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ARTICLE INFO ABSTRACT

Keywords: Several studies in Literature have analyzed the torrefaction treatment process of biomass in batch reactors.
Torrefaction Nevertheless, in order to check the industrial applicability of a process, it is more interesting to carry out tor-
Spent coffee grounds refaction tests in continuous pilot plant reactors. Thus, the present study reports the results of continuous semi-
Mass yield

industrial scale (500 kg/h) torrefaction experiments employing spent coffee grounds (SCG) as a feedstock in a
horizontal rotary reactor. Torrefaction tests were carried out at three different temperatures (210 °C, 235 °C, and
260 °C) for 90 min, in order to evaluate the yields of solid, liquid (water and tar) and gaseous products and their
composition. In particular, the effectiveness of the decarbonization and deoxygenation processes was in-
vestigated, analyzing the carbon and oxygen distribution. Within the temperature range, torrefaction yielded
solid of 55.2-85.8 wt% with an increase of the higher heating value (HHV) of 5.1-15.4% compared to the raw
material. Liquid fraction yield was in the range of 11.3-34.3 wt%, with a moisture content of 73.7-91.9% and
HHV between 18.8 and 23.4 MJ/kg on dry basis. Gas fraction represented 2.9-10.5 wt% of the raw biomass
with HHV between 1.95 and 3.55MJ/Nm®, Acids (mainly acetic acid) were the major compounds in the tar
fraction, accounted up to 68 wt%, while CO, was the main product of the deoxygenation reactions in the gaseous
fraction (76.6-86.9 vol%). From the perspective of mass yield and energy density enhancement, 260 °C was

Energy yield
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considered to be the optimal temperature for torrefaction of SCG.

1. Introduction

Decarbonisation and the promotion of renewable energy sources
have become common goals of climate change mitigation around the
world. The EU environmental policy has focused mainly on renewable
fuels with the aim to diversify energy sources and hit the requirement of
energy security. In particular, bioenergy is the most important source of
renewable energy in the EU, accounting for about 63.3% of all re-
newable energy production [1]. However, despite the increase in bio-
mass for energy exploitation, some drawbacks still limit its efficient use
because solid biomass is characterized by highly variable composition
and chemical-physical properties [2]. In particular, the presence of
moisture and the heterogeneity of the organic and inorganic fractions
cause technical issues in biomass exploitation for energy production,
especially in energy conversion systems based on the combustion pro-
cess.

Spent coffee grounds (SCG) are one of those solid biomass resources.
Coffee is the second largest traded commodity of the world and

responsible for a lot of waste [3]. A big share of this waste is SCG (6
millions of tons per year), a product high in lignin and cellulose that is
mainly incinerated, disposed in landfill, or composted [4]. However, in
the last years there has been a significant increase of the attention given
to the bioenergy production from SCG [5].

To date, several pretreatment approaches have been investigated in
order to produce biofuels with more homogeneous properties. The most
common pretreatments are based on thermochemical processes (gasi-
fication, pyrolysis, carbonization, torrefaction), where the biomass is
exposed to high temperatures in absence of oxygen or with a low
concentration of oxygen [6]. The heat causes the breakdown of the
chemical bonds of the organic molecules (cellulose, hemicellulose and
lignin) changing the structure or causing the formation of volatile
compounds. In particular, the thermal stability of hemicellulose, cel-
lulose, and lignin decreases in this order due to the losses of the car-
boxyl group from hemicellulose, the carbonyl and the carboxyl groups
from cellulose and the aromatic ring and the methoxyl groups from
lignin [7].
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Among the thermochemical processes, torrefaction has attracted
increasing interest among the scientific community both for its energy
efficiency and its effectiveness to improve the performance of biomass
based fuels. Torrefaction is a thermal pretreatment for solid biomass
carried out under an inert atmosphere, at atmospheric pressure and at
temperatures of 200-300 °C for several minutes or hours. During the
torrefaction process, biomass undergoes several thermochemical reac-
tions, causing the release and thermal decomposition of volatiles and a
loss of solid matter that can reach values of even 30% by weight. At the
same time, the loss of this fraction determines also an energy loss of
about 10-15% of the total energy contained in the raw material [8].
The lower energy loss than the mass loss is mainly due to the breakage
of the hydroxyl groups that are replaced by unsaturated non-polar
groups, reducing the water adsorbing capacity (hygroscopicity) of the
torrefied material which becomes less sensitive to biological degrada-
tion [9]. These transformations allow also to reduce the mechanical
strength of biomass, obtaining a fuel with increased friability for easier
grinding. The solid fraction does not represent the only product of the
torrefaction process as it also generates small amounts of liquid and
gaseous streams which are still under-exploited [10]. The condensable
fraction is a multicomponent mixture, formed by oxygenated species
(acids, alcohols, furans, ketones, tarpenes, phenols, tannins) diluted in
water, while the non-condensable fraction, also called torgas, is a
mixture of gases like CO,, CO, CHy4, CHy, toluene, and benzene [11]. In
particular, the condensable fraction could be exploited for the extrac-
tion of several compounds that have interesting applications in the
chemical industry [12] or for methane production through anaerobic
digestion [13]. L& Thanh et al. [14] detected > 100 condensable species
during the torrefaction of pine, ash wood, miscanthus and wheat straw.
As regards the non-condensable fraction, its energy content is low (less
than 10% of the energy in biomass) but it could be burned with a
fraction of raw material in order to satisfy the heat demand of the
torrefaction plant improving the overall process efficiency [15]. How-
ever, the review of recent literature suggests that scarce attention has
been paid to the analysis of gas and liquid products which should be
instead considered for improving the economic feasibility of the process
[16]. The yields of the products and their composition during the tor-
refaction process depends on the operating conditions, such as tem-
perature, residence time, heating rate, particle size and reactor type.
Among these parameters, temperature is the most important single
variable affecting the torrefaction process [17] while residence time has
less influence, even if there is a maximum value above which there are
no significant differences in terms of torrefaction product properties for
each kind of biomass [14]. On the other hand, residence time has a
strong influence on the reactor design [18].

