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ABSTRACT

Short Rotation Coppice Willow (SRCW) is one of the newest sources of
renewable energy. Torrefaction enhances the initial poorest characteristics of
SRCW, such as hygroscopicity or low heating value compared to traditional
fuels, to use it as a fuel. Non-oxidative and oxidative torrefaction of SRCW were
compared. Torrefaction were conducted within the range 200-240 °C and
torrefied SRCW and released gases were characterized (proximate, ultimate,
compositional and heating value analysis as well as hydrophobicity
assessment, Py-GC/MS and chemical-kinetics parameters). At optimal
torrefaction temperature, mass and energy yields were around 88 % and 93 %,
respectively, moisture was reduced up to 1.22-1.28 % and H/C and O/C atomic
ratios up to 1.4 and 0.6, respectively. Biomass turns hydrophobic since contact
angle increase and the amount of water absorb decrease in contact angle and
liquid penetration studies, respectively. The global reaction order was 2 and

kinetic constant values were in the range 4.6 10° s™* t0 3.6 10° s™%.
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1. INTRODUCTION

Energy crops plantations are stable sources of renewable energy in the long
term and consequently contribute to reduce foreign energy dependency of the
countries [1,2]. Short rotation coppice biomass grows relatively fast and
requires low agro-chemical inputs. One of the main stands that can be grown as
a Short Rotation Coppice is the Willow (SRCW). However, SRCW exhibits the
same poor properties as other biomass compared to coal, these are poor
grindability, high oxygen content, low energy density, hydrophilic behaviour [3].
However, it can be upgraded by means of torrefaction and, as a result, torrefied
SRCW exhibits some better properties such as higher energy content,
hydrophobic behaviour or improved grindability [4], which lead to benefits in
transportation, storage, handling and feeding. Dry torrefaction could be carried
out under two different conditions, namely oxidative and non-oxidative
torrefaction. In the first one, the carrier gas could be air, flue gas and other
gases with different oxygen contents. In the latter one, the most common carrier
gas is nitrogen.

A condensable fraction is produced during torrefaction, which consist of lignin
and sugar derivatives among other compounds. Consequently, torrefaction can
be considered as a conversion technology in multiproduct biorefineries in the
same way as pyrolysis [5].

Py-GC/MS is an appropriate technique for study condensable fraction produced

during torrefaction. In addition, it could be used to estimate the S/G ratio of
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lignin, being Guaiacyl (G), syringyl (S) and p-hydroxyphenyl (H) units the main
components of lignin.

A few studies have been conducted focusing on how the torrefaction affects the
main components (lignin, cellulose and hemicellulose) of biomass and its
torrefaction kinetics [6—9]. According to these results, hemicellulose is the
component that most degrades in torrefaction, even at low temperatures and
the reaction order of xylan was found as third order, but within torrefaction
process there are multiple reactions and not only the hemicellulose fraction is
involved in the process. Some studies are focused on torrefaction of willow [9—
13], in which there has been a great deal of research in solid fraction analysis of
torrefied biomass and torrefaction kinetics. However, most of previous works do
not study Willow harvested as a short rotation coppice and in almost all cases
focus only on solid characterisation and not the released gases or properly
study de hydrophobicity behaviour of torrefied biomass. Besides, there are lack
of explanation about how main components of biomass are affected by
torrefaction in real SRCW samples. Py-GC/MS was used to study the gases
released during the pyrolysis of several kinds of biomass [14-16], but it was not
possible to find this analytical technique applied in torrefaction studies.
Hydrophobicity measurements are usually obtained through the equilibrium
moisture content [3,17-19]. However, measurements were not found in
scientific articles in which biomass undergoing torrefaction was characterized.
Wettability studies usually involve the measurement of contact angles as the
primary data, which indicates the degree of wetting when a solid and liquid

interact [20]. Small contact angles (<90°) correspond to low hydrophobicity
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(high wettability), while large contact angles (>90°) correspond to high
hydrophobicity (low wettability) [21]. Surface roughness differences are
responsible for many of the differences in contact angle values of the different
species and different wood surfaces [22,23].

