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ABSTRACT

In this study torrefied feedstocks, consisting of mixed wood and wood residues torrefied at 300 °C and ash wood
torrefied at 250 and 265 °C, were pyrolyzed in a pyroprobe at five pyrolysis temperatures (600-1000 °C) and a
fast heating rate (600 °C:s™!) to investigate the effect of torrefaction on the formation of volatiles and their
evolution in a 100 kW circulating fluidized bed gasifier. Results showed that torrefaction converted mostly the
hemicellulose content of feedstocks. Furthermore, torrefaction resulted in decreasing the bio-oil and gas yields,
increasing the char and phenol yields and not affecting the polyaromatic hydrocarbons yield. Phenol and
naphthalene showed the largest yield at 600-700 °C and 800-1000 °C, respectively. At such high temperatures,
the rest polyaromatic hydrocarbons showed yields similar to phenol's. At 900 °C torrefaction affected mainly the
phenolic species, with 4-propyl-phenol being the dominant species of its group for mixed wood and wood re-
sidues feedstock. In the gasifier, H, and CO, yields increased, CHy4 yield remained constant, and CO yield de-
pended on tar conversion and oxidation and steam reactions. The phenol and naphthalene yields further de-

creased and increased, respectively, whereas, polyaromatic hydrocarbons did not change in the gasifier.

1. Introduction

Biomass conversion to electricity and biofuels has become attractive
due to its potential carbon neutrality and its benefits regarding the
global warming impact. However, there are aspects of biomass that
inhibit its use in different applications, such as its heterogeneous nature
(even for the same species), its high moisture content that results in low
energy density. Therefore, pretreatment technologies were developed
to address such issues. Among the various biomass kinds, wood has
gained attention as it is considered second generation biomass and it
has a low ash content.

Torrefaction is a promising pretreatment technology which converts
biomass to a more coal-alike fuel. It is a mild thermochemical process
occurring between 200 and 300°C in an inert atmosphere. During
torrefaction biomass devolatilizes partially, becomes more brittle, hy-
drophobic, less prone to microbial and fungal degradation and in-
creases its energy density [1]. Torrefied biomass is a potential coal-
replacement fuel for boilers with a much lower carbon footprint

considering its life cycle [2]. In addition, torrefaction has shown to
lower the oxygen content of the biomass and to increase the aromatic
fraction of the condensable species during fast pyrolysis for bio-oil
production [3,4].

Hemicellulose, cellulose and lignin are the main biocomponents of
biomass. These chemical components decompose at different tem-
perature ranges. Hemicellulose is the least thermally stable component
due to its amorphous nature, cellulose thermal behavior is due to its
relatively strong intramolecular bonds and lignin is a complex, highly
branched and heavily crosslinked polymer and therefore it is more
thermally stable than the other two components. Hemicellulose de-
composes in the temperature range of 200 to 315°C and its typical
products are acetic acid, acetone, furfural, CO, CO, and CH,4 [5].
Hemicellulose decomposition is mainly responsible for the release of
CO,, This is mainly due to its higher carboxyl content in comparison to
cellulose and lignin which are mainly responsible for CO and H, — CH,4
production, respectively [3]. Cellulose decomposition starts approxi-
mately at 230°C and ends at 400°C and it produces mainly
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levoglucosan which at temperatures exceeding 500 °C vaporizes to
contribute almost exclusively to the gas and liquid yields [4]. At lower
temperatures active cellulose is generated with a comparatively low
degree of polymerization [6]. Due to the action of radicals and in-
creasing temperature, active cellulose undergoes further degradation to
generate tar, char and light gases [7-9]. During torrefaction the active
cellulose undergoes crosslinking. Severe carbon—carbon crosslinking of
cellulose hinders the production of volatiles and results in increasing
char production [5]. Thermal degradation of lignin starts at approxi-
mately 200 °C, but the main part of its conversion typically occurs at
higher temperature, between 400 and 750 °C [10]. Lignin decomposi-
tion leads to mainly char and, secondarily, volatiles [11]. At tempera-
tures higher than 500 °C the aromatic rings of lignin rearrange and
condense releasing H,. CO is produced both at higher and lower tem-
peratures from ether groups. CH, is mainly produced from a weakly
bonded methoxy group, at somewhat lower temperatures [12].

