence analyses were carried out in a 
Bruker AXS spectrometer S4-Explorer Model. Elemental 
analyses (CHN) were acquired in a Perkin Elmer 2400 
CHN apparatus with relative error in the measurements 
lower than 0.5%. The oxygen content was calculated by 
subtraction. The Fourier Transform Infrared (FT-IR) 

spectroscopy was performed in a Nicollet-Magna 760 
(4000 - 400 cm−1). NMR spectra were acquired in a 
Bruker 200 spectrometer, using deuterated acetone as 
solvent. GC-MS analyses were carried out in a HP6890 
equipment, with a HP-5MS column (30 m  250 m  
0.25 m), using He as carrier gas. Analysis conditions: 
initial temperature = 40˚C; initial holding time = 1 min; 
rate = 5˚C/min; final temperature = 290˚C; final holding 
time = 10 min. 

3. Results and Discussion 

The sugarcane used in this work is from a special variety 
rich in fiber, developed for energetic purpose and it is 
composed of 16.63 wt% of straw, 57.23 wt% of stalk and 
26.14 wt% of tip leaf. Two samples were selected for the 
pyrolysis studies: the sugarcane straw and the sugarcane 
in natura (whole sugarcane). The humidity of the fresh 
samples differs considerably for the different parts of the 
plant. For the straw the humidity was only 15.83 wt%, 
and for the sugarcane in natura (whole sugarcane) it was 
65.28 wt%, mainly because the high water content in the 
stalk (70.10 wt%). 

The oven dried sugarcane feedstock samples were also 
characterized in order to determine their humidity, vola- 
tiles, fixed carbon and caloric power, and the results were 
quite similar for the different parts of the plant. The hu- 
midity in the straw was 10.41 wt% and in the sugarcane 
in natura was 10.74 wt%. The granulometry of the straw 
can be described by three populations: P1 (39.34 wt%; dp 
= 0.24 mm); P2 (37.30 wt%; dp = 0.84 mm); P3 (23.37 
wt%; dp = 1.69 mm); weighted mean diameter = 0.81 
mm, as well as for the sugarcane in natura: P1 (42.88 
wt%; dp = 0.20 mm); P2 (35.72 wt%; dp = 0.85 mm); P3 
(21.41 wt%; dp = 1.70 mm); weighted mean diameter = 
0.76 mm. 

The fixed carbon content (dry basis) was higher for the 
sugarcane in natura (15.37 wt%) than for the straw 
(12.68 ± 1.68 wt%). By other side, the volatiles content 
was higher in the straw (82.60 ± 1.13 wt%) than in the in 
natura sample (81.9 wt%), as well as the ashes (4.72 ± 
0.1 wt% in the straw and 2.8 wt% in the sugarcane in 
natura). The calorific power in the sugarcane in natura 
(18.1 ± 0.7 MJ·kg−1) was higher than in the straw (17.8 ± 
0.7 MJ·kg−1). 

The thermogravimetric analyses were carried out for 
the sugarcane in natura at several heating rates and final 
temperatures, as an example the result at 5˚C/min and 
600˚C is shown in Figure 3—solid line. Three peaks at 
102˚C, 216˚C and 284˚C and a shoulder around 350˚C 
were observed. These peaks are related to water release 
and to hemicellulose, cellulose and lignin thermal de- 
compositions, as reported in the literature. At higher a 
heating rate, it was not possible to discriminate the thermal  
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Figure 3. DTA curves for the sugarcane in natura. 
 
degradation of the biomass components (Figure 3—dash- 
ed line). 

In the experiments carried out in the thermogravimet- 
ric balance for the sugarcane in natura, the yields of the 
process were calculated. At a final temperature of 600˚C 
and heating rate of 5˚C/min, 57.34% ± 1.17% of liquids, 
26.25% ± 0.79% of solids and 16.41% ± 0.58% of gases 
were formed. At the same heating hate and at higher final 
temperature (900˚C) more gases (19.47% ± 0.58%) and 
less liquid (55.12% ± 1.17%) and solids (25.41% ± 
0.79%) were formed. By other side, at higher heating rate 
(15˚C/min) at the same final temperature (600˚C), more 
liquid (58.21% ± 1.17%) and gases (18.67% ± 0.58%) 
and less solid (23.12% ± 0.79%) were obtained. A maxi- 
mum yield of liquid (63.20%) was obtained at 900˚C and 
15˚C/min. At this condition 22.08% of solid and 14.72% 
of gases were obtained. 

