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ABSTRACT 

Bio-oil from the fast pyrolysis of agro-residues still need to contemplate different 

production scenarios to look for its feasibility. For this reason, in this work the effect of a 

range of fast pyrolysis temperature (450, 480, 510 and 550 °C) processing rape straw 

biomass (with high K content) has been studied in a continuous bubbling fluidised bed 

reactor. It was found that the catalytic effect of the inorganic content was different at each 

fast pyrolysis temperature, with the lower temperatures resulting in the highest yield of bio-

oil due to minor catalytic effect (up to 41.39 wt. %). It was also found that at 480 °C the 

bio-oil presented the best combination of physico-chemical features such as non-separation 
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phase and the lowest water content; yield (39.65 wt. %) and HHV (19.23 MJ/kg), 

containing a high concentration of phenolic compounds. At the fast pyrolysis temperature 

of 510 °C and 550°C, the conjunction effect of temperature and the catalytic effect 

provoked bio-oil separation into two phases and a higher gas yield than was expected. 

Then, the higher temperatures are not suitable for bio-oil production. Char is also an 

interesting co-product for all pyrolysis temperatures. 

 

1. INTRODUCTION 

Alternative energy demand through bioenergy processes is increasing in a current society 

that worries about the environmental impacts of the use of fuels. Fast pyrolysis is a thermal 

depolymerisation process in the absence of air yielding three products: a liquid fraction (bio-

oil), a solid fraction (char) and a gaseous fraction (non-condensable gases), with the 

production of bio-oil being the focus. This technology produces biofuels from lignocellulosic 

biomass and can be used to manage biomass residues resulting in a dual benefit. It is a 

promising alternative for producing valuable products from renewable resources, as well as 

reducing the CO2 carbon footprint and there is a large availability. Moreover, if they come 

from residues they can be properly removed. 

The conditions that evolved fast pyrolysis are: high heating rates and very high heat 

transfer rates; careful control of the temperature typically 500 °C; short hot vapour residence 

times (< 2 s); rapid removal of char and rapid cooling of pyrolysis vapours [1]. Bio-oil yield 

is feedstock dependent as each biomass has a different proportion of its main components, 

cellulose, hemicellulose and lignin [2]. All three main components result in a variety of 

decomposition pathways during fast pyrolysis producing  a complex combination of products 

in the vapour phase [3]. The bio-oil constituents are typically oxygenated compounds that 

can be potentially used as fuels or sources of value-added compounds [4], whilst the char and 

non-condensable gases can also be used as fuels. 

Previous studies have shown that woody biomass has better properties for bio-oil 

production at the same pyrolysis temperature [5]. Nonetheless, agricultural crop residues 



would be an interesting source of biomass feedstock for thermal processes because it 

generates high amount of residues that should be correctly managed through the “energy 

from waste” concept. This type of biomass is commonly linked with high ash content [6], 

which has been linked to lower bio-oil production as it provokes phase separation in bio-

oils occurring due to the catalytic effect of the inorganic matter during the fast pyrolysis 

reactions [1]. There are some studies about minimising inorganic matter within biomass by 

pretreatment [7], [8],[9] , [10], etc. However these practices result in higher processing 

costs and do not solve other issues of bio-oil characteristics. Experimental evaluation of 

pyrolysis temperatures has been done before in slow pyrolysis to explain biomass behavior 

and how they affect yields such as [11], [12]. Focusing on fast pyrolysis, this work aims to 

study the  effect of temperature (450 °C, 480 °C 510 °C and 550 °C) within a fluid bed fast 

pyrolysis reactor has on processing high ash content feedstock, in this case rape straw (>6 

wt. % ash content). The objective is to conclude if controlling the temperature can minimise 

the effect of inorganic matter has on bio-oil yields and their characteristics, for their 

subsequently upgrading through hydrodeoxygenation, catalytic cracking, emulsification, 

steam reforming [13] and get clean fuels or chemicals. Thus, the novelty of this work is to 

evaluate the real behavior of high ash biomass in a semi-pilot reactor finding their most 

suitable bio-oil production condition previous to their upgrading. The chemical 

composition of the fast pyrolysis products, the physical properties of bio-oil and the energy 

product distribution are priorities of this work. In addition, bio-oil stability has been 

analysed to assess how its final composition would affect its behavior in long term storage, 

for their management either for upgrading or direct use as the principal product of fast 

pyrolysis. 