Other technique is the liquid penetration; it is based on the gained water
measuring during time, while the powder packed on a cylindrical tube is in
contact with the liquid surface. This technique has the masking disadvantage
that liquid evaporation could take place in samples where penetration rate is
slow [24].

As a general trend, samples with highly hydrophilics (contact angle lower than
90°) are recommended to be determinated by liquid penetration method buy a
tensiometer, while samples with high hydrophobicity (contact angle larger than
90°) are recommended to be measured by sessile drop meter by a goniometer
[25]. Even large of studies described the liquid penetration technique for
wettability measurements of solids, most applications are focused on
pharmaceutical and food powder [26—28] being scarce their application on
biomass characterization [29]

The present study focuses on the non-oxidative and oxidative torrefaction of
SRCW. The torrefied SRCW was fully characterized obtaining mass and energy
yields of the torrefaction process, carrying out proximate and ultimate analyses,
compositional analysis and obtaining high heating value, the hydrophobicity was
assessed and optimal torrefaction temperature was found. Furthermore,
isothermal kinetics of torrefaction at the optimal temperature were obtained

using a thermogravimetric analyser.
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2. MATERIAL AND METHODS

2.1 Sample preparation

SRCW (Salix viminalis x (S. schwerinii x S. Viminalis (clone Olof)) was collected
from experimental trial established on abandoned mining land. Biomass particle
size was reduced to the range 710 - 1000 um through grinding and sieving

processes and raw biomass samples were characterized (Table 1).

Table 1. Characterization of raw biomass samples.

Proximate analysis, %

Moisture 6.90+0.05
Ash 1.24+0.01
Volatiles 75.93+0.05

Fixed carbon  15.93+0.05
Ultimate analysis, %

C 45.31+0.02
H 6.37+0.09
S 0.13+0.01
N 0.16+0.06
0 48.03+0.09
HHV, J/g 1836919

2.2 Torrefaction experiments

Oxidative and non-oxidative torrefaction experiments were carried out in a tube
furnace reactor (Carbolite MTF 12/38/150) at five different temperatures every
10 °C within the range of 200-240 °C. Air was used as oxidative atmosphere,
while nitrogen was selected as inert atmosphere. The torrefaction temperature
was held for 20 min, this was previously selected to assure a completed
torrefaction based on TGA data together with previous trials in our set-up with

this sample, and the flux of oxidizing or inert gas was set to 1 L/min. At least 8
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replications for each temperature were conducted. The temperature range
selected is due to the nature of SRCW, since it is a poor lignified wood and
consequently, its resistance towards thermal treatments under oxidative

atmospheres is low.
2.3 Solid analysis

Proximate analysis and heating value were carried out according to the ASTM
Standards [30-33] in a muffle furnace (Carbolite CWF 1100), three replications
of each sample were carried out, while ultimate analysis was conducted using
an elemental analyser (Elementar Vario Macro CHNS). In compositional
analysis, lignin, holocellulose and cellulose were quantified according to NREL
procedure, ASTM D1104 standard and TAPPI T212 standard, respectively [34—
36], three replications of each sample were carried out. Scanning Electron
Microscope (MEB JEOL-6610LV) images at a magnification of 1000x were used
to monitor the morphology changes during torrefaction.

Hydrophobic behaviour was studied through contact angle and wettability by
liquid penetration experiments.

In contact angle test the procedure is the same as the one in [20] which is
briefly explained as follows. Initially both 600 mg of torrefied as well as 600 mg
of raw SRCW samples were pressed using a hydraulic press (Specac)
obtaining a 13 mm diameter pellet, the pressure in the hydraulic press was 5
metric tons. Contact angles (0) on pellet surfaces were measured using a CAM
200 optical contact angle meter (KSV Instruments Ltd.). Sessile water droplets
were placed on the wood pellet surfaces and allowed to spread freely on the

surface. Spreading images were captured by a high-resolution CCD camera at
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40 ms intervals for 0.4 s. Contact angles were determined using the

KSV CAM 200 software.

Regarding wettability by liquid penetration experiments, 1 g of powder solid is
placed on a cylindrical metallic tube with porous bottom and two screw threads
in order to uniformly pack the sample. Wettability measurements were made by
Sigma 700 tensiometer (KSV Instruments Ltd., Helsinki, Finland). The porous
bottom of the cylinder is brought into contact with water and the water rises the
bottom and then through the sample. All experiments were made during 20
minutes, since first measurements made to more hydrophilic sample (raw
material) shows constant mass after this point. Square mass versus time is
recorded for all samples studied.