In recent years, several studies have evaluated the torrefaction
performance by using different types of reactors, such as rotary drum
[19,20], moving bed [21], screw conveyor [22], fluidized bed [23], and
fixed bed [24]. For example, in the rotary drum torrefier, the rotational
speed, the length and the tilt of the drum are determined by the re-
quired residence time. However, Chen et al. [25] in their review re-
marks that most studies have been carried out in lab-scale reactors
while it could be useful to examine the scale up effects on the mass and
energy balance of the torrefaction process in pilot and demonstration
plants.

Until now, torrefaction process of spent coffee grounds was per-
formed only in a thermogravimetric device [26,27] or in a quartz tube
reactor [17], focusing the attention on the solid product. In this study, a
rotary drum pilot reactor (500 kg/h) was employed in order to evaluate
the effect of torrefaction temperature on the properties of solid, liquid
and gas products of spent coffee grounds. It is expected that the results
obtained in this study will allow to deepen the knowledge about the
chemical properties of the torrefaction products for their use for the
production of value-added chemicals.
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Table 1

Particle size distribution of raw spent coffee

grounds.
mm %
< 0.063 0.0
0.063-0.125 4.8
0.125-0.25 19.2
0.25-0.5 21.2
0.5-0.71 15.7
0.71-1 14.7
1-1.4 18.8
1.4-2 4.5
2-2.5 0.8
2.5-3.15 0.2
> 3.15 0.0

2. Materials and methods
2.1. Feedstock properties

Spent coffee grounds were supplied by by Nestlé Spain (Barcelona).
Before starting the torrefaction tests, the raw biomass was dried at
105°C, for 24h, in a rotary dryer at the Spanish National Centre of
Renewable Energies (CENER) in order to reduce the moisture content
from 58% to 10%. Then, the particle size distribution of dried SCG was
determined according to the EN ISO 17827-2:2016 (Table 1) by using a
vibrating sieve shaker Retsch AS 200 (Retsch Technology, Germany)
with nine sieves ranging from 0.063 to 3.15 mm in opening size. Fur-
thermore, the proximate, ultimate, compositional and HHV analysis of
dried feedstock were performed and the results are shown in Table 2.

2.2. Torrefaction pilot plant and experimental procedure

The torrefaction pilot plant at the CENER has a nominal production
capacity of about 500 kg/h (Fig. 1). The plant is divided into three main
sections: the feeding system, the torrefaction reactor and the torrefied
product collection section [28].