2. MATERIALS AND METHODS 

2.1.Materials 

The rape straw was grown at Villaturiel village, province of Leon (Spain). The rape straw 

was dried in a greenhouse for a period of 24 h to reduce the moisture content to 11 wt. %. 

The material was then submitted to three different cutting processes as pretreatment to 

achieve specific particle size fractions for fast pyrolysis processing (0.25 - 2 mm) and 

biomass characterisation (0.15 - 0.25 mm). 



2.2.Thermogravimetric studies 

Thermogravimetric analysis was carried out using a PerkinElmer Pyris 1 thermobalance, 

following the standard ASTM E1131-03[14]. Different samples of 5.0±0.1 mg were 

pyrolysed at five heating rates (β: 2, 5, 10, 25 and 75 °C min.-1) up to a maximum temperature 

of 600 °C with a hold time of 15 min. The inert atmosphere was set with a nitrogen flow rate 

of 30 ml min.-1. Samples were analysed in triplicate. 

2.3. Fast pyrolysis experiments  

The fast pyrolysis tests were performed in a 1kg h.-1 continuous bubbling fluidised bed 

reactor at the Bioenergy Research Group (BERG, Aston University). The system is 

composed of the feeding system, the main pyrolysis reactor chamber and products’ 

collection chambers. The biomass feed rate was 650 kg h.-1 and was dependent on biomass 

density. The feeding system was an air-tight hopper with a nitrogen purge that fed into the 

lower part of the fluid bed reactor. The reactor bed material was 1 kg of sieved quartz sand 

with a particle size between 600 and 710 μm.  The reactor was fluidized using pre-heated 

nitrogen as carrier gas (17 dm3 min−1). It was pre-heated in a chamber below the main 

reactor chamber. The hot vapour residence time was below 1.5 s in the reactor and 

associated hot pipework and cyclones. When the gas left the reactor it passed through two 

heated cyclones and the char was deposited on a chamber for its collection. After the 

cyclones the pyrolysis vapours from the gas condensed in a cooled quench column in 

contact with ISOPAR™ (ISOPAR V. CAS number: 64742-46-7. Supplier: Multisol 

Limited). A temperature between 20 and 25 °C was kept with a water jacket that 

surrounded the quench column. The aerosols remained in a wet walled electrostatic 

precipitator (20 kV and 0.2mA), flushed with ISOPAR™.  Following the electrostatic 

precipitator the gas passed through a water cooled condenser (0–15 °C), two dry ice–

acetone condensers (at −70 °C), a cotton wool filter, and 250 g of silica gel (silica gel 

orange, CAS number: 112926-00-8, 2–5 mm). An on-line Varian CP 4900 Micro-GC 

microgas chromatograph with a thermal conductivity detector (TCD) and two columns 

(Varian CP-5AMolsieve and CP-PortaPLOT) were used for the analysis of non-

condensable gases. The gas (nitrogen and product gas) was analysed every 150 s, and its 

final composition was the average of readings. Temperatures were measured with K-type 



thermocouples joined to a Microlink 751 ADC unit and recorded using Windmill data 

logging software. System pressures were measured to identify any blockages or leaks. Mass 

balances (wt.% on dry basis) were calculated based on mass of biomass processed and bio-

oil, char and non-condensable gases. Further details of the reactor configuration are 

described elsewhere [8]. 