Washburn equation could be used to compare the wettability of samples
measured by liquid penetration method (equation 1)

_ Cp*ycosb .
n

mZ

(1)

Where C is parameter for the packing particles arrangement and can be
determined by equation 2, p, y, n are the density, surface tension and the
viscosity of the liquid, 6 is the contact angel of the liquid on the solid and t is the
time.

rA?e?
C=— 2

where r and A are the radius and the cross-sectional area of the packed tube

respectively, and ¢ is the porosity of the packing tube
2.4 Gas analysis

Released gases at optimal torrefaction temperature and inert atmosphere was
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characterized using pyrolysis gas chromatography/mass spectrometry (Py-
GC/MS) using the same methodology as in previous work [20], which is
explained in the following lines so that the reader may know it. For this test, a
micro-furnace type double-shot pyrolyzer model PY2020iD (Frontier Lab Ltd.)
attached to a GC/MS system (Agilent 6890) was used. 4 mg of sample was
placed in a small crucible capsule and introduced in a pre-heated furnace (at
optimal torrefaction temperature) in inert atmosphere. The sample was kept for
2 minutes at this temperature before the evolved gases where directly injected
in the GC/MS for analysis.

The GC was used with a fused silica capillary column HP 5MS (30 m x 250 ym
x 0.25 ym inner diameter), oven temperature was held at 50 °C for 1 min and
then increased up to 100 °C at 30 °C min-1, from 100 to 300 °C at 10 °C min-1
and isothermal at 300 °C for 10 min using a heating rate of 20 °C min™ in the
scan modus. Helium was used as carrier gas with a controlled flow of 1 ml min’
! The detector consisted of an Agilent 5973 mass selective detector and mass
spectra were acquired with a 70 eV ionizing energy within the scan interval 50-
550 m/z.

Compound assignment was achieved via single ion monitoring for different
homologous series, low resolution MS and comparison with published and
stored (NIST and Wiley libraries) data. Semi-quantitative calculations were
performed on the pyrograms, by integrating the chromatographic peaks
corresponding to identified compounds and converting the obtained areas into

relative percentages. The type of the biogenic compound was also indicated.

2.5. Kinetics of torrefaction and combustion
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Kinetics of torrefaction process were obtained using a thermogravimetric
analyser (Perkin EImer STA 6000) using 4 mg of the sample and carrying on
torrefaction at optimal torrefaction temperature withing inert atmosphere of
nitrogen with a controlled flow of 200 ml min™ and the temperature program
described by Chen and Kuo [7]. The isothermal single-step kinetic model was
assumed for both oxidative and non-oxidative torrefaction, since the change in
temperature in oxidative torrefaction is negligible due to the high flow of the
carrier gas used within TGA experiments, further information about kinetic
model and kinetical calculations can be found in [20].

In addition, combustion kinetics of torrefied biomass were obtained using a
thermogravimetric analyser (Perkin EImer STA 6000) following the method
described by Alvarez et al. [37]. Since combustion is a non-isothermal process,
non-isothermal kinetics are calculated and the Coats-Redfern method was
assumed [38]. The whole conversion range was covered considering two

stages.

3. RESULTS AND DISCUSSION

3.1. Mass and energy yields

The mass and energy yields of oxidatively and non-oxidatively torrefied biomass
are depicted in Figure 1. Comparing both pretreatments, there are few
differences in mass and energy yields between oxidative torrefaction and non-
oxidative one, although both yields are slightly higher for oxidative torrefaction.
The optimal balance of mass and energy for biomass torrefaction is 80 % of

mass yield and 90 % of energy yield and since data for all the experiments were
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higher, all the conditions would be suitable for pretreating biomass [39-41].
3.2. Proximate and ultimate analysis

The proximate analysis (Table 2) shows that as the torrefaction temperature
increases, the moisture content decreases. The drop in the moisture content
was more severe in oxidative torrefaction for 200 °C and 210 °C. In addition,
volatile matter decreases while fixed carbon content increased as the
torrefaction conditions become more severe. Ash content of torrefied SRCW is
slightly higher than in raw SRCW.