The feeding system requires that biomass is filled in a hopper with a
capacity of 4.2m?, and then it is transported through a moving floor
conveyor into the torrefaction reactor. The hopper is kept under suction
with an integrated bag filter to minimize dust emission. The core of the
process is the torrefier based on a horizontal rotary reactor with in-
ternal elements designed to attain a homogeneous flow of biomass
particles along reactor, and to guarantee excellent heat transfer con-
ditions. The reactor is designed to handle low bulk density biomass
(> 50kg/m®) with high content of fines and dust. Reactor heating is
carried out indirectly through the walls by means of thermal oil as heat
transfer fluid. The control system of the torrefaction plant allows to set
the inlet temperature of the thermal oil (maximum value is 300 °C) into

Table 2

Characterization of raw and torrefied spent coffee grounds (SCG).
Sample SCG SCG-210 SCG-235 SCG-260
Proximate analysis (wt%, dry basis)
Volatile 82.5 = 0.2 77.4 = 0.4 75.6 = 0.4 70.8 = 0.2
Ash 0.41 = 0.05 0.53 = 0.07 0.58 = 0.04 0.86 = 0.11
Fixed Carbon 17.1 = 0.1 22.1 = 0.3 23.8 = 0.3 28.3 = 0.2
Ultimate analysis (wt%, dry basis)
C 59.7 = 0.3 62.2 = 0.1 63.7 = 0.2 66.6 = 0.2
H 7.8 = 0.5 7.7 £ 0.2 7.7 = 0.4 7.5 = 0.1
N 22 = 0.1 22 = 0.1 23 + 0.1 2.7 = 0.1
S 0.1 = 0.01 0.1 = 0.02 0.1 = 0.01 0.1 = 0.01
(0] 30.2 = 0.7 27.8 = 0.5 26.2 = 0.5 231 = 0.4
Higher Heating 25.3 £ 0.5 26.6 = 0.6 27.3 £ 0.3 29.5 =+ 0.7

Value (MJ/kg,
dry basis)
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Fig. 1. Scheme of the torrefaction pilot plant and view of the reactor.

the torrefier. Inside the reactor, the temperature is measured by nine
type N thermocouples that are uniformly distributed along the rotary
kiln. In addition, the temperature of biomass at the end of the reactor is
measured and usually it is significantly lower than the reactor tem-
perature set-point, showing that the temperature set-point cannot be
assumed as the torrefaction temperature. In this work, the torrefaction
of SCG was carried out at three temperature conditions. In particular,
the inlet temperature of thermal oil was set at 240, 265, and 290 °C,
corresponding to an exit temperature of biomass equal to 210, 235, and
260 °C, respectively. For this reason, the torrefied materials after the
tests were named as SCG-210, SCG-235, and SCG-260.

In order to evaluate the energy efficiency of the process, Table 3
shows the average thermal and electrical power required by the pilot-
scale reactor during each test and measured by the data acquisition
system of the torrefaction plant.

After the torrefaction temperature in the reactor is reached, the
torrefier is swept by a continuous nitrogen flow of 9.6 Nm>/h, in order
to maintain the inert atmosphere. Torrefied biomass is removed from
the reactor via a water-cooled screw conveyor and it is transported and
stored in big-bags. Gas produced during the torrefaction treatment are
expelled from the torrefier through a blower and then burned in a
thermal oxidiser. The blower speed is set to keep a negative pressure of
about 0.5-2mbar inside the torrefier. The residence time and the
feeding rate during torrefaction are regulated by mean of frequency
controllers of the rotate speed of the kiln and the moving floor conveyor
of the feeding hopper. In our tests, the feeding rate was set at 360 kg/h
and the residence time at 90 min. These values were chosen after pre-
liminary tests that highlighted that the reduced size of SCG did not
allow to reduce too much the rotational speed of the auger and, thus,
the residence time to be less than 90 min. Each torrefaction tests was
made to last 1h after the steady-state conditions were reached that
were characterized by steady biomass temperature at the exit of the
reactor and steady gas flow rate. During the steady-state conditions, the
torrefied material, produced and stored in the big-bags, was weighted
in order to calculate the mass yield of the process, permanent gases
were determined by continuous on-line sampling and gas conditioning,
and the condensate samples were obtained collecting a small fraction
(5-10 L/min) of the permanent gases and cooling it in a sampling train.

2.3. Analytical methods

Moisture, ash, and volatile matter content of raw and torrefied
biomass were determined in accordance with the technical standards
UNI EN ISO 18134-2:2017, UNI EN ISO 18122:2016, and UNI EN ISO

Table 3
Energy requirements of the torrefaction plant.
SCG-210 SCG-235 SCG-260
Average thermal power (kW) 40.7 46.7 54.5

Average electrical power (kW) 3.0 3.3 3.2

18123:2016, respectively. Proximate analysis was performed by using
the thermogravimetric analyzer Leco TGA-701 (LECO Corporation, St.
Joseph, MI, USA). Ultimate analysis was carried out according to UNI
EN ISO 16948:2015 using the Leco TruSpec CHN analyser (LECO
Corporation, St. Joseph, ML, USA). Oxygen content was calculated by
difference. The higher heating value (HHV) of solid products was de-
termined with a Leco AC-350 isoperibolic calorimeter (LECO
Corporation, St. Joseph, MI, USA) and in accordance to the standard
UNI EN ISO 18125:2018. Compositional analysis, in terms of cellulose,
hemicellulose, lignin, acetyl groups, and extractives content, was per-
formed in accordance with the analytical methods described in a pre-
vious work [29].