Acceptable mass balance closures were achieved for all temperatures (>88 %). Previous 

tests have ranged between 84.76 to 94.24 wt.% in the same equipment [8]. Losses in the 

mass balance are thought to be caused by: the size of the reactor (semi-pilot plant); the 

complexity of the system; errors in water content analysis, weight measurement and gas 

analysis caused by heavily diluted pyrolysis gases (content of nitrogen carrier gas above 

95% in the gas stream).  

2.4 Analysis techniques 

2.4.1 Feedstock and char characterisation 

Ultimate composition analysis for the feedstock and char obtained after fast pyrolysis 

were performed using a Carlo-Erba 1108 elemental analyser to determine the chemical 

elements: C, H and N, according to the standard ASTM 5373 [15]. Prior to analysis the 

materials were dried at 105  ± 2 °C for 24 h in order to remove moisture. The analysis were 

done in duplicates and the average value was determined. Oxygen content was obtained by 

difference. 

The feedstock was also analysed for proximate composition (total moisture, volatile 

matter and ashes) according to the standard ASTM D3302 [16], the norm UNE 3219 UNE-

EN ISO [17] and the standard ASTM E1755-01(2015) [18]. Moisture content was measured 

by duplicate in a Sartorious MA 35 moisture analyser. Ash content was determined with a 

Carbolite AAF1100 furnace, being previously dried at 105 ± 2 °C for 24 h in order to remove 

moisture content. Inorganic content (Al, Ca, Fe, K, Mg, Na, P and Si) was determined by 

acid digestion and carried out in an induced coupled plasma emission spectrometer Varian 

Vista MPX ICP-OES done in an external lab. 



Char ash content was determined by combustion with a thermobalance in a stable air 

atmosphere, with a heating rate of 5 °C min.-1 with a maximum temperature of 575 °C, held 

for 15 min at this temperature. 

The high heating value (HHV) was calculated according to Frield et al., (2005) [19]. 

2.4.2 Gas fraction characterisation  

The gas fraction was analysed by an on-line Varian CP 4900 Micro-GC microgas 

chromatograph. A thermal conductivity detector (TCD) and two columns, Varian CP-5A 

Molsieve and a Varian CP-PoraPLOT, were used to analyse the non-condensable gases 

(hydrogen, carbon monoxide, carbon dioxide, methane, ethane, ethene, propane, propene, 

and n-butane). Samples of non-condensable gases were taken at intervals of 150 s for the 

entire length of fast pyrolysis experiment. Thus, the global gas composition for each run was 

calculated from the mean value of the entire data detection of each gaseous specie. The lower 

heating value was obtained theoretically from the norm UNE-EN-ISO 6976 [20] based on 

the volumetric composition and the heating value of each gaseous specie at 0 °C.  

2.4.3. Bio-oil characterisation  

2.4.3.1. Ultimate composition analysis and heating value determination 

Ultimate composition analysis was determined on a wet basis following the procedure 

described in section 2.4.1 for solids. The high heating value was also determined according 

to Frield et al., (2005) [19]. 

2.4.3.2. Water content, pH, and dynamic viscosity determination 

The water content of liquid products was determined by volumetric Karl-Fischer (KF) 

titration using a Mettler Toledo V20 KF titrator. Hydranal (R) K and Hydranal (R) Composite 

5 K were used as a medium and a titrant respectively. Prior to analysis, the KF instrument 

was calibrated with HPLC grade water and the system flushed with working medium between 

each sample analysis. The analyses were done in triplicate and average values were taken. 



Bio-oil acidity was calculated by means of a pH analysis using a Sartorius pH-meter 

according to the standard ASTM E70 – 07 [21]. 

A Brookfield Viscometer model DV–II + pro rotational viscometer was used to measure 

the dynamic viscosity of all bio-oil samples. Prior to measurements, the viscometer was 

calibrated with a 0.0045 Pas Brookfield silicone viscosity calibration standard (±1 % 

accuracy; repeatability 0.2 % full-scale range). The viscosity of the bio-oils were measured 

at 40 ± 0.1 °C when the shear rates identified Newtonian behavior in the bio-oil. Different 

spindles (CS4-18 and CS4-34) were used as appropriate using an initial speed of 5 rpm, 

increased every minute by 0.5 rpm for 120 minutes.  