Several researchers [3,13-18] performed fast pyrolysis using a
pyroprobe and focussed their studies on the effect of torrefaction of
wood, agricultural residues or fractionated bio-polymers on bio-oil
components production. These researchers compared torrefied and
untreated biomass, but only Neupane et al. [13] and Yang et al. [20]
used feedstocks with different degrees of torrefaction. On the other
hand, there are researchers [21,22] who focused on investigating high
temperature fast pyrolysis, but used a fixed bed reactor, a design that is
similar to the pyroprobe's design (see Table 1).

Ojha and Vinu [14] pyrolyzed cellulose at 500 °C in a pyroprobe and
reported mainly yields of aldehydes/ketones, furans and anhy-
drosugars. Srinivasan et al. [15] pyrolyzed, at 600 °C, cellulose and
torrefied cellulose (at 225 °C for 30 min) in a pyroprobe. They reported
no significant mass loss during the torrefaction process, rather than an
effect of the process on the structure of the cellulose. They commented
that torrefaction modified cellulose structure by altering the C-O-C and
glycosidic bonds and reported no phenol yield in both feedstocks pyr-
olysis tests, and an aromatics yield only during the pyrolysis test of the
torrefied cellulose. Wu et al. [18] pyrolyzed three mixtures (two per-
sonally prepared mixtures and one natural mixture) of cellulose and
hemicellulose at 500-700 °C in a pyroprobe to investigate possible in-
teractions between the polymers. They concluded that for all mixtures,
the main condensable products were anhydrosugars, mainly levoglu-
cosan, and acetone and the only quantified non-condensable gas was
CO,. The latter was quantified in larger yields in the mixture with the
largest content of hemicellulose. Neupane et al. [13] performed fast
pyrolysis of pine wood at 550 °C. They reported an increase in phenol
and a minor increase in aromatic hydrocarbons (HC), such as benzene,
naphthalene, anthracene, phenanthrene and fluorene, with increasing
torrefaction level (225, 250 and 275 °C and 15, 30 and 45 mins). In an
earlier study of the same authors [3], they reported a much larger

Table 1
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increase of some aromatic HC (such as benzene, toluene, xylenes, in-
dene and styrene) and no influence on the phenolic and naphthalene
species upon torrefaction during fast pyrolysis at 650 °C of untreated
and torrefied pine wood. Thangalazhy-Gopakumar et al. [17] per-
formed fast pyrolysis of pine wood; they concluded that the bio-oil yield
showed a maximum at 550 °C with levoglucosan and other anhydrous
sugars being the major compounds. They also reported increasing
phenols and toluene yields with increasing temperature, from 550 to
750 °C. Yang et al. [20] reported mainly oxygenated polar species from
fast pyrolysis at 500-700 °C of untreated and torrefied switchgrass in a
pyroprobe. Torrefaction promoted the production of the anhydrous
sugars and, to a slight extent, the phenols, but apart from toluene the
authors did not report other aromatics.

Mazlan et al. [21] investigated the effect of fast pyrolysis tem-
perature, from 450 to 650 °C, on two types of untreated hardwood re-
sidues in a fixed bed drop-type pyrolyzer under a fast heating rate. They
concluded that both feedstocks produced the same maximum amount of
bio-oil but at slightly different temperature. When bio-oil yield de-
creased, non-condensable gases yield increased due to the secondary
reactions. The main analyzed constituents of the bio-oil were acetic
acid, tetrahydrofuran, and benzene. Zhou et al. [22] performed fast
pyrolysis of lignin at 500-900 °C in a fixed bed reactor using a rapid
heating rate. They reported that lignin pyrolysis results mainly in solid
residue (char), except at 900 °C, where the gas yield exceeds the solid
residue yield. The main heavy organic species analyzed were naph-
thalene and acenaphthylene, especially at 900 °C their yields increased
significantly. Previous researchers investigated the effect of torrefaction
of wood on fast pyrolysis and focused on selecting these process con-
ditions that would optimize bio-oil production. Furthermore, authors
put emphasis on bio-oil constituents, such as anhydrosugars, furans,
etc. Therefore, literature is scarce concerning investigating on fast
pyrolysis as the first chemical step at high temperature thermochemical
reactors. Louwes et al. [23] investigated on fast pyrolysis of one of the
two woody feedstocks used in our study, but these authors focused on
bio-oil properties and supply chain analysis while using an entrained
down-flow reactor.

