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ABSTRACT 10 

Torrefaction upgrades the biomass as an energy source enhancing its poorest 11 

characteristics. Non-oxidative torrefaction of six biomass samples (pine, 12 

eucalyptus, chestnut, holm oak, olive tree pruning and vine shoot) was 13 

conducted in a tube furnace reactor within the range 200-300 ºC and proximate, 14 

ultimate and heating value analysis as well as wettability studies were carried 15 

out to characterize the torrefied samples and find the optimal temperature of the 16 

process. In addition, Pyrolysis-gas chromatography/mass spectrometry (Py-17 

GC/MS) was performed and chemical-kinetics parameters of torrefaction were 18 

obtained at optimal temperature. At optimal torrefaction temperature, moisture 19 

was reduced up to 2.5 % and H/C and O/C atomic ratios up to 1.3 and 0.6, 20 

respectively. Contact angle measurements show an increase in hydrophobic 21 

behaviour. Lignin was affected by torrefaction since decomposition products 22 

from guaiacyl (G) and syringyl (S) units were released during Py-GCMS 23 

experiments. The global reaction order was 2.2 and kinetic constant values 24 
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were in the range 2.17·10-5 to 4.83·10-5 s-1.  25 

 26 
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1. INTRODUCTION 30 

Biomass is one of the promising renewable energy sources which provides 10% 31 

of world primary energy supply [1] and contributes to match the European 32 

targets by 2020. It has a higher availability than other renewable energy 33 

sources such as wind and hydropower [2]. However, biomass is characterized 34 

by its hygroscopicity and compared to coal it has lower calorific value and lower 35 

energy density, which may cause problems in its transport, storage and 36 

combustion. Furthermore, its fibrous nature results in a difficult grinding, which 37 

requires higher energy input than coal. 38 

In order to overcome these undesirable properties, biomass can be pretreated 39 

via torrefaction. Dry non-oxidative torrefaction is a mild pyrolysis process carried 40 

out at temperatures ranging of 200-300 ºC in an inert atmosphere [3]. Torrefied 41 

biomass possesses better properties as fuel than raw biomass. Improvements 42 

after torrefaction include lower moisture content, higher high heating value 43 

(HHV), and the torrefied biomass turns hydrophobic [4]. As a result, energy 44 

density of torrefied biomass is increased and its grindability improved [5]. In 45 

addition, its susceptibility to biological degradation is reduced due to the 46 

acquired hydrophobic nature of torrefied biomass. Hydrophobic behaviour of 47 

raw and torrefied biomass can be measured by wettability studies. Contact 48 
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angle is considered to correlate with the wettability of surfaces. The topic of 49 

wetting plays an important role in many industrial processes, such as oil 50 

recovery, lubrication, coating and painting [6–11]. Wettability studies usually 51 

involve the measurement of contact angles as the primary data, which indicates 52 

the degree of wetting when a solid and liquid interact. Small contact angles 53 

(<90°) correspond to high wettability, while large contact angles (>90°) 54 

correspond to low wettability [10]. Many of the differences in contact angle 55 

values are reported to be largely attributed to surface roughness differences of 56 

the different species and different wood surfaces [6,7] 57 

Py-GC/MS is appropriate for studying biomass torrefaction components 58 

evolving, though this technique is mainly used in pyrolysis studies rather than 59 

torrefaction ones. As known, lignin of woody biomass is mainly composed of 60 

guaiacyl (G) and syringyl (S) units and in a lesser extent p-hydroxyphenyl (H) 61 

units. Py-GC/MS has been increasingly used to estimate the S/G ratio of lignin.  62 