2.4.3.3. Gel permeation chromatography (GPC) for molecular weight determination 

Gel permeation chromatography PL-GPC-50 was used to measure the average molecular 

weight distribution of the bio-oil. The GPC has two columns Agile PL gel (300 m length x 

7.5 mm wide) with a pore size of 5 µm. Approximately 50 mg of bio-oil was diluted in 

Tetrahydrofuran (HPLC grade): in a 1:20 v/v proportion. The THF solution of bio-oil was 

first filtered using filter paper of 0.2 µm to remove any solid that could block the column. 

Then, 100µl of bio-oil solution was automatically by an injector PL-AS RT setting, whilst 

the GPC was maintained at 40 °C. The parameters which were measured were the number of 

average molar mass (Mn), the average molecular weight distribution (Mw) and the 

polydispersity index (PD = Mw/Mn). 

2.4.3.4. Compound identification and quantification: liquid-GC/MS 

For the identification and quantification of the constituents of each bio-oil sample, a 

PerkinElmer TurboMass Gold GC-MS/FID system was used. The GC-MS/FID system has a 

PerkinElmer Elite-1701 column (crossbond: 14 % cyanopropylphenyl and 85 % dimethyl 

polysiloxane) with 60 m length, 0.25 mm interior diameter and 0.25 mm gross. GC samples 

were prepared by mixing bio-oil and GC grade ethanol (1:5 v/v). A GC sample of 1 ml was 

injected onto the GC column via an injection port at 280 °C, with 1:25 split ratio. Separation 

was carried out on the column. The GC oven was programmed with the following steps: held 

constant at 45 °C for 5 min, then ramped at 5 °C min. -1 to 250 °C and held for 5 min. During 



the test, a constant flow of 2 ml min. -1 of helium was used as carried gas. Mass spectra was 

obtained using 70 eV ionisation energy within a molecular mass range of m/z 35 to 300. The 

main peaks were identified using the NIST98 MS library and from literature assignments 

[22], [23] [24, 25], [26]. 

2.4.3.5. Bio-oil accelerated storage experiment 

To simulate one year bio-oil degradation at ambient temperature, the bio-oil were 

subjected to an accelerated storage experiment according to [27]. 75 ml of each bio-oil was 

placed in a 100 ml glass bottle previously dried at 105 °C for 4 h in order to remove all 

moisture. The lids were replaced on the bottles and placed in an oven at 80 °C for 24 h. After 

10 minutes, the bottle lids were re-tightened. After 24 h the bio-oil samples were removed 

from the oven and left to cool. The molecular weight distribution (Mw), water content (W) 

and viscosity (V) were re-measured and a stability index was calculated using equations 

equations (eq) 1, 2 and 3 respectively. 

 

ΔMwSTABILITY = (MwAGED- MwFRESH)/ MwFRESH  eq. 1 

 

ΔWSTABILITY = (WAGED- WFRESH)/ WFRESH eq. 2 

 

ΔVSTABILITY = (VAGED- VFRESH)/ VFRESH eq. 3 

 

Where: 

 

FRESH – value before accelerated storage experiment (0 h); 

AGED– value after accelerated storage experiment (24 h). 

A zero value of the index points to a stable bio-oil that does not change its molecular 

weight distribution, water content or viscosity with heating or time; a value between 1-0  or 

0-(-1) value indicates an increment or detriment in average molecular weight, water content 

or viscosity respectively than initial characteristics of bio-oils previous to storage tests. 