The aim of this study is to characterize the effect of wood torre-
faction on the formation of volatiles during fast pyrolysis, as the latter is
the first chemical conversion step of thermochemical-converting tech-
nologies. In addition, to our knowledge this is the first time when a
commercially available, severely torrefied fuel is characterized, and
various non-condensable gases and PAH species are quantified under
fast pyrolysis conditions. Furthermore, the pyrolysis volatiles were se-
lected in order to be relevant to gasification's volatiles generated by
mixed reactions. Therefore, the results of this study are compared with
published results of O,-steam blown circulating fluidized bed (CFB)
gasification using exactly the same feedstocks [24,25] in order to show

Literature review of similar pyroprobe research. Only the major identified compounds are reported.

Reference Feedstock Temperature (°C) Heating rate  Holding Non-condensable ~ Oxygenated hydrocarbons Non-oxygenated
“cs™hH time (s) gases hydrocarbons
[14] Cellulose 500 20,000 50 CO, Acetaldehyde, 5- -
hydroxymethylfurfural

[15] Torrefied and untreated 600 n.d. n.d. - Levoglucosan Aromatics®

cellulose
[18] Cellulose-hemicellulose 500-700 20,000 15 CO, Levoglucosan, acetone -

mix
[17] Pine wood 450-750 100 30 - Guaiacols, phenols Toluene
[13] Torrefied and untreated 550 2000 90 - Phenols, guaiacols Naphthalene, anthracene,

pine wood phenanthrene and fluorene
[3] Torrefied and untreated 650 2000 n.d. - Phenols, guaiacols Naphthalene

pine wood
[20] Torrefied and untreated 500-700 1000 n.d. - Benzofuran, phenols Toluene, benzene

Kanlow switchgrass

@ No species are reported, however they concern non-oxygenated hydrocarbons with one or two rings structure.
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the evolution of non-condensable gas species and selected organic
species, such as phenol and PAH, in the gasifier. The results presented
in this paper will provide information regarding the mentioned organic
species and gas evolution under relevant conditions for thermochemical
processes.

2. Experimental section
2.1. Feedstock

Five wood samples were tested, torrefied mixed wood, torrefied ash
wood and their parent materials. Torrefied Torrcoal pellets (coded as
BT: “Black Torrcoal” feedstock) consist of mixed wood and wood re-
sidues and it is a solid biofuel already available on the Dutch market.
The fuel was acquired from Torr®Coal International B.V., where it was
torrefied in an indirectly heated rotary drum reactor at approximately
300 °C for < 10 min. Torrefied ash wood pellets, of the species Fraxinus
excelsior, were acquired from Van den Broek B.V. (The Netherlands) and
torrefied by the Energy research Centre of the Netherlands (ECN) at a
50 kgh ! directly heated moving bed pilot plant at two temperatures,
250 °C (coded as ash 250) and 265 (coded as ash 265) °C for 30 min.
Both parent materials, i.e. untreated ash pellets and untreated Torrcoal
pellets (coded as WT: “White Torrcoal” feedstock), were received from
the same sources as the torrefied feedstocks. All feedstocks were ground
and manually sieved into a size < 70 um.