A few studies have been conducted focused on how the torrefaction affects the 63 

structural components of biomass and its torrefaction kinetics [4,5,12]. The 64 

results showed that hemicellulose is the most reactive component of biomass 65 

even at low temperatures and the reaction order of xylan was found as third 66 

order. With regard to the standard fuel analysis, mass and energy yields, there 67 

has been a great deal of research [2,13–17]. Several papers study the kinetics 68 

of torrefaction through single step [4] or two-step models [18–21]. A few studies 69 

report on the improvement of their grindability properties [17,22,23]. Py-GC/MS 70 

was used to study the evolved gases during the pyrolysis of several kinds of 71 

biomass such as pine sawdust [24], silver birch sawdust [25] or poplar wood 72 
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sawdust [26]. There have not been found Py-GC/MS experiments at torrefaction 73 

temperature nor wettability studies of torrefied biomass. Most of the researches 74 

made in torrefaction is focused on torrefaction of pine, eucalyptus, chestnut 75 

[2,22,27–34] and olive tree [35]. However, there have been found no studies on 76 

holm oak or vine shoot, which are some of the main types of residual biomass 77 

in Spain and other Mediterranean countries. 78 

The present study focuses on the non-oxidative torrefaction of these last 6 79 

samples, i.e. pine, eucalyptus, chestnut, olive tree, holm oak and vine shoot. 80 

Mass and energy yields, proximate and ultimate analyses and high heating 81 

value were obtained, the hydrophobicity was assessed and an optimal 82 

torrefaction temperature was found based on these results. In addition, gases 83 

from torrefaction were analysed by Py-GC/MS at the optimal torrefaction 84 

temperature found. Furthermore, isothermal kinetics of torrefaction at the 85 

optimal temperature were calculated using a thermogravimetric analyser. 86 

 87 

2. MATERIAL AND METHODS 88 

2.1 Sample preparation 89 

Six woody biomass samples were used in this study, which are pine, 90 

eucalyptus, chestnut, holm oak, olive tree pruning and vine shoot. These 91 

samples have been chosen to ensure that the main forestry and agroindustrial 92 

wastes in many European countries were studied. Biomass samples were 93 

grinded and sieved to a size between 710 - 1000 µm and the characterization of 94 

the raw biomass samples were conducted (Table 1). 95 

 96 
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Table 1. Characterization of raw biomass samples. 97 

 Pine Eucalyptus Chestnut 
Vine 
shoot 

Holm 
oak 

Olive tree 
pruning 

Proximate analysis, % 

Moisture 7.63 9.45 7.85 7.63 9.31 9.07 

Volatiles 87.87 84.20 82.17 74.13 78.27 81.95 

Ash 0.25 1.54 0.13 12.10 3.31 2.82 

Fixed Carbon 11.88 14.26 17.70 13.77 18.42 15.23 

Ultimate analysis, % 

C 47.90 44.91 46.35 42.15 45.22 44.49 

N 0.16 0.29 0.20 0.88 0.64 0.63 

S 0.51 0.54 0.98 0.71 0.62 0.64 

H 6.53 6.24 6.00 5.86 6.05 6.27 

O 44.89 48.03 46.48 50.41 47.46 47.97 

HHV, J/g 19402 17655 17687 16487 17537 18007 

 98 

2.2 Torrefaction experiments 99 

Pine, eucalyptus and chestnut were the samples selected for determination of 100 

optimal torrefaction temperature. Non-oxidative torrefaction experiments were 101 

carried out in a tube furnace reactor (Carbolite MTF 12/38/150) and inert 102 

atmosphere at five different temperatures (200, 225, 250, 275 and 300 °C, 103 

except for chestnut with only 225, 250 and 275 ºC experiments). The 104 

temperature of the reactor was raised to the selected temperature by a linear 105 

heating rate of 20 °C min−1, and held for 20 min at that temperature meanwhile 106 

a constant N2 flux of 1 l min-1 was used as the inert gas. Five to eight replicates 107 

were done. Once the optimal torrefaction temperature has been determined, the 108 

pretreatment was applied to the rest of the samples at this temperature and 109 

mass and energy yields were checked to be similar to those of pine, eucalyptus 110 