3. RESULTS AND DISCUSSION 

3.1. Biomass characterisation  

Biomass characterisation is relevant to identify the effect of biomass composition in fast 

pyrolysis processing. Table 1 summarised the rape straw biomass composition. Rape straw 



C, H, N and O values were found similar to 47 %, 6 %, <3 % and 54 % average values (dry 

as free basis) respectively from 150 different biomass resources [28]. Only oxygen content 

was distant about 7 % lower. Comparing moisture, volatile matter and ashes average values 

from Garcia et al., (2012) [28], moisture was found to be 15 % lower and the volatile matter 

had nearly values of 70 % volatile matter. The ash content fell in the 2-10 % range. Moisture 

and ash contents are usually more variable due to growing conditions and harvesting [29]. In 

addition, rape straw inorganic content was characterised for high levels of  K, Ca and P which 

are typical values of agroresidual materials [30]. 

Figure 1 shows the thermogravimetric profile of rape straw at different heating ramps. 

According to Carrier et al., (2011) [31], the thermogravimetric profile is an indicator of 

cellulose, hemicellulose and lignin relative content  and their individual behavior can be 

determined from the shape of the thermogravimetric profile. Rape straw has an unique peak 

of mass loss rate and its maximum decomposition rate correlates well with the principal 

cellulose peak found by other authors (342 °C; 10 °C min.-1), indicative of high cellulose 

content. This result is in line with a previous study where rape straw was composed of 45% 

of cellulose, 19% of hemicellulose and 18% of lignin [32]. It is notable that the heating ramp 

affects the rate of mass loss and the maximum rate of mass loss temperature, being elevated 

at higher heating rates. This behavior is an important factor for fast pyrolysis as the higher 

heating rate releases volatiles quickly and promotes less char formation, from 34.80 % (2 °C 

min.-1) to 22.89 (75 °C min.-1). 

3.2. Fast pyrolysis processing  

The fast pyrolysis mass balances for rape straw processed at 450 to 550 °C are 

summarised in Figure 2. When the fast pyrolysis temperature increases there was an increase 

in gas yield (from 14 wt. % to 18 wt. %), a decrease in char yield (from 25 wt. % to 23 wt. 

%) and a decrease in bio-oil yield (from 36 wt. % to 25 wt. %). The most representative 

temperature for fast pyrolysis is usually 510 °C [1] because it results in the highest bio-oil 

yield and the lowest char and non-condensable vapours yields. Nonetheless, there was an 

increase in water formation at 510 °C but not a char nor gas fraction increment, decreasing 

bio-oil yield. In addition, bio-oil at 450 and 480 °C resulted in a single phase product, but at 

higher temperatures (510 and 550 °C) the increment of reaction water caused phase 



separation, as it is shown in figure 3a. It is likely that the high inorganic content of this 

biomass resulted in a catalytic effect on the fast pyrolysis products. According to 

Nowakowski & Jones, (2008) [25] K provokes the cracking of the glucosidic unit of cellulose 

by depolimerisation and fragmentation to lower molecular weight compounds resulting in 

more water formation, CO2, methane, acetone, acetic acid, formic acid, glyoxal, 

hydroxyacetaldehyde, etc. Furthermore, the thermogravimetric analysis showed high 

cellulose content in rape straw; and cellulose normally yields high liquid yields [33]. So the 

catalytic effect was relevant in the bio-oil and dependent on pyrolysis temperature.  

The maximum bio-oil yield was accounted at 450 ºC with a yield value of 41 wt. % 

(removing the losses of the balances). This yield was nearly 10 % less than the bio-oil yield 

from fast pyrolysis of cellulose [1], indicating that the catalytic effect of K also affected at 

low temperatures. 