For gaseous samples, gas composition concentration was measured
according to CENER’s internal procedure, according to the IEA Task 33
gas analysis special report [30]. Gas is sampled on-line with a probe and
a sampling train for gas conditioning. The outlet of the sampling train is
connected to a micro gas chromatograph (Micro-GC 30004, Agilent
Technologies, USA) which measured gas composition each about 3 min.
The micro GC was calibrated with certified gas mixture containing Ho,
CO, COQ, Nz, 02, C3H8, C4H10, C5H12 and C6H14. The mass fraction of
each gas was obtained by multiplying the volume fraction for its density
while the calorific value of the gaseous products was calculated by the
following equation:

HH Vs (MI/Nm®) = VolH, (%) * HHVip,(MI/Nm®) + VolCO (%)
# HHVeo(MI/Nm3) + VolC3Hg(%) * HHVesys
(MI/Nm?) + VolC4Hio(%) * HHVeamo
(MI/Nm®) + VolCsHy(%) * HHVesz
(MI/Nm?) + VolCgHy4(%) * HHVgrria (MI/Nm?)
(€]

Condensate products were sampled during gas composition analysis
and then analysed by liquid (HPLC-DAD & RID) (HPLC 1100 series,
Agilent Technologies, USA) and gas (GC-FID) (7890B, Agilent
Technologies, USA) chromatographic techniques. The water content of
the liquid sample, corresponding to the gas moisture, was determined
by Karl-Fischer titration (V30, Mettler Toledo, OH, USA). Anhydrous
magnesium sulfate was added to the remaining liquid fraction in order
to separate the organic components of tar from water. Then, ultimate
analysis of tar was carried out by Leco TruSpec CHN analyser (LECO
Corporation, St. Joseph, MI, USA), calculating the oxygen content by
difference. HHV of tar was calculated from its elemental composition
(excluding sulfur), according to the Eq. (2) [31]:

HHV,(MJ/kg) = 0.352 C+ 0.944 H+ 0.105(S— O) @

All the analysis experiments were performed in triplicate, and the
average value of data was assumed. Most results were quite uniform
between each other. Error bars were omitted but the relative error was
mostly less than 5%.
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Fig. 2. Distribution of product yields from spent coffee grounds torrefaction.

2.4. Torrefaction process parameters

Mass (Ymass) and energy (EY) yields of torrefied products (solid,
liquid, and gaseous), and energy density enhancement of (EDE) torre-
fied biomass were calculated by using the following equations [32]:

Yiass = Mpr/Mraw + 100% 3)
EY = Ymass * HHVy/HHVpy C))
EDE = HHVj — — HHViyy/HHVigy # 100% 5)

where M, and HHV,, are the mass and higher heating value of solid,
liquid, and gaseous products, and M,,,, and HHV ,,, represent the mass
and higher heating value of raw feedstock.

3. Results
3.1. Mass yields of torrefaction products

Fig. 2 shows the effect of the torrefaction temperature on the yields
of solid, liquid, and gas products. The overall mass balance at different
temperatures was always above 95.5%, mostly due to the high accuracy
in the determination of the solid product which represents the largest
fraction of the torrefied products. It is evident that the solid yield de-
creases while the liquid and gas yields increases when the torrefaction
temperature rises from 210 °C to 260 °C. In particular, torrefied SCG
was characterized by a mass loss of about 14%, 26% and 45% at 210 °C,
235 °C and 260 °C, respectively, indicating that the torrefaction treat-
ment was more effective between 235 °C and 260 °C. On the other hand,
the yields of condensable and non-condensable products increase with
temperature from 11% to 34% and from 3% to 11%, respectively, due
to the decarboxylation and deoxygenation reactions of the hemi-
cellulose and part of cellulose, causing the formation of water vapour
and the release of gases and light volatile organic compounds [33]. It is
interesting to note that the torrefaction treatment at 210 °C was quite
more significant than that for other kind of biomass. Chen et al. [34]
obtained a solid yield of 95.3% at 210 °C for rice husk, while Uemura
et al. [35] reported that significant torrefaction did not take place in the
oil palm waste samples at a torrefaction temperature of 220 °C. This
result could be attributed to the high extractives content (25.2%) in
SCG; in fact, the evaporation of extractives begins at 150-220 °C when
the breakdown of the most labile bonds occurs with the emission of
volatile matter.