2.2. TGA

The proximate analysis was performed via thermogravimetric ana-
lysis and is presented in Table 2 [24,25]. For this purpose a TA In-
struments SDT Q600 thermogravimetric analyzer (TGA) was used and a
heating rate of 20 °C-min~ " in a N, atmosphere was applied. Details
regarding the TGA instrument have been described in [26]. The samples
were placed in alumina cups in the apparatus in amounts varying be-
tween 3 and 15mg and the purge flow rate was 100 ml'min ™. Ex-
perimental runs were performed in a nitrogen atmosphere. The TGA
runs started with a temperature equilibration at 30 °C, after which a
drying step followed (heating up to 120°C at 20°Cmin~! with a
holding time at 120 °C of 30 min). The next step was the devolatiliza-
tion, with the selected heating rate of 20 °C:min ™", up to 900 °C. The
holding time at 900 °C was again 30 min. In addition, the torrefaction
degree was calculated based on the anhydrous weight loss divided by
the initial volatile mass fraction on a dry basis and is presented in
Table 2.

Torrefaction degree = (Mfinal — Minjtial)ary/ volatile mattetinigial,dry

The increase of the moisture content upon torrefaction of ash wood
is attributed to the water addition to facilitate pelleting. Based on the
proximate analysis of BT and ash 265, the fixed carbon and volatile
contents are similar despite the difference in wood origin and the

Table 2
Proximate analysis, bio-chemical analysis and torrefaction degree of used
feedstocks.

Untreated ash ~ Ash 250 Ash 265 WT BT
Moisture” 4.6 5.7 5.8 5.9 4.1
Volatile matter” 79.2 72.4 68.6 76.8 66.2
Fixed carbon® 20.2 27.0 30.5 21.8 32.2
Ash content” 0.5 0.5 1.0 1.4 1.6
Hemicellulose” 36.0 16.3 11.3 254  10.0
Cellulose” 33.2 34.9 34.3 41.1 35.1
Lignin” 30.8 48.8 54.4 335 549
Torrefaction degree (%) - 8.6 13.4 - 13.8

@ On as received basis.
> On dry basis.
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torrefaction temperature. Lastly, the elemental analysis of the feed-
stocks can be found in [24,25].

2.3. Pyroprobe

Pyrolysis experiments were performed in a commercial pyrolyzer,
i.e. pyroprobe, model 5150, CDS Analytical Inc. The probe had a
computer-controlled heating element, which surrounded the sample
contained in a quartz tube (approximately 25 mm long and 1.9 mm
inner diameter). A second heated zone with a longer packed tube
(114 mm long and 1.9mm inner diameter) at 50 °C was positioned
downstream to the valve oven, which was approximately at 325 °C, and
acted as the first trapping zone for the heavy condensable species
(hereafter referred to as ‘trap’). At the end of this quartz tube, an im-
pinger bottle filled with 2ml of isopropanol (IPA) was connected,
acting as the final condenser for lighter aromatics. Pyrolysis experi-
ments were performed at five temperatures (600, 700, 800, 900 and
1000 °C) at a constant heating rate of 600 °Cs~! and holding time of
10s. The pyroprobe run started with packing 30 + 1 mg of feedstock
sample in the quartz tube which was at room temperature, and the
nitrogen flow was fixed at approximately 18 ml'min . The set points
(heating rate, final temperature and holding time) of the test were
imposed using a device-control software. To begin, the temperature of
the accessory was increased to 300 °C at a heating rate of 100 °C:min !
and an de-gassed syringe was connected to the exhaust line of the gases
to collect the produced gases just before the pyrolysis process started.
The next step was the initiation of the pyrolysis process with the se-
lected set points; heating rate, holding time (at final temperature) and
the final temperature, between 600 and 1000 °C. Only two experiments
with BT feedstock were performed with an extended holding time to
investigate the remaining unreacted volatile mass fraction in the solid
residue. When the run had finished the gas-filled syringe was connected
to the micro-GC and the gases were injected for analysis, and the
condenser was removed and weighed. The trap was rinsed with 3 ml of
IPA in a test tube and the resulting solution was mixed with the con-
tents of the impinger bottle. The dissolved species were then filtered via
a paper filter in order to remove any particles, and the 5 ml solution was
collected in a vial for analysis. After the accessory was cooled down to,
at least, 50 °C the sample holder was removed and weighed. All pyr-
oprobe runs were duplicated at least once and the average values and
standard deviations are calculated. Table 3 shows the experimental
matrix of pyroprobe experiments. Lastly, researchers have reported that
at such high temperatures (T > 550°C) a heating lag occurs [27].
However, the quantification of species such as phenols and PAH, and
their behavior show that this effect is minimized in the pyroprobe.