3.3 Gas characterisation 

The main non-condensable gases from fast pyrolysis of lignocellulosic material are 

carbon dioxide (CO2) carbon monoxide (CO), light-hydrocarbon (CH4 and C2-C4) and 

hydrogen (H2) [34]. Figure 4 shows the different gaseous species composition trend at the 

fast pyrolysis temperature range of 450-550 °C. CO2 was the main component in the entire 

range of temperatures, at concentrations higher than 40 % of the total non-condensable gas 

yield. According to Tröguer et al., (2013) [35] high release of CO2 correlates well with 

biomass that has high inorganic content. The second main component was CO that showed 

an emission peak of 36 % of the total non-condensable gas yield at 480 °C. This peak points 

to an increased rate of cracking reactions of the carbonyl and carboxyl groups of cellulose 

[34]. CO/CO2 ratio is an indicator of product yield changes. In fact, an increase in CO and a 

decrease in CO2 indicate an increase in condensable vapours and a decrease in char, gas and 

water yields, even being a controlling variable in fast pyrolysis processes [35]. It is 

considered that the biomass inorganic matter promoted this stage at lower temperatures rather 

than at 510 ºC (most representative temperature for fast pyrolysis). The light hydrocarbon 

fraction (C2-C4) was higher at lower temperatures (450-480 °C) and the CH4 was higher at 

higher temperatures (510-550 °C), because lignin and cellulose released it from the aromatic 

rings of its constituents at this interval of temperatures [36]. The high CH4 at 510 and 550°C 



temperatures can be also explained from the catalytic effect of potassium over cellulose, 

found by Nowakowski & Jones, (2008) [25]. Low H2 yields were produced at all fast 

pyrolysis temperatures ranges, as significant hydrogen release is not evident until fast 

temperatures are greater than 550 °C [36]. Low hydrogen yields are produced also because 

of the low lignin content of the rape straw which usually release more H2 [34]. 

The LHV of the gases were: 16.72 (450 °C), 17.51 (480 °C), 21.57 (510 °C) and 19.27 

(550 °C) MJ m-3. The gas fraction with the highest heating value was produced at the fast 

pyrolysis temperature of 510 °C, this is due to a higher yield of light hydrocarbons, lower 

CO yields and the lowest CO2 yield of all fast pyrolysis temperature ranges. 

3.4 Char characterisation 

Table 2 shows the proximate and ultimate analyses, ash content and HHV value of the 

char from 450 to 550 °C fast pyrolysis temperatures. As the fast pyrolysis temperature 

increased, the ash content increased, especially at 550 °C, probably caused by a severe 

devolatilisation promoted by the higher reaction temperature. The carbon content increased 

as the fast pyrolysis temperature increased. There were also a decrease in nitrogen which 

could have been released as N2 gas. Hydrogen decreased with temperature, being higher the 

detriment at 510 °C because of the higher reaction water formation in the liquid fraction from 

the catalytic effect of K. Oxygen decreased more at 550 °C due to the highest release of CO2 

in the gas fraction at this temperature. 

The heating value was maintained almost constant between 23-24 MJ kg.-1 at all fast 

pyrolysis temperatures. At higher fast pyrolysis temperatures there was a higher 

concentration of carbon but the ash content from the biomass with high inorganic matter also 

increased given the further devolatilisation caused by the higher temperature, thereby 

reducing the overall heating value. 

3.5 Bio-oil characterisation 

Table 3 shows the ultimate analysis, high heating value, water content, pH, viscosity 

and the average molecular weight distribution of each bio-oil at each fast pyrolysis 

temperature. Difference in bio-oil phases were found with some being single phase (SP), 



and others being phase separated, a light phase (LP) and heavy phase (HP). At 450 and 480 

°C pyrolysis temperatures, bio-oil was a single phase. At higher temperatures the bio-oil 

was phase separated given the catalytic effect of K that promoted high water reaction at 

those temperatures .Thus, the carbon content being concentrated in the heavy phase, the 

light phase had a high water content. The high water content in the light phase resulted in 

increased hydrogen and oxygen content when compared to the heavy phase or the single 

phase bio-oils. The nitrogen content was concentrated in the heavy phase, thus nitrogen 

tended to be linked to heavy polymeric structures. The HHV was higher at 480 °C (19.23 

MJ/kg) than at 450 °C (16.11 MJ/kg) in the SP bio-oils. It is likely that their individual 

condensable vapours had higher HHV, promoted by favorable cracking reactions enhanced 

by the inorganic matter. Despite of the higher carbon content of the HP bio-oil at 550 °C 

the oxygen content made its HHV remained low. Common HHV values of bio-oil are 

within the range of 16-19 MJ/kg [13]. 