and chestnut. 111 

 112 
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2.3 Solid analysis 113 

Proximate and ultimate analysis were performed on torrefied samples, as well 114 

as the heating value. Proximate analysis and heating value were carried out 115 

according to the ASTM Standards [36–39] in a muffle furnace (Carbolite CWF 116 

1100) while ultimate analysis was conducted using an elemental analyser 117 

(Elementar Vario Macro CHNS). 118 

Hydrophobic behaviour was studied through wettability tests carried out using 119 

eucalyptus samples due to the wider temperature range of torrefaction 120 

experiments available and the fact that this sample is representative of the rest 121 

of the samples studied in this paper, except pine. Initially 600 mg of torrefied 122 

eucalyptus at temperatures between 200 ºC and 300 ºC as well as raw 123 

eucalyptus were pressed into pellet with 13 mm in diameter using a hydraulic 124 

press (Specac) under the pressure of 5 metric tons. Contact angles (θ) on pellet 125 

surfaces were measured using a CAM 200 optical contact angle meter (KSV 126 

Instruments Ltd.). Sessile water droplets were placed on the wood pellet by a 127 

syringe and allowed to spread freely on the surface. Spreading images were 128 

captured by a high-resolution CCD camera at 40 ms intervals for 0.4 s. Contact 129 

angles were determined using the KSV CAM 200 software.  130 

 131 

2.4 Gas analysis 132 

Gases produced at optimal torrefaction temperature of the samples were 133 

characterized using pyrolysis gas chromatography/mass spectrometry (Py-134 

GC/MS). For this assay, a micro-furnace type double-shot pyrolyzer model 135 

PY2020iD (Frontier Lab Ltd.) attached to a GC/MS system Agilent 6890 was 136 
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used. Samples (4 mg) were placed in small crucible capsules and introduced in 137 

a pre-heated furnace (240 °C) in the absence of oxygen. The sample was kept 138 

for 2 minutes at this temperature before the evolved gases where directly 139 

injected in the GC/MS for analysis. 140 

The GC was used with a fused silica capillary column HP 5MS (30 m × 250 μm 141 

× 0.25 μm inner diameter), oven temperature was held at 50 °C for 1 min and 142 

then increased up to 100 °C at 30 °C min-1, from 100 to 300 °C at 10 °C min-1 143 

and isothermal at 300 °C for 10 min in the scan modus. The carrier gas used 144 

was helium with a controlled flow of 1 ml min-1. The detector consisted of an 145 

Agilent 5973 mass selective detector and mass spectra were acquired with a 70 146 

eV ionizing energy within the scan interval 50-550 m/z. 147 

Compound assignment was achieved via single ion monitoring for different 148 

homologous series, low resolution MS and comparison with published and 149 

stored (NIST and Wiley libraries) data. Semi-quantitative calculations were 150 

performed on the pyrograms, by integrating the chromatographic peaks 151 

corresponding to identified compounds and converting the obtained areas into 152 

relative percentages. The type of the biogenic compound were also indicated. 153 

 154 

2.5. Kinetics of torrefaction 155 

4 mg of the sample were subjected to thermal decomposition at optimal 156 

torrefaction temperature in a Perkin-Elmer STA 6000, using 200 ml min-1 of N2 157 

as carrier gas and the temperature program described by Chen and Kuo [4]. 158 

3. RESULTS AND DISCUSSION 159 

3.1. Determination of optimal torrefaction temperature and torrefaction of 160 
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biomass 161 

Firstly, the optimal temperature of torrefaction was determined. The mass and 162 

energy yields of the selected samples (pine, eucalyptus and chestnut) subjected 163 

to different torrefaction conditions were in the range between 54.3 - 91.8 % and 164 

71.9 - 98.4 % respectively (Table 2). It is widely accepted that the optimal 165 

balance of mass and energy for biomass torrefaction is 80 % of mass yield and 166 