3.2. Characterization of solid products
Proximate analysis, ultimate analysis and heating value of the raw

SCG and torrefied SCG produced at different temperatures are reported
in Table 2.
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When the torrefaction temperature increases from 210 °C to 260 °C,
the volatile matter decreases from 82.5% to 70.8% at 260 °C as a result
of the thermal degradation of SCG. At the same time the fixed carbon
and ash content show a significant increase, resulting in enhancement
of the fuel ratio (fixed carbon/volatile matter) whose value increases
from about 0.2 for raw SCG to 0.4 for torrefied SCG at 260 °C. This
result is interesting when biomass is used in cofiring with coal because
the lower value of fuel ratio of biomass could cause a non-uniform heat
distribution inside the combustion chamber [36].

Ultimate analysis showed that carbon content increased up to 11%
when the torrefaction temperature reached 260 °C while hydrogen and
oxygen content was decreased with increasing temperature. In parti-
cular, the most significant change was registered for the oxygen content
when the temperature increased from 235 °C to 260 °C, reaching a de-
crease of about 23.5% compared to raw SCG. The reduction of oxygen
and hydrogen content was mainly due to the decarboxylation and
deoxygenation reactions and to the removal of the carboxyl groups,
respectively [35]. Moreover, as a result of devolatilization, the calorific
value of torrefied biomass significantly raised with the temperature,
observing an increase of HHV of about 5% at low-temperature torre-
faction and of about 17% at 260 °C (29.5 MJ/kg). This trend of HHV can
be associated to the ultimate analysis where an increase in the carbon
content leads to increase of calorific value.

Fig. 3 shows the Van Krevelen diagram where the atomic H/C and
0O/C ratios of SCG before and after torrefaction are plotted, in order to
analyze the evolution of the composition of biomass as function of the
torrefaction temperature. It can be seen that the H/C and O/C atomic
ratios decrease as temperature increase due to drying and devolatili-
zation process [37], approaching to the typical values for coal. Fur-
thermore, the relationship between the elemental compositions of raw
and torrefied SCG could be expressed by a linear equation, having a
slope of 1.79; this result indicates that the torrefaction treatment was
more effective on the H/C ratio than the O/C ratio by a factor of about
1.8. This trend was quite different from that obtained by Zhang et al.
[17]; they determined a value of slope of about 1.2 but the torrefaction
tests were carried out in a lab-scale tubular furnace and not in a con-
tinuous pilot-scale reactor.

Compositional analysis of raw and torrefied SCG was reported in
Table 4. It can be noted that hemicellulose is the most reactive polymer
because its content was strongly influenced by the torrefaction tem-
perature. Thermal degradation of hemicellulose occurs between 200
and 280 °C with the removal of the carboxyl groups and the release of
CO,, CO, H,0, and oxygen-containing organic compounds [39].

On the other hand, cellulose was subjected to a partial depolymer-
ization starting at 235 °C because its content in biomass first increased
from 16.5% to 17.5% at 210 °C and then, it decreased to 11.7% at
260 °C. This result was in accordance with the typical decomposition

18

16 - y=1.7923x + 0.8888
“l/ R?=0.9955
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Atomic H/C
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Fig. 3. Van Krevelen diagram of torrefied spent coffee grounds (SCG) at dif-
ferent torrefaction temperatures. Typical values of the atomic ratios for dif-
ferent grades were taken from Van der Stelt et al. [38].
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Table 4

Compositional analysis of raw and torrefied SCG.
Component SCG SCG-210 SCG-235 SCG-260
Hemicellulose (wt%, dry basis) 22.8 = 0.3 21.0 = 0.2 124 = 0.2 3.3+ 0.1
Cellulose (wt%, dry basis) 16.5 = 0.5 175 £ 0.4 13.8 £ 0.2 11.7 £ 0.1
Acid Insoluble Lignin (wt%, dry basis) 327 £ 1.1 33.1 + 0.9 36.8 + 0.7 39.5 + 0.5
Acetyl Groups (wt%, dry basis) 0.21 = 0.03 0.18 = 0.02 0.11 = 0.04 0.13 = 0.02
Extractives (wt%, dry basis) 25.2 = 0.5 26.8 = 0.6 357 £ 0.3 429 + 0.4
Other (wt%, dry basis) 2.6 £ 0.2 1.4 = 0.1 1.2 + 0.1 25 + 0.2