Table 3 also showed the physical features of bio-oils from fast pyrolysis of rape straw. 

Single phases from 450 and 480 °C fast pyrolysis temperature are maintained in middle 

values of water content (35.92%) (33.69%), viscosity (876 Pa.s) (1138.5 Pa.s) and average 

molecular weight distribution (484.5 g/mol) and (570 g/mol) respectively than light and 

heavy phases. Those values of water and viscosity from 450 and 480 °C bio-oils are almost 

within the common bio-oil ranges of water (15-30 wt%) [13] and viscosity (1000-9000 

Pa.s) [37]. Those SP bio-oils had a lineal relation between these parameters (water content, 

viscosity and molecular weight distribution) as other authors reported [27] but it was not 

remained in separated phases. The HP bio-oils contained heavy molecular mass compounds 

identified by an increased average molecular weight distribution. That heavy molecular 

compounds had high viscosity that indicated high polimerisation reactions caused by the 

catalytic effect of K at high temperatures forming high water content that remained in the 

light phase. Then, the linear relation between water content, viscosity and molecular weight 

was not conserved. 

The pH content was higher than common values for bio oil (̴ 2.5) [37], therefore 

containing lower acidic compounds. The fast pyrolysis temperature of 550 °C resulted in the 

highest pH bio-oil. It is likely that acid compounds reacted by esterification and 



transesterification reactions producing water and long ester chains that would be in 

accordance with the higher water content gained in the light phases and the higher average 

molecular weight in the heavy phase. 

3.6 Energy distribution in the pyrolysis fractions 

Figure 5 shows the energy distribution in the fast pyrolysis fractions produced at each 

fast pyrolysis temperature. The energy distribution depends on the mass yield and HHV of 

each fraction. According to figure 2, the char mass yield decreased when the fast pyrolysis 

temperature increased, whilst their HHV increased due to further char devolatilisation caused 

by the temperature increment. From 450 to 510 °C the char decreased in energy yield. 

However, the char produced at 550 °C had high heating value (24.10 MJ/kg) due to a high 

grade of carbonisation and the lowest oxygen content (10.75%). Thus, the HHV affected the 

overall energy content, being incremented. 

The highest mass yield of bio-oil was obtained at 450 °C, but the highest energy yield 

was obtained at 480 °C due to very similar mass yield as 450 °C (̴ 1 % lower) but a higher 

HHV. Gas fraction energy content was more relevant at 510 °C where it was enriched in 

hydrocarbon (methane and C2-C4 hydrocarbons) incrementing its HHV coming from the 

conjunction effect of temperature and the catalysed effect of K over cellulose. This trend is 

repeated at higher fast pyrolysis temperatures increasing in energy yield. 

3.7 Bio-oil chemical composition 

Bio-oil produced at 480 °C was selected as reference because it was single phase and 

had the highest energy content. Table 5 shows the main compounds identified in the bio-oil. 

A total of 52 % of the area has been identified. From the 52 % of identified compounds 23 

% of the chemical compounds are phenols. The presence of this group are typically lignin 

indicators. Nonetheless, lignin was not the main component of the rape straw. It is proposed 

they come from the catalytic effect of K over cellulose together with the high the bio-oil 

reaction water. Nowakowski & Jones, (2008) [25] proposed that K decomposes cellulose via 

a different reaction pathway, decreasing anhydrosugars and furanics and promoting phenols 

and cyclopentane derivatives that has been found in the GC-MS analysis: 2-Methoxyphenol 



(guaiacol) (4), 2- Methoxy-4-methlyl-phenol (creosol) (6) and 2,4 Dimethoxy-phenol 