90 % of energy yield in the torrefied biomass [28,40,41], thus the optimal 167 

torrefaction temperature have to meet this two requirements. 168 

Table 2. Mass and energy yields and HHV values for optimal torrefaction 169 

temperature determination (dry basis). 170 

Sample Temperature, ºC HHV, J/g Mass yield, % Energy yield, % 

Pine 

200 20359 91.8 96.4 

225 20580 90.6 96.1 

250 21130 85.6 93.2 

275 21268 79.3 86.9 

300 22973 65.9 78.1 

Eucalyptus 

200 19055 90.6 97.8 

225 19649 87.4 97.2 

250 20303 77.9 89.5 

275 21394 69.0 83.6 

300 23342 54.3 71.9 

Chestnut 

225 19905 87.4 98.4 

250 20872 75.7 89.4 

275 21445 68.6 83.2 

 171 

Furthermore, linear relationship between mass yield and torrefaction 172 

temperature (Figure 1) and mass and energy yields (Figure 2) were found. 173 

These results suggest that woody biomass behaves similarly and therefore it is 174 

easier to find the optimal torrefaction temperature. In this study, the optimum 175 

temperature calculated from correlation equations in Figures 1 and 2 was found 176 

to be 240 ºC, in accordance with the work of Agarwal et al. [40]. 177 
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C 

Figure 1. Relationship between mass yield and torrefaction temperature of a) 178 

pine, b) eucalyptus and c) chestnut.  179 

  
a B 

 
c 

Figure 2. Relationship between energy yield and mass yield of a) pine, b) 180 

eucalyptus and c) chestnut. 181 
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Once the optimum temperature was identified, the torrefaction of the other 182 

samples were conducted at 240 ºC. Results show that mass and energy yields 183 

are close to the target values, 80 % and 90 % respectively (Table 3). 184 

Table 3. Mass and energy yields and proximate analysis of vine shoot, holm 185 

oak and olive tree pruning. 186 

Sample Vine shoot Holm oak Olive tree pruning 

Temperature, ºC 240 240 240 

HHV, J/g 18840 20254 20759 

Mass yield, % 82.9 75.5 77.2 

Energy yield, % 94.7 87.2 89.0 

 187 

The proximate analysis of the six samples (Figure 3) shows that the moisture 188 

content decreases as the torrefaction temperature increases and at the optimal 189 

temperature, this value is at around 3 %. In Figure 3, there is a general trend of 190 

decreasing volatile matter and increasing fixed carbon content as the 191 

torrefaction conditions become more severe. Ash content in torrefied biomass is 192 

higher than in raw biomass due to the mass loss of organic matter. However, 193 

the total amount of ashes decreased after the torrefaction pretreatment as it can 194 

be observed in Figure 3, where raw weight basis was used. 195 

The van Krevelen diagram shows the decrease of both atomic ratios O/C and 196 

H/C as the torrefaction temperature increases (Figure 4). Carbon is the major 197 

source of heat release from combustion while oxygen reduces the calorific 198 

value of a fuel. The higher the oxygen contained in a fuel the lower the heating 199 

value is. A study of Chen states that the reduction of hydrogen and oxygen 200 

contents is due to the removal of moisture and light volatiles which contain more 201 

hydrogen and oxygen [42]. A slight increase in O/C ratio for eucalyptus torrefied 202 

at 225 ºC is observed in Figure 4, the same behaviour is observed in the work 203 
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of Peláez-Samaniego for pine torrefied at 225 ºC [43]. 204 