The gases formed during the experiment in the ther- 
mogravimetric balance were analyzed by GC and a com- 
position of H2 (0.0236%), O2 (2.83%), N2 (97.5%), CH4 
(0.0488%), CO (0.151%) and CO2 (0.300%) were quan- 
tified for a heating rate of 5˚C/min and a final tempera- 
ture of 600˚C. O2 and N2 were used as combustion gas 
and as carrier gas from the plant to the GC, respec- 
tively. 

The pyrolysis tests in the pilot plant were conducted 
for both sugarcane straw and sugarcane in natura, pro- 
ducing the bio-oils named BIOSS and BIOSC, respec- 
tively. The process temperature was maintained at 480˚C - 
500˚C (T2, T3, T4) and the pressure at 50 - 80 mmH2O. 
During the reaction, around 18% of coal, 40% of bio-oil 
(1:1 of light oil:heavy oil) and 42% of gases, in wet basis, 
were produced for the sugarcane in natura. The calorific 
power of the heavy bio-oil was determined as 25.75 ± 0.6 

MJ·kg−1 and of the light bio-oil as 10.05 ± 0.6 MJ·kg−1. 
The coal obtained from the pyrolysis experiment was 

characterized and it presented 36.42% ± 0.23% of vola- 
tiles, 44.18% ± 0.11% of fixed carbon and 16.60% ± 
0.03% of ashes. The ash in the coal is approximately 5- 
folds higher than in the sugarcane in natura. The calorific 
power of the coal was determined as 20.73 ± 0.7 MJ·kg−1. 

It is important to measure the process energy expenses, 
and considering all the equipment that consumes electric 
energy, a total of 3.09 KWh is consumed per each opera- 
tion cycle. The pilot plant energy balance is presented in 
Table 1, and the energy amount is calculated for both 
sides of Equation (3). For 1 h of reaction, 352 MJ was 
the input energy (left side) and 219 MJ was the output 
energy (right side), being 100, 39, 73 and 7.1 MJ the en- 
ergy of the heavy bio oil, light bio oil, coal and gasses 
fraction, respectively. Part of the energy is consumed to 
maintain the pyrolysis reactor under autothermal condi- 
tion, which means that the air used to fluidize the sand 
bed gets into combustion with part of the biomass, re- 
leasing energy to keep the reactor temperature at 480˚C - 
500˚C. It was not estimated the amount of energy trans- 
fer to the surrounds during the pilot plant operation. 

In order to determine the potential of the produced 
bio-oils as combustion fuels, their physicochemical pro- 
perties were determined and are summarized in Table 2. 
In general, both samples presented very similar charac- 
teristics, as discussed below. 

The presence of water diminishes the calorific power 
and ignition temperature of combustion fuels, but con- 
tributes to reduce the viscosity and to increase the fluid- 
ity of the oil [18]. The measured water content for 
BIOSS was of 5.3% and for BIOSC of 5.5%, lower val- 
ues than those reported for bio-oils from different bio-mass,  
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Table 1. Gas composition and parameters for estimating the 
energy of the gas flow. 

Gas v/v (%)a SCP (kcal/kg) Gas (kg/h) Gas (kcal/h) MJ

H2 0.0236 34,400 0.0035 120.4 0.5

CH4 0.0488 13,250 0.059 782 3.3

CO 0.151 2440 0.32 781 3.3

aGas volumetric composition determined by the thermogravimetric balance 
experiment at 600˚C at heating rate of 5˚C/min. 

 
Table 2. Physicochemical properties of the bio-oils. 