(syringol) (10) and 2-Hydroxy-3-methyl-2-cyclopenten-1-one (corylon) (3) and 3-Ethyl-2-

hydroxy-2-cyclopenten-1-one (5) compounds. In addition, P could also have a catalytic effect 

on the fast pyrolysis reaction promoting levoglucosanone (18) through regrouping and 

dehydratation reactions of the levoglucosan [24]. Moreover, this premise is supported by the 

formation of desaspidinol, metoxiphenols, dimetoxiphenols and trietoxiphenols (20, 15, 17 

and 19) that are promoted by the catalytic effect of P on lignin [24]. It is therefore assumed 

that K and P catalysed the fast pyrolysis reaction provoking natural selection of phenols and 

reducing typical bio-oil compounds such as furfural groups which were not found in the 

identified compounds. 

3.8 Bio-oil storage test 

To study the bio-oil degradative behavior an accelerated storage experiment was 

performed, and figure 3b shows the bio-oils separation phase behaviors. It can be seen that 

single phase bio-oils from 450 and 480 °C fast pyrolysis temperature have become phase 

separated and that bio-oils that were already phase separated (510 and 550 °C) have an 

increased heavy phase fraction to values higher that 60 %. Table 4 shows the bio-oils 

immediate analysis, the HHV and the stability indices for water content, viscosity, average 

molecular weight distribution, pH and polydispersity. Light phases were concentrated in 

hydrogen and oxygen due to more water content whilst heavy phase were concentrated in 

carbon content. The oxygen content was still high in the heavy phase resulting in lower than 

expected heating values. Nitrogen was linked to heavy compounds as it was found 

previously. 

The stability indices showed the overall bio-oil water content did not almost increased. 

This fact may be explained because the water formed may be used in the formation of new 

compounds and a redistribution of the overall water content in the different phases (LP and 

HP). Furthermore, molecular weight distribution increased from 21 to 45 % in the heavy 

phase and in most of the bio-oil light phases (3 to 26 %). Thus, it is expected that the phase 

separation of bio-oils were caused by the difference in properties of viscosity and average 

molecular weight distribution of newly formed compounds. It is also probably that if water 

was formed during the accelerated storage experiment it would take part in new reactions. 



According to Chen et al. (2014) [38] the main reactions during storage were: esterification 

reactions (alcohols with organic acids forming esters and water), transesterification reactions 

(exchanging of alcohol and acid groups in a mixture of two or more esters), 

homopolymerization reactions (aldehydes reacting with each other to form polyacetal 

oligomers and polymers), hydration reactions (aldehydes or ketones mixed with water react 

to form hydrates), etc. During this process the samples tended to be acidified in low range. 

Finally, the polydispersity index highlights that the bio-oils are composed of a higher number 

of molecules than before accelerated storage, as the Mw increased ant PD remained almost 

constant. Thus, indicating an increase in the number of molecules. 

CONCLUSIONS 

It has been demonstrated how the fast pyrolysis temperature and K and P content of 

ashes interact in the pyrolysis reaction and affect the chemical composition and physical 

characteristics of bio-oil. Despite the high potassium content of the feed, the bio-oil showed 

common bio-oils physico-chemical features, at 480 °C. Although the yield was not high 

(39.65 wt. %), non-separation phase was achieved, giving a chance of using high ash 

biomasses in fast pyrolysis and upgrading. Further work should be done to assess bio-oil 

upgrading if “energy from agro-waste” is the objective of getting renewable fuels. It has 

been perceived that potassium has a catalytic influence on the bio-oil composition, 

provoking natural selection of phenols in the bio-oil, pointing it could be also possible to 

study their use for the resin industry.  

The energy distribution between all fast pyrolysis products has also shown the 

relevance of the solid fraction (char). Thus, char should also be considered a relevant co-

product to take into account for fast pyrolysis of high inorganic biomass given their high 

yield and energy content. They can be reused as a source of energy for the production of 

bio-oil and even for its upgrading that could benefit the feasibility of the process. 
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