 205 
Figure 3. Proximate analysis of the biomass samples for all the torrefaction 206 

conditions. 207 

 208 

Figure 4. Van Krevelen diagram of biomass samples. 209 
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The contact angle measurements showed that there was an overall trend of a 210 

positive correlation between the torrefaction temperature and contact angle 211 

(Table 4 and Figure 5). The values obtained ranged from 93 ± 3 ° for the raw 212 

eucalyptus samples (with no torrefaction treatment) till 118 ± 3 ° obtained with 213 

the samples torrefied at 300 °C. In other words, the tendency of the water to 214 

wet the surface of the pellet decreased with increasing hydrophobicity. 215 

Therefore larger contact angles values were obtained with the eucalyptus wood 216 

torrefied at higher temperature indicating its large hydrophobicity what could be 217 

explained by several reasons including the breakdown of hemicellulose during 218 

torrefaction, a chemical rearrangement, which causes nonpolar unsaturated 219 

structures, and tar condensation inside the pores and consequent obstruction of 220 

the passage of moist air through the solid, which then avoids the condensation 221 

of water vapour [44]. 222 

3.2. Gas analysis 223 

The pyrograms of the samples are depicted in Figure 6 and the family 224 

compounds were showed on Table 5.Different types of compounds were 225 

released at the optimal temperature. Some of them are exclusive for pine wood 226 

such as aromatic, resin and terpenoids due to its nature. Sugars and sugar-227 

derived products fraction is not as high as usual since the main decomposition 228 

products of cellulose and hemicellulose are carbon dioxide, water and acetic 229 

acid, which are not able to be properly identified given the limitations of the 230 

equipment described in section 2.4. 231 

 232 
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Table 4. Contact angle measurements for eucalyptus sample. 233 

Sample Contact angle, º 

Raw 93±3 
200 ºC 97±5 
225 ºC 101±3 
250 ºC 106±4 
275 ºC 113±2 
300 ºC 118±3 

 234 

   
Raw 200 ºC 225 ºC 

   
250 ºC 275 ºC 300 ºC 

Figure 5. Sessile water droplets on the surface of eucalyptus torrefied at different temperatures of torrefaction and raw sample. 235 

 236 
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Table 5. Released gases of the samples at 240 ºC from Py-GC-MS as 237 

percentage of total chromatographic area. 238 

Type of compound Pine Euc. Chest. Olive 
tree 

Holm 
oak 

Vine 
shoot 

Aromatic 4.55 0.00 0.00 0.00 0.00 0.00 

Lignin (G) 20.31 21.62 32.97 13.33 19.38 21.46 

Lignin (H) 0.89 0.00 0.00 2.18 0.00 0.00 

Lignin (S) 2.92 44.45 48.26 41.94 43.74 45.93 

Lipid 20.14 7.55 5.03 29.91 26.85 20.95 

Nitrogenated  0.00 5.92 0.00 2.27 0.00 0.00 

Sugars and sugar-
derived products 

2.53 15.10 11.48 3.85 6.70 4.59 

Resin 21.53 0.00 0.00 0.00 0.00 0.00 

Sterols 1.00 4.28 2.26 1.28 2.75 4.49 

Terpenoids 16.59 0.00 0.00 0.00 0.00 0.00 

Euc: Eucalyptus; Chest: Chestnut 

 239 

 240 

Figure 6. Pyrograms of the samples. Numbers on the peaks correspond to 241 

those in supplementary content. 242 

 243 

Regarding lignin composition, decomposition product from G and S units are 244 
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the main compounds since all the samples are woody biomass. Decomposition 245 

products from H units, which are common in herbaceous samples, were only 246 

found in minor amounts in samples of pine wood and olive tree. Pine wood 247 

lignin are composed mainly of G units since it is a gymnosperm and in the rest 248 

of samples, lignin is composed of both S and G units as these samples are from 249 

angiosperms. The main decomposition products from G and S units were the 250 

conipheryl aldehyde and sinapaldehyde, respectively (Table S1 in 251 

supplementary content). The release of light volatiles such as CO2 or acetic 252 

acid (which were not quantified in the Py-GC/MS experiments) is responsible for 253 

the reduction of hydrogen and oxygen contents reported by the ultimate 254 

analysis in 3.1. In addition, the products released during torrefaction could have 255 

different applications such as the anti-inflammatory effect of conipheryl 256 

aldehyde [45] and its ability to promote rapid re-proliferation of the intestinal 257 