temperature range for cellulose (240-350 °C) [40]. Lignin is the most
thermally stable component of biomass because it decomposes over a
wide temperature range (230-550 °C) and its increase could be due
both to the decrease in the polysaccharide content and to the partial
carbonization of sugars when the torrefaction temperature increases. In
fact, the carbonized sugars could not be dissolved during the acid
treatment of the compositional analysis procedure, causing an increase
of the acid insoluble lignin content. Extractives are the non-structural
components of biomass and their content in the torrefied biomass
should decrease by devolatilization with the temperature. However,
SCG shows an opposite trend that can be explained by the accumulation
of by-products, arising from the partial degradation of lignin and ho-
locellulose. These residues were maybe subjected to chemical and
physical changes in their structure that made them not-separable from
the solvents used in the analyses [41].

3.3. Characterization of permanent gases

The main components of the non-condensable gases were CO and
CO,, with a small amount of H,, C3Hg, CsH;5, and CgHi4, depending on
the torrefaction temperature. Table 5 shows the non-condensable gases
yield and it can be noted that the yield and composition of gases were
strongly affected by the operating conditions.

Carbon monoxide and carbon dioxide yields increased as the tor-
refaction temperature raised, demonstrating that a significant amount
of oxygen was removed from biomass and transferred from SCG into
permanent gas. Up to the temperature of 235 °C, the overall permanent
gas yield was very low (about 3 wt%) while a quick increase occurred at
260 °C (about 10.5%) when the CO, concentration was reduced to
about 77% (v/v) and the CO fraction in the permanent gas increased to
about 22.5% (v/v). These results can be explained by the breakdown of
the lignocellulosic components at different temperatures, as discussed
previously. In particular, carbon monoxide mainly comes both from
decarbonylation reaction of low mass species, obtained during the de-
gradation of hemicellulose, and the reaction between carbon dioxide
and steam with char; on the other hand, the formation of CO, can be
explained by the decarboxylation of some acid groups present in the
hemicellulose, such as uronic acid of xylan [39]. Moreover, as the
temperature increases, the ratio of carbon monoxide to carbon dioxide
tends to increase from 14.7% (v/v) to 29.3% (v/v). These values were
in line with those achieved for other kind of biomass, such as willow
and larch [42], while they were quite lower compared to the

Table 5
Product yields and HHV of non-condensable gases at different torrefaction
temperatures.

Product 210°C 235°C 260°C
H, (Wt%) 0 0.001 0.001
CO (wt%) 0.241 0.388 1.631
CO; (Wt%) 2.599 2.614 8.799
C3Hg (Wt%) 0.010 0.015 0.064
CsHyz (Wt%) 0 0.001 0.012
CeHi4 (Wt%) 0 0 0.004
Higher Heating Value (MJ/Nm®) 1.95 2,92 3.55

Eupatorium adenophorum Spreng, for which Han et al. [32] obtained a
ratio of about 55% (v/v) at 275 °C for 30 min. This difference could be
due to the higher ash content (4.97%) of Eupatorium adenophorum
Spreng because higher amount of mineral matter may catalyze the
decarbonylation reaction [37]. The small fraction of H, at higher
temperatures could be due to water-gas shift and steam-reforming re-
actions [43]. From the energy point of view, the permanent gases were
characterized by a low heating value between 2 and 3.5 MJ/Nm?;
however, after appropriate purification and concentration, the non-
condensable gases could be useful burned in order to partially satisfy
the energy requirements of the torrefaction plant.

3.4. Characterization of liquid products

Water was the major condensable product of SCG torrefaction
process, with a percentage of 91.9%, 80.9%, and 73.7% at the tem-
perature of 210 °C, 235 °C, and 260 °C, respectively. Water was mainly
released from the evaporation of freely bound water and the chemical
dehydration and condensation reactions between organic molecules
[13]. In particular, the water content of liquid products decreased when
the torrefaction temperature increased because the tar production
raised due to the decomposition and devolatilization of hemicellulose.
Tar was formed by a complex mixture of acids, alcohols, ketones, al-
dehydes, phenols, and furans. Fig. 4 shows that acids were the second
most abundant product in the liquid fraction, mostly due to the pro-
duction of acetic acid (about 77% of the acids at all temperatures) from
the degradation of acetoxy- and methoxy-groups contained in the
hemicellulose, mainly in xylan [11].