2.4. Circulating fluidized bed gasification

The experimental test rig at TU Delft consisted of a 100 kWth
steam-oxygen blown CFB gasifier followed by a candle filter unit, and it
was equipped with a gas supply system, a solids supply system and
analytical equipment. The candle filter unit consisted of a high-

Table 3
Fast pyrolysis experimental matrix.
Parameters Untreated ash  Ash 250 Ash 265 WT BT
Final temperature (°C) 600 X X X X X
700 X X X X X
800 X X X X X
900 X X X X X
1000 X X X X X
Holding time at final 10 X X X X X
temperature (s) 30 X
60 X
Heating rate ("Cs™ 1) 600 X X X X X
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Fig. 1. dTG of ash wood and Torrcoal wood samples (heating rate = 20 °Cmin~?, N, = 100 mlmin™Y).

temperature filter unit containing four woven ceramic candles (BWF,
Germany) operating at 450 °C and the product gas was finally flared
downstream this unit. The capacity of the solids feeding system was
approximately 100 kW fuel thermal input. This corresponded to ap-
proximately 20 kg'h ~! of biomass. In addition, two other kinds of solids
could be fed simultaneously, e.g. the magnesite as bed material; mag-
nesite is a mineral consisting mainly of MgO. Details about the gasifi-
cation rig can be found elsewhere [24,25].

2.5. Analytical equipment

The gas analysis was performed using a Varian p-GC CP4900
equipped with a column module which separates the gas species N, H,,
CO, CO, and CH,4 (1 m CP-COX column), which are then detected via a
TCD detector and quantified. In addition, the (trapped) condensable
species were analyzed using a KNAUER HPLC and the trapped con-
densable species of only two experiments were analyzed using a
GCxGC-FID analysis setup available at the University of Groningen
[28]. The HPLC was equipped with a UV and fluorescence detector
(Knauer), and two reverse phase columns, one for phenol (Kromasil
Eternity C18 5pum 150 X 4.6 mm) and the other for PAHs (i.e. from
naphthalene to indeno(1,2,3-cd)pyrene) (UltraSep ES PAH QC,
60 x 2.0 mm). For the hemicellulose, cellulose and lignin compositions,
the two-step hydrolysis based on the (modified) NREL method [29] was
followed and the hydrolysed samples were analyzed in a KNAUER
HPLC. The latter was equipped with a Refractive Index (RI) detector
and a Phenomenex Rezex RPM-Monosaccharide Pb** column for
glucan, xylan, galactan, arabinan and mannan quantification. The
modification of the National Renewable Energy Laboratory (NREL)
method concerned the use of barium hydroxide octahydrate (Ba
(OH),"8H,0) instead of the recommended calcium carbonate (CaCOs3)
base for the neutralization step. This modification was necessary due to
the apparent interference of the sulfate anion with measurement of the
peak, as explained by [30]. The chemical composition results are pre-
sented in Table 2. Yu et al. [31] have shown that phenol is mainly
derived from lignin and it was observed that no PAH are formed below
800 °C. Therefore, phenol is quantified for the whole temperature range
and the PAH for temperatures between 800 and 1000 °C. In addition, it
was decided to analyze these organic compounds as phenol is mainly
derived from lignin, which is expected to increase in mass fraction upon
torrefaction, phenol is converted to PAH at elevated temperature and
phenol and PAH are species formed during CFB gasification. For the
analysis of the phenol from fast pyrolysis, 20 pL of filtered sample were
injected in the column and a gradient elution with methanol and water
was performed for 5 min and the UV detector was set at 254 nm. For the
analysis of the PAH from fast pyrolysis, 20 uL of filtered sample were
injected in the column and a gradient elution with acetonitrile and