Assay BIOSS BIOSC 

Watercontent (wt%) 5.3 5.5 

Viscosity at 60˚C (Pa·s) 0.5 0.4 

Acidity (mgKOH/g) 44.9 50.6 

Density (g/mL) 1.22 1.22 

Surfacetension (mN/m) 25˚C 26.1 23.8 

C (wt/wt%) 59.54 61.23 

H (wt/wt%) 6.66 7.13 

N (wt/wt%) 0.75 0.69 

O (wt/wt%)a 33.05 30.95 

Raw 
oil 

CH1.33O0.42N0.011 CH1.39O0.38N0.0097Molar 
elementary 
compositions 

Dry 
oilb 

CH1.21O0.36N0.011 CH1.27O0.32N0.0097

aOxygen (calculated from the difference between C, H and N contents). 
bCalculated after subtraction of the water content. 

 
including sugarcane, which ranged from 15% to 30% 
[19]. As described in the literature, the water content is 
very dependent of the condensation process, fractions of 
bio-oils collected at different temperatures presented 
variable amounts of water, which increased at lower con- 
densation temperatures [20]. In the present process, the 
condensation temperature was of 130˚C, which conse- 
quently lowered the water content of the oil. 

Different temperatures and shear rates were tested to 
find the best conditions to measure the viscosity, i.e., at 
60˚C with a shear rate of 5 s−1. BIOSS and BIOSC were 
not fluid enough to measure the viscosity at lower tem- 
peratures, but after a mild heating to 60˚C, it flowed, 
therefore, to use these bio-oils as fuels, a moderate pre- 
heating would be necessary to pump the viscous oil into 
the engines. The viscosity for BIOSS was 0.5 Pa·s and 
for BIOSC was 0.4 Pa·s, within the range reported for 
similar bio-oils (0.1 - 1.0 Pa·s) [11,17-19]. The viscosity 
of bio-oils varies in a large range, depending on the bio- 
mass precursor, on the pyrolytic processes and on the 
bio-oils properties such as water and solid particles con- 
tents, being also very dependent of the bio-oil recovery 
process. The density found for both bio-oils was 1.22 

g·ml−1 at 25˚C, close to the values previously reported 
for similar bio-oils [13,19,21]. 

From the elemental analysis data it was possible to 
observe a higher carbon and hydrogen content in BIOSC 
(%C = 61.23; %H = 7.13) than in BIOSS (%C = 59.54; 
%H = 6.66), and consequently a lower oxygen content, 
30.95% and 33.05%, respectively. This fits well with the 
larger fixed carbon content in the sugarcane in natura 
feedstock. The molar elementary compositions (Table 2) 
are in agreement with the reported data for other bio-oils, 
although the carbon and nitrogen contents are slightly 
higher and the oxygen content is bellow the reported av- 
erage [19,22,23]. 

The surface tension was determined by the Wilhelmy 
plate method due to the high viscosity of the bio-oils at 
25˚C. Relatively low values for surface tension were ob- 
tained for BIOSS and BIOSC, 26.1 mN·m−1 and 23.8 
mN·m−1, respectively, which is an important feature of 
the fuel because it facilitates the formation of emulsion 
and its introduction into the fuel industry [24]. The acid- 
ity of the samples were determined by the method of 
total acidity index (TAI) and values of 44.9 mg KOH·g−1 
and 50.6 mg KOH·g−1 were obtained for BIOSS and 
BIOSC, respectively. These values are relatively small 
due to the presence of weak carboxylic acids in the sam- 
ples, and are in agreement with the literature (35.1 - 98.0 
mg NaOH·g−1) [13,17]. 

From the X-ray fluorescence data it was possible to 
determine the presence of metallic elements in the bio- 
oils, as shown in Table 3. The main elements are Na, S, 
Cl and Fe. The elemental contents are very distinct be- 
tween the two samples and in general the values are 
higher for BIOSS than for BIOSC. We can highlight the 
iron content, which is 807 ppm for BIOSS and only 27 
ppm for BIOSC, and the potassium content that is 123 
ppm for BIOSS and 1 ppm for BIOSC. These values are 
in agreement with those reported for other bio-oils from 
lignocellulosic biomass, which comprehends a large ran- 
ge of metal content [20]. The higher concentration of me- 
tals may have affected the pyrolysis, acting as catalyst 
and increasing the aromatic production, as observed in 
the FT-IR spectra (vide infra). 