epithelium [46] or the anti-hyperglycemic and anti-obesity effects of 258 

sinapaldehyde [47]. 259 

3.3. Kinetics of torrefaction 260 

As the torrefaction is an isothermal process, isothermal kinetics can be 261 

obtained. Typically, the conversion-time relationship of a sample is given by 262 

equation 1: 263 

𝑑𝛼

𝑑𝑡
= 𝑘(1 − 𝛼)𝑛 

(1) 

where α, which is the conversion of the sample, is defined by: 264 

𝛼 =
𝑊𝑖 −𝑊

𝑊𝑖 −𝑊𝑓
 

(2) 

where Wi and Wf are the initial (105 ºC) and final (800 ºC) weights of the sample 265 
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respectively, while W is the weight of the sample at time t. 266 

If the order of reaction is unity, the integration of equation 1 gives: 267 

𝑙𝑛 (
1 − 𝛼0
1 − 𝛼

) = 𝑘(𝑡 − 𝑡0) 
(3) 

where α0 is the conversion of the sample at the beginning of torrefaction where 268 

t=t0. 269 

If the order of reaction is not unity, the integration of equation 1 leads to: 270 

(1 − 𝛼)1−𝑛 − (1 − 𝛼0)
1−𝑛 = 𝑘(𝑛 − 1)(𝑡 − 𝑡0) (4) 

The order of reaction found is 2.2 and de rate constant, k, is around 4·10-5 s-1 271 

(Table 6). This rate constant is close to the value calculated on the basis on the 272 

results of Chen and Kuo for hemicellulose at 240 ºC, 6·10-5 s-1 [4]. 273 

Simulations of the conversion of the samples during the torrefaction process 274 

were evaluated from Eq. 5 as the order of reaction is not unity: 275 

𝛼 = 1 − [𝑘(𝑡 − 𝑡0)(𝑛 − 1) + (1 − 𝛼0)
1−𝑛]

1
1−𝑛 

(5) 

In order to evaluate the reliability of the torrefaction kinetics, simulations and 276 

experimental data are compared (Figure 7). The prediction are in good 277 

agreement with the experimental data in all the cases. 278 

Table 6. Kinetic constant and order of reaction of the torrefaction process. 279 

Sample n k [s-1] (x 105) R2 

Pine 2.2 2.17 0.98 
Eucalyptus 2.1 3.50 0.98 
Chestnut 2.2 4.33 0.97 
Vine shoot 2.2 4.50 0.98 
Holm oak 2.2 4.83 0.98 
Olive tree pruning 2.2 4.17 0.98 

 280 

 281 
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a b 

  

c d 

  
e f 

Figure 7. Comparison between predicted and experimental values of a) pine, b) 282 

eucalyptus, c) chestnut, d) vine shoot, e) holm oak and f) olive tree pruning. 283 

 284 

4. CONCLUSIONS 285 

Biomass samples of some representative forestry and agricultural specimens 286 

subjected to a non-oxidative torrefaction process were fully characterized as 287 

energy feedstocks: The optimal torrefaction temperature turned out to be 288 

240 ºC for the target mass and energy yields of 80 % and 90 % respectively. 289 

Both the hydrophobicity and the fixed carbon were increased. The decrease of 290 

both atomic ratios H/C and O/C was demonstrated through the van Krevelen 291 
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diagram, which resulted in higher values of HHV. According to Py-GC/MS data, 292 

it was demonstrated that there are lignin derivatives compounds in torrefaction 293 

gas as well as cellulose and hemicellulose derived compounds. 294 

The order of reaction obtained for the six samples was 2.2 and the kinetic 295 

constant was around 4·10- 5 s-1.  296 

These results support the chance of making torrefaction over-costs worthwhile 297 

due to the increase of the energetic density of the potential fuel, coming 298 

together with the chance of recovering value-added compounds in gas phase. 299 

 300 
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