water was performed for 17 min. The quantification was performed by
external calibration using standard tar compounds and the quantitative
analysis was obtained on the basis of the external calibration. The ca-
libration was performed using triplicate data points. All coefficients of
determination (R?) exceeded 0.990. The external calibrations were
prepared for aromatic hydrocarbons, such as phenols and from naph-
thalene to indeno(1,2,3-cd)pyrene. In addition, for compounds ana-
lyzed during CFB gasification, the samples were collected with the tar
standard method [32] and were analyzed using an HPLC equipped with
a UV and fluorescence analyzer (Knauer), and a reverse phase column
(Kromasil Eternity C18 5pm 150 X 4.6 mm). A detailed description of
the equipment used along with the followed procedure can be found
elsewhere [24,25]. Lastly, bio-oil samples of WT and BT experiments at
900 °C were sent to the University of Groningen for bio-oil analysis,
monomers and oligomers detection, such as alkyl-phenolics, aromatics
and aliphatic HC. The detailed GCxGC-FID description along with the
followed procedure can be found elsewhere [28].

3. Results and discussion
3.1. Biomass characterization

Fig. 1 shows the differential thermogravimetric data of untreated
ash, torrefied ash woods, WT and BT. Torrefaction resulted in a minimal
effect regarding the peak mass loss value of the feedstocks, in increasing
the fixed carbon and the ash contents at the highest torrefaction tem-
peratures (Table 2) and the decomposition of the torrefied feedstocks
started at a higher temperature. In addition, torrefaction resulted in
increasing the lignin content and the ratios of cellulose to hemicellulose
and lignin to hemicellulose, this was confirmed by the hydrolysis results
(Table 2) and as part of the hemicellulose was converted, the
“shoulder” on the left side of Fig. 1 has disappeared. It has been re-
ported before that the conversion of hemicellulose up to 275°C is at-
tributed to the fragmentation of monosaccharide units, the cleavage of
glycosidic bonds and the decomposition of the side chains [9]. It should
be stressed that even though ash 265 and BT result in practically the
same torrefaction degree, the effect of torrefaction on the cellulose
content is different. For ash 265, torrefaction resulted in increasing the
cellulose content, whereas for BT the cellulose content decreased upon
torrefaction. This behavior is a combination of the torrefaction tem-
perature, the torrefaction residence time, and the type of wood. Torr-
coal company uses a mixture of hardwood, softwood and wood residues
and operates at high torrefaction temperature which results in larger
cellulose conversion. On the other hand, ECN torrefied hardwood at
lower temperature than Torrcoal but using a much longer torrefaction
residence time. The latter resulted in larger hemicellulose conversion
upon torrefaction. However, in both cases the total sum of
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Fig. 2. Mass yield of char versus temperature during fast pyrolysis.

hemicellulose and cellulose contents decreased upon torrefaction.

3.2. Pyroprobe results

3.2.1. Char

Torrefaction resulted in increasing the char mass yield, as presented
in Fig. 2. Ash 265 and BT resulted in the largest char mass yield for the
entire temperature range due to their increased lignin content [22], and
ash 250 resulted in a slightly lower mass yield than ash 265 for the
entire temperature range. In addition, increasing the devolatilization
temperature leads to decreasing the char mass yield. The char mass
yields of the torrefied ash wood species did not result in a large dif-
ference, except at the lowest temperature of 600 °C where the difference
is approximately 10%. At 1000 °C the char mass yield of the ash 250
and ash 265 matches their fixed carbon contents. However, for un-
treated ash, the char yield at 1000 °C was lower than its fixed carbon
content. The latter may be attributed to secondary reactions.

Regarding the Torrcoal feedstocks, the WT char mass yield reaches a
plateau at 800 °C, whereas, BT char mass yield tends towards a plateau
at 1000 °C. The latter was confirmed with two additional tests per-
formed with a higher holding time (see Table 3) and resulted in minor

changes in the char mass yield values. The final char yield of BT mat-
ches its fixed carbon content; however for WT the char mass yield is
larger than its fixed carbon content. The latter is due to part of volatiles
condensed at such high temperature, as a WT char yield plateau is
observed at 800 °C and not at the highest pyrolysis temperature. This
difference in the final char yields in relation to the fixed carbon con-
tents for both TW and untreated ash wood may be attributed to the
different hemicellulose and cellulose contents that both feedstock ex-
hibit. A higher hemicellulose content (e.g. untreated ash) results in a
higher CO, yield [18]. On the other hand, a higher cellulose content
(e.g. TW) results in a larger levoglucosan yield that would result in
more secondary char formation (see Fig. 2). Another reason for this
difference can be the secondary decomposition of char for the forma-
tion of non - condensable gases [12].