In addition to the acids, the production of furans, ketones and al-
dehydes was also pronounced starting from the temperature of 235 °C,
due to the cleavage of pyranose rings in holocellulose [31]. At 260 °C
the two main chemical species in the furanic, ketonic and aldehydic
compounds were hydroxyacetone (81.8%), and furfural (10.5%). The
yield of hydroxyacetone (about 1.6 wt%) was higher than that obtained
for other biomass such as pine (0.6 wt%), ash-wood (0.6 wt%) and
wheat straw (1.3 wt%) during the torrefaction process at 280 °C for
45min [14]. This result could be explained by the fact that hydro-
xyacetone is formed from the breakdown of the cellulose fibrils that are

6

N

Condensable yield (wt %)
w

-

0 | - - [
210 235 260

Temperature (°C)
mAcids m®Alcohols mKetones/Aldehydes mPhenols Furans

Fig. 4. Product yields of tar at different torrefaction temperatures.
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Table 6

Elemental analysis and HHV of tar obtained at different torrefaction temperatures.
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Temperature (°C) C (wt % db) H (wt % db)

N (wt % db)

O (wt % db) Higher Heating Value (MJ/kg db)

210 48.5 = 0.9 6.6 = 0.5 28 £ 0.1 422 = 1.1 18.8 = 0.9

235 509 = 1.3 6.0 = 0.3 22 =01 409 = 1.0 19.3 = 0.6

260 57.7 = 0.7 7.0 = 0.4 2.1 = 0.2 33.3 = 0.6 23.4 = 0.8
Table 7

Industrial uses of the main condensable products.

Compounds Yield (wt%) Uses Refs.
210°C 235°C 260°C
Lactic acid 0.03 0.35 0.70 Used as a preservative and pH adjusting agent in the food and beverage industry and for production of lactate ester [46]
Formic acid 0.08 0.26 0.31 Used for animal feed protection, textiles and leather processing, flue gas desulfurization and to manufacture [47]
pharmaceuticals
Acetic acid 0.40 2.28 4.11 Used for production of foam rubber, wood gluing, emulsifiers, cement coatings and desalination membranes [46]
Levulinic acid 0.00 0.12 0.57 Used to produce pharmaceuticals, synthetic fibers and plastics and as an intermediate for higher value-added chemical [48,49]
compounds, such as methyl vinyl ketone and olefins
Methanol 0.11 0.14 0.41 Used for production of formaldehyde, methyl-tert-butyl ether (MTBE), acetic acid and dimethyl ether. It is also used as a  [50]
fuel in addition togasoline and for the denitrification process in the wastewater treatment plants
Furfural 0.04 0.36 0.49 Used for production of adhesives, as flavor compound and to replace oil-based chemicals [46]
Acetone 0.00 0.33 0.68 Used for production of acrylic plastics, signs, lighting fixtures, displays and as a solvent in paints, cleaning fluids, and [46]
adhesives
Hydroxyacetone 0.26 0.21 1.56 Used in the food sector (as flavouring compound), in the cosmetic industry (as a skin tanning agent) and in the textile [51]
industry (as a reduced dye) and for the production of chemical compounds, such as propylene glycol and acrolein
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Fig. 5. Oxygen distribution in torrefaction products. Fig. 7. Energy distribution in torrefaction products.
100 Table 8
Energy yield (EY) and energy density enhancement (EDE) obtained at different
& 90 torrefaction temperatures.
S Temperature (°C) EY EDE
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= -
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5 70 - m Liquid 260 64.4 15.4
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2
G 60 o . .
o 4-O-methylglucuronic acid unit linked to the xylan chain and in the
lignin structure [44].
50 — Tar composition was highly influenced by the torrefaction tem-
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Temperature (°C)

Fig. 6. Carbon distribution in torrefaction products.

protected by lignin. SCG contains lower proportions of lignin than other
lignocellulosic biomass, thus cellulose in SCG would be less protected
from thermal degradation. Among the alcohols, the main one was
methanol with a yield that increased rapidly over the temperature of
235°C. At 260°C, about 0.4 wt% yield of methanol was obtained,
mostly due to decomposition of the methoxyl groups present both in the

perature and this result was confirmed by the elemental analysis re-
ported in Table 6. It can be noted that carbon content of tar increased
from 48.5% to 57.7% as the torrefaction temperature increased from
210°C to 260 °C, due to the higher content of organic compounds. At
the same time, the oxygen content tends to decline together with the
atomic O/C ratio, whose value decreases from 0.65 to 0.43. Based on
the elemental composition, HHV of tar was also calculated; obviously,
the lowest value of HHV (18.8 MJ/kg db) was obtained at the lowest
torrefaction temperature, corresponding to the highest value of the
oxygen content. The highest value (23.4 MJ/kg db) was of the same
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order of magnitude as that of pyrolysis bio-oil (23.9-26.8 MJ/kg) [45].
However, its high moisture content requires a dehydration process
before use as a fuel or for the production of chemicals.