The GC-MS chromatograms of the two bio-oils (Fig- 
ure 4) are quite similar in composition, differing slightly 
in the component contents. According to the mass spectra 
analysis it was possible to identify the major components 
of both samples as aromatic compounds and sugars, as 
summarized in Table 4. The aromatic components pro- 
bably come from the lignine fragmentation, as suggested 
by the structural similarity with paracoumaryl, coniferyl 
and sinapyl alcohols, common monomeric unities of 
lignine. Free sugars and 5-hydroxymethyl-furfural from 
carbohydrates dehydration were also identified in high 
pr portion. o 
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Table 3. Metallic elements present in bio-oils. 

Element Na Mg Al Si P S Cl K Ca Fe Cu Zn Br Ag Sn Sb Pb 

BIOSS/ppm 73 4 12 8 1 228 203 123 2 807 1 88 1 3 1 - 1 

BIOSC/ppm 25 2 - 16 - 230 119 1 1 27 1 6 2 3 - 2 1 

 
Table 4. GC-MS analyses for the bio-oils. 

Major compounds tR (min) BIOSSa BIOSCa 

phenol 11.635 1.1 1.0 

o-cresol 13.862 0.8 0.7 

p-cresol 14.457 1.4 1.3 

4-ethylphenol 17.149 2.7 2.2 

o-catechol 18.040 3.3 3.2 

4-methyl-o-catechol 20.578 0.8 1.1 

o-methoxyphenol 14.977 1.4 1.3 

4-methyl-2-methoxy-phenol 17.994 1.8 2.4 

4-ethyl-2-methoxy-phenol 20.388 1.2 1.4 

5-(1-propene)-2-methoxy-phenol 22.474 2.5 2.7 

4-(1-propene)-2-methoxy-phenol 24.808 1.6 1.8 

2,6-dimethoxy-phenol 22.290 3.0 2.9 

2,6-dimethoxy-4-(2-propene)-phenol 28.419 1.2 1.7 

4-methoxy-5-methoxymethyl-phenol 24.713 1.8 1.9 

2-methoxy-4-carboxaldehyde-phenol 23.558 3.4 4.0 

2-methoxy-4-methylcetone-phenol 25.722 4.8 4.4 

2,6-dimethoxy-4-methylcetone-phenol 31.312 2.4 3.0 

2,6-dimethoxy-4-carboxaldehyde-phenol 29.718 2.3 2.5 

Free sugars 26.000 - 26.600 28.5 13.1 

5-hydroxymethyl-furfural 18.929 3.9 5.1 

Non-identified - 30.1 42.5 

aRelative area percentage. 

 

10 15 20 25 30 35 40 45 50 55 60

 

Time (min)

BIOSS

A
bu

n
da

n
ce

BIOSC

 

Figure 4. GC-MS chromatogram of BIOSS and BIOSC.  



Physicochemical Properties of Pyrolysis Bio-Oil from Sugarcane Straw and Sugarcane in Natura 17

  
The FT-IR spectra of BIOSS and BIOSC (Figure 5) 

presented a very similar profile, with a broad band 
around 3382 cm−1 due to O-H stretching vibrations from 
the hydroxyl groups of the lignocellulosic derivatives and 
water molecules. Aliphatic C-H stretchings from -CH2 
and -CH3 are observed at 3000 - 2800 cm−1. The band at 
1709 cm−1 can be assigned to C=O groups possibly from 
carboxylic acids, esters, ketones and aldehydes. The 
bands at 1608, 1515 and 1463 cm−1 are characteristic of 
the C=C stretching mode of aromatic compounds. The 
bands in the region from 1300 to 1100 cm−1 can be as- 
signed to C-O-C groups from ether linkages present spe- 
cially in carbohydrates derivatives. 