Figure 2 shows how both atomic O/C and H/C ratios decrease as the
torrefaction temperature rise. This is due to the removal of moisture and light
volatiles, which contains more hydrogen and oxygen than carbon [42], so
biomass is closer to fossil fuels in terms of ultimate analysis.

From the results of proximate and ultimate analysis, it can be concluded that
torrefaction of biomass leads to C-enriched biomass due to O/C and H/C ratios
changes together with fixed carbon content increase and this is directly related

to HHV increase.

Table 2. Proximate analysis of torrefied SRCW.

Sample Moisture, %  Ash, %  Volatiles, % Fixed Carbon, %
o 200 °C 2.5+0.6 0.9+0.2 79.3+0.3 1742
= 210°C 1.55+0.02 0.9+0.2 77+3 20+4
% 220 °C 1.30+0.08 0.9+0.3 7814 2015
S 230 °C 1.3+0.2 0.99+0.02 71.5+£0.4 26.2+0.7
< 240°C 1.2+0.4 1.28+0.07 70.5+0.5 27+1
_g 200 °C 1.52+0.05 0.76+0.02 82+2 16+3
.‘E 210 °C 1.5+0.1 0.8+0.2 794 1945
8 220 °C 1.5+0.1 0.84+0.06 77.5+£0.9 20+2

10
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Figure 2. Van Krevelen diagram of oxidative (squares) and non-oxidative

(triangles) torrefied SRCW.
3.3. Compositional analysis

Regarding compositional analysis (Table 3), lignin content increases as
torrefaction conditions become more severe. Lignin content is slightly higher in
non-oxidative torrefaction, this fact is explained because the lignin was more
affected in oxidative torrefaction than in non-oxidative one.

Although all the literature state that hemicellulose is the most affected sample,
in this case cellulose is the most affected one. This could be explained by the
age of SRCW (only 4 years). For immature biomass such as SRCW, cellulose
chains are not as developed as the ones in other older biomass samples such
as pine, this could lead to a lower thermal degradation temperature and lower
crystallinity for cellulose.

Table 3. Compositional analysis of torrefied SRCW.

Sample Holocellulose, % Cellulose, % Hemicellulose, % Lignin, %

Raw 72.7+0.5 39+2 34+3 24.2+0.8

12
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3.4. Morphology changes

Some images from holocellulose from torrefied SRCW were shown in Fig. 3.

Accordingly to previous results, hemicellulose is the most affected component

of biomass during torrefaction and this can be observed in Fig. 3, in which small

pits are seen for low torrefaction temperatures and these pits are enlarge when

torrefaction conditions become more severe. The main change for oxidative
torrefaction occurs at 220°C, whereas the one for non-oxidative torrefaction

takes place at 240°C.

13



223
224 Fig. 3. SEM images from (@), (b) and (c) holocellulose obtained from oxidatively torrefied SRW at 200°C, 220°C and 240°C,

225  respectively, (d), (e) and (f) holocellulose obtained from non-oxidatively torrefied SRW at 200°C, 220°C and 240°C,
226  respectively and (g) holocellulose from raw SRCW.
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3.5. Hydrophobicity measurements

The contact angle measurements showed that there was an overall trend of a
positive correlation between the torrefaction temperature treatment and contact
angle. Figure 4 shows the picture of the contact angles obtained. The tendency
of the contact angle values recorded for different temperatures of torrefaction at

oxidative and non-oxidative conditions is presented in Figure 5.

Raw

200° C Oxidative 210°C Oxidative 220°C Oxidative

230°C Oxidative 240° C Oxidative

220°C Non-oxidative
200°C Non-oxidative 210°C Non-oxidative

230°C Non-oxidative 240°C Non-oxidative

Figure 4. Pictures of the contact angles recorded with CAM 200 optical contact

angle meter.
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Figure 5. Contact angle versus roasted temperature for samples made by

oxidative and non-oxidative process.