The condensable products from torrefaction gas can be considered
as by-products of the process because they may be applied in several
industrial fields either as precursors for other products or as solvents.
Table 7 shows a summary of the industrial applications of the main
compounds obtained in the condensable fraction.

3.5. Oxygen, carbon and energy distribution

Fig. 5 shows the oxygen distribution among the torrefied SCG, tar,
water, and gas at different torrefaction temperatures. It can be noted
that, as the temperature increased, the oxygen content in the torrefied
SCG decreased, migrating to the liquid and gaseous products in the
form of oxygen-containing organic compounds, water, CO, and CO2. Up
to the temperature of 235 °C, the deoxygenation reactions mainly lead
to the formation of water while, when the torrefaction temperature
reached 260 °C, also gaseous products became a significant contributor
of oxygen transfer and only 59% of oxygen was still retained in the solid
product. On the other hand, within the torrefaction temperature range
of 210-260 °C, only 2.4-7.8% of oxygen was transformed into the tar,
demonstrating that the main deoxygenation pathway was the release of
non-condensable products and water.

Along with the deoxygenation process, the torrefaction treatment
causes also the decarbonization of the solid product. As shown in Fig. 6,
carbon mainly remained in the solid fraction but its proportion de-
creased from 86.8% to 61.0% within the torrefaction temperature
range. In particular, a very small fraction of carbon was transferred to
the gaseous products, showing that the most significant decarboniza-
tion pathway was the release of tar. Since deoxygenation leads to in-
crease the HHV of biomass and decarbonization causes a loss of energy
from the solid product, both processes have a considerable effect on the
energy distribution of SCG. Fig. 7 shows that, as the torrefaction tem-
perature increased, the energy fraction of the solid product decreased,
even if most of the energy of SCG was retained in the torrefied SCG with
values from 99.0% to 86.8% within the torrefaction temperature range.
Furthermore, it can be observed that non-condensable products were
characterized by the lowest value of the energy yield (0.3-2.0%) at all
temperatures, due to the low yield and the low calorific value of gas.

Energy yield and energy density enhancement are the most im-
portant parameters to establish the effectiveness of the torrefaction
treatment [36]. Table 8 shows that the highest value of EY was obtained
at the temperature of 210 °C but the simultaneous increase in HHV was
quite low. In particular, the EDE increased sharply with the torrefaction
temperature for values higher than 235 °C. Therefore, the temperature
of 260 °C would seem the best suitable torrefaction condition to up-
grade SCG, giving a significant enhancement of HHV and retaining
about two-thirds of the energy content in the raw material.

4. Conclusions

The aim of this work was to contribute to better understand the
chemical evolution of the solid, condensable and non-condensable
phases produced during SCG torrefaction in a continuous horizontal
rotary reactor having a production capacity of 500 kg/h. Three oper-
ating temperatures (210 °C, 235 °C, 260 °C) for 90 min were selected as
the torrefaction conditions. Results showed that temperature had a
significant influence on the process parameters, such as mass and en-
ergy yields, mostly when the value was above 235 °C. With increasing
torrefaction temperature, the energy density enhancement increased,
mainly due to the decomposition of hemicellulose and cellulose in the
raw material. At 260 °C the hemicellulose content in the torrefied SCG
was reduced to 3.3%, demonstrating a significant effectiveness of the
deoxygenation process. Most of the oxygen removed was transferred to
the water and non-condensable fractions. On the other hand, the
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decarbonisation process caused a significant migration of carbon mostly
into the liquid products (about 33% at 260 °C). Tar fraction was com-
posed mainly of acetic acid and hydroxyacetone and about 11% of the
feedstock energy was retained in it at 260 °C. However, high moisture
content of condensable fraction (73.7% at 260 °C) affects the employ-
ment as a fuel but suggesting its use as a chemicals' source. This study
demonstrated at a semi-industrial scale that torrefaction is an inter-
esting option to pretreat SCG in order to produce a fuel with improved
energy density.
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