The 1H and 13C NMR spectra (Figures 6 and 7) also 
showed very similar profiles, with signals characteristic 
of aliphatic, aromatic and carbohydrate groups. In the 1H 
NMR spectra it was possible to identify four main re- 
gions, the first one from 0.5 to 3.0 ppm is characteristic 
of aliphatic hydrogen atoms in methylene and methyl 
groups. The region between 3 and 5 ppm can be assigned 
to the hydrogen atoms in the carbohydrates, i.e., C-H 
groups in proximity to oxygen atoms. The signals around 
5.3 ppm can be assigned to the anomeric hydrogen from 
the carbohydrate skeleton. From 6 to 8 ppm it is possible 
to identify the aromatic or double bond hydrogens. The 
signals around 9.5 ppm can be attributed to aldehyde or 
carboxylic acid groups. Table 5 shows the integrated 
area for the four main regions in the 1H NMR spectra for  

both bio-oils as well as the ratio BIOSS/BIOSC for the 
respective integrals. Unlike the other regions, the alde- 
hyde/acid proportion is different in the two samples, 
where a ratio BIOSS/BIOSC of 1.73 was obtained. This 
is in agreement with the larger oxygen content found for 
BIOSS in the elemental analysis data. 

The 13C NMR spectra also show signals in different 
regions. From 180 to 150 ppm, the signals can be as- 
signed to carbon from carbonyl compounds as ester and 
carboxylic acids and the signals from 150 ppm to 100 
ppm can be attributed to aromatic or double bond car- 
bons, specially from the lignin fragmentation products. 
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Figure 5. FTIR spectra of (A) BIOSS and (B) BIOSC. 
 

 

Figure 6. 1H NMR spectra of BIOSS and BIOSC (acetone-d6). 
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Figure 7. 13C NMR spectra of (A) BIOSS and (B) BIOSC (acetone-d6). 
 
Table 5. Hydrogen integrals ratio of BIOSC/BIOSS in 1H 
NMR spectra. 

Functional group H (ppm) BIOSS/BIOSC

Aldehyde or acid 10.0 - 9.3 1.73 

Aromatic or heteroaromatic 8.5 - 5.5 1.02 

Alkenes or aliphatic hydrogen  
adjacent to oxygen 

5.5 - 3.0 1.07 

Aliphatic hydrogen 3.0 - 0.5 0.9 

 
The peaks between 110 and 100 ppm can be assigned to 
the anomeric carbons of carbohydrates. The region be- 
tween 80 and 50 ppm can be assigned to aliphatic car- 
bons bound to oxygen, characteristic of the carbohydrate 
derivatives. From 40 to 10 ppm the aliphatic carbons 
from -CH3 and -CH2 are present. 

4. Conclusion 

Two bio-oils, BIOSS and BIOSC, were obtained by fast 
pyrolysis in a pilot plant from sugarcane straw and sug- 
arcane in natura. The measured physicochemical proper- 
ties were quite similar for both samples, which points 
both biomass feedstocks as suitable for bio-oil produc- 
tion in terms of viscosity, surface tension, density and 
acidity. Furthermore, the bio-oil obtained from sugarcane 
in natura presented higher carbon and hydrogen content 
but a lower oxygen content. On the other hand, the metal 
content is higher in the bio-oil obtained from sugarcane 
straw, in special the iron and potassium contents were 
807 ppm and 123 ppm against 27 ppm and 1 ppm in the 
bio-oil from sugarcane in natura. Aliphatic and aromatic 

compounds as well as carbohydrates scaffolds were iden- 
tified as the main components of the bio-oils. GC-MS 
analyses showed aromatic products from lignine frag- 
mentation and free sugars and sugar derivatives. Finally, 
thanks to the high unit flexibility concerning the different 
types of biomass suitable for the process, the bio-oil pro- 
duction in small farms can be largely improved, answer- 
ing social, economics and environmental demands. 
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