The values obtained ranged from 78-105° for all the samples studied. The raw
samples (with no torrefaction treatment) have a value of 78.2 + 8°and as the
temperature increases the contact angle increases indicating the more
hydrophobicity of the samples. Samples treated with non-oxidative process
have large contact angle measurements in all cases, indicating their major
effectivity respect the oxidative process in the hydrophobic treatment. In fact, for
oxidative process values temperatures of 230°C are necessary in order to get
high contact angle with values similar to the ones obtained with the non-
oxidative treatment. Moreover, the tendency between the contact angle water-
biomass and the torrefaction temperature when oxidative and non-oxidative
atmospheres were used was found to have high dependence with the nature of
the tested biomass.[43]

Works in which biomass was torrefied by non-oxidative atmosphere, contact
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angle between biomass and water of around 80° was registered when heating
treatment was carried out at 280°C for softwood biomass species, Abies
pectinata [44], while values around 110° were obtained for heating treatment of
Indian Acacia nilotica [43].

Mass values versus time obtained with tensiometer instrument, when powder is
in contact with deionized water, are presented in Figure 6 for oxidative and non-
oxidative torrefaction treatment. Similar trend to the one obtained with the

contact angle is recorded.

2.0 2.0
1.5 1 15
o (=)}
@10 1 +Raw =200 NO #1.0 1 eRaw  m200 OX
= A210NO %220 NO = 4210 OX %220 OX
0.5 230 NO  ©240 NO 0.5 %230 OX ®240 OX

1200 0 200 400 600 800
Time, s

(b) non-oxidative

0 200 400 600 800
Time, s

(a) Oxidative

1000

Figure 6. Mass versus time for all samples with oxidative torrefaction (a) and

non-oxidative torrefaction (b)

All torrefied samples have higher hydrophobicity than the raw material, since
less than half the amount of water is absorbed by the roasted sample respect
the raw material. As a general trend, higher hydrophobicity is observed in the
non-oxidative torrefaction treatment respect the oxidative ones, indicating
higher efficiency on hydrophobicity treatment by the non-oxidative atmosphere.

In Table 4 the amount of water mass absorbed after 20 minutes of contact of
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solid and water is shown.

Table 4. Mass ratio (absorbed water/biomass mass) absorbed by samples after

20 minutes on liquid penetration method

Torrefaction Oxidative Non-oxidative
temperature, °C Mass, g Mass, g

Raw 1.36

200 0.57 0.47
210 0.46 0.42
220 0.45 0.42
230 0.37 0.40
240 0.14 0.31

The higher hydrophobicity presented by torrefied samples, especially the ones
under non-oxidative atmosphere, could be related to the compositional
modifications of the biomass during heating treatment as it is found in other
studies where several types of biomass are torrefied at several temperatures, in
these studies it was found that high temperature leads to hemicellulose
degradation and, hence, the hydrophilicity of the biomass was reduced [45].
Moreover, a recent study had found higher hydrophobicity of lignin derivatives
samples when lignin OH" groups where reduced [46]. In the present study it was
found a decrease of oxygen and hydrogen and an increase of carbon when
torrefaction temperature increased (Figure 2) what could justify the higher
hydrophobicity of the samples treated under higher temperatures, since the
higher hydrophobicity of materials is normally linked to the higher concentration

of carbon atoms on the molecular structure of the material.

3.6. Gas analysis

18
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The pyrogram of the samples are depicted in Figure 7 and the family
compounds were showed on Table 5. Different types of compounds were
released at the optimal temperature. Polysaccharides fraction is not as high as
usual since the main decomposition products of cellulose and hemicellulose are
carbon dioxide, water and acetic acid which are not identified in these
experiments. Lignin derivatives are the main products and it can be pointed out
that no H units, which are common in herbaceous samples, were not found,
additionally, the amount of S and G units are almost the same. The mixture of S

and G units showed is typical in angiosperms plants as willow.

1,21-Docosadiene 132
o7 e B s 13

2 4 6 8 10 12 14 16 18 20 22 24 26 28
Time (min.)-->

Table 5. Released gases of the samples at 240 °C from Py-GC-MS as

percentage of total chromatographic area.

Type of compound SRCW

Aromatic 1.82
Lignin (G) 36.98
Lignin (H) 0.00
Lignin (S) 31.12
Lignin (TOTAL) 68.10
Lipid 10.75
Polysaccharides 15.18
Sterols 1.37

Figure 7. Pyrogram of SRCW. Numbers on the peaks correspond to those in
The main compounds of G and S units were respectively the conipheryl
aldehyde and sinapaldehyde, there are the main compounds released too

(Table A.1 in supplementary content). The release of light volatiles such as
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vanillin, vinylguaiacol or hydroxymethylfurfural is responsible for the reduction of
hydrogen and oxygen contents reported by the ultimate analysis in 3.1. In
addition, the products released during torrefaction could have different
applications such as the anti-inflammatory effect of conipheryl aldehyde [47]
and its ability to promote rapid re-proliferation of the intestinal epithelium [48] or
the anti-hyperglycemic and anti-obesity effects of sinapaldehyde [49].

The type of compounds found can be compared to another woody biomass
samples such as the ones in [20]. Some differences can be observed, for
instance, resin and terpenoids are exclusive for gymnosperms. In addition, the

amount of lipids in SRCW is similar to eucalyptus.
3.7. Kinetics of torrefaction

As the torrefaction is an isothermal process, isothermal kinetics can be
obtained. Theoretical part of isothermal kinetics can be found on previous work
[20]. The conversion of the sample is defined by equation 3:

wW-w ®3)
W =W

a
where W; and Wi are the initial (105 °C) and final (800 °C) weights of the sample
respectively, while W is the weight of the sample at time t.

Typically, the order of reaction is not unity for torrefaction processes, thus its
integral kinetic equation is defined by equation 4:

A-a) = (1 —a)'™=k(n—1( -t 4)
For torrefaction of SRCW, the order of reaction found is 2 and the rate constant,

k, is around 4.6-107° s for non-oxidative torrefaction and 3.6-10° s™ for

oxidative one (Table 6). This rate constant is close to the value calculated on

20



327  the basis on the results of Chen and Kuo for hemicellulose at 240 °C, 6:10° s
328 [7] and other mature biomass such as pine, eucalyptus, chestnut or holm oak
329  [20], so it can be concluded that torrefaction kinetic parameters do not
330 excessively change from young biomass such as SRCW to mature biomass
331  with more lignified structure, despite SRCW is slightly more reactive than those
332  biomass samples.
333 Table 6. Kinetic constant and order of reaction of the torrefaction process.
Torrefaction temperature, °C  k, s™ (x10°) R?
o 200 2.6 0.997
= 210 3.1 0.996
= 220 3.6 0.998
'6_< 230 6.1 0.995
240 7.6 0.990
200 2.9 0.992
= 210 1.7 0.990
58 220 3.6 0.990
<% 230 4.4 0.991
240 5.4 0.98
334
335 Regarding combustion kinetics of torrefied biomass, the results for Coats-
336  Redfern method are shown in Table 7. From the results, it can be stated that
337  kinetic parameters are similar to the ones in literature for other tree chips, but
338  significantly lower than those reported by Lopez-Gonzélez et al. [50], which
339 means that torrefied SRCW show higher reactivity than raw SRCW. Comparing
340 both samples, reactivity of oxidatively torrefied biomass is higher than non-
341  oxidatively torrefied one.
342 Table 7. Kinetic parameters of torrefied biomass combustion.
Sample Ea Ea ko1"Stage ky2°Stage R*1°'Sta R?

1*'Stage 2°Stage (min™) (min™) ge 2°Stage
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(kJ/mol) (kJ/mol)

Oxidative 49.6 53.7 2692 2425 0.990 0.990
Non- 58.4 8662 5948 0.990 0.98

oxidative 55.1
343
344 4. CONCLUSIONS
345  Non-oxidatively and oxidatively torrefied SRCW samples were fully
346  characterized. The optimal torrefaction temperature turned out to be 240 °C for
347 the target mass and energy yields. The moisture content was reduced, and the
348  fixed carbon was increased. The decrease of both atomic ratios H/C and O/C
349  was demonstrated through the van Krevelen diagram, which resulted in higher
350  values of HHV. G and S units from lignin were identified in the Py-GC/MS
351 experiments. It was demonstrated that biomass turns hydrophobic by contact
352 angle and liquid penetration experiments. The order of reaction obtained was 2
353 and the kinetic constant was around 4-10s™.
354
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