3.2.2. Trapped bio-oil

The untreated feedstocks resulted in a higher trapped bio-oil mass
yield for the entire temperature range [4] (see Fig. 3) due to the tor-
refaction reducing the volatile content of the biomass. The amount of
volatiles released during torrefaction occurs due to hemicellulose and to
a lesser content cellulose decomposition which are the main sources of
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Fig. 3. Mass yield of total trapped bio-oil versus temperature during fast pyrolysis.
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liquid products. Furthermore, the severe carbon-carbon crosslinking of
the biomass carbohydrates prevents the production of both liquid and
gaseous products and favours char production. For ash wood samples,
the bio-oil yield decreases with increasing pyrolysis temperature, con-
sistent with reported results [17]. Untreated ash and ash 250 bio-oil
yields decrease during the entire temperature range. Ash 265 resulted
in the lowest bio-oil yield during the entire temperature range and its
bio-oil yield reaches a plateau at 900 °C. For Torrcoal wood samples,
increasing the devolatilization temperature resulted in decreasing the
bio-oil yield at higher temperature than 700 °C and up to 900 °C, then it
stabilized. The reduction of the bio-oil mass yield occurs with a si-
multaneous increase of the gas yield (see Fig. 4), showing that part of
the bio-oil produced is converted to non-condensable gases [21].

3.2.3. Non-condensable gas

As torrefaction reduces the volatile content of the feedstocks, the
torrefied samples resulted in a lower non-condensable gas mass yield
than the untreated samples, see Fig. 4. The gas mass yield for all
feedstocks increases with increasing pyrolysis temperature. For ash
wood samples, the gas yield is approximately the same until 700 °C;
from 700 to 1000 °C untreated ash results in higher gas yield than ash
250 and 265. This shows that secondary reactions, such as reforming
reactions, that occur between 700 and 1000 °C and produce gases,
mostly CO based on the analyzed gases, are more common in untreated
ash wood tests [33]. For Torrcoal feedstocks, WT results in a higher gas
yield, except at 1000 °C when BT matches the gas yield of WT.
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CH,4 and H, mass yields are much lower than the mass yields of CO
and CO,. Both untreated feedstocks show similar mass yields of CH,4
and H, up to 900 °C, but at 1000 °C untreated ash results in higher mass
yields. Torrefaction of ash resulted in increasing to a small extent only
the mass yields of CH,4 until 800 °C, at higher temperature this change is
within the error margin between untreated ash and torrefied ash woods.
For Torrcoal samples, torrefaction resulted in no significant changes for
both CH, and H,.

3.2.4. Phenol and PAHs

Phenol and PAH yields generally decrease and increase, respec-
tively, with increasing devolatilization temperature. This effect of
temperature on the phenol yield is consistent with literature
[13,20,35]. Phenol mainly derives from lignin degradation [3,36] and
at high temperature (> 850 °C) phenol is converted mainly to non-ox-
ygenated aromatics (naphthalene and benzene) and secondly to non-
condensable species (CO and CO,), instead of char [35,37]. As torre-
faction typically results in increasing the lignin content [4], torrefied
feedstocks are expected to result in a higher phenol yield. This was
observed with all torrefied feedstocks except for WT and BT at 700 °C,
given the high standard deviation, they result in approximately the
same phenol yields. Regarding the PAH yield, all the analyzed species,
but naphthalene, resulted in approximately the same yield as the
phenol yield for higher temperature than 800 °C. For all feedstocks, the
dominant PAH compound is naphthalene [22].

Fig. 6 shows that torrefaction of WT results in increasing the mass

==@==Ash 265 - =WT == X== BT

550 600 650 750

800 850 900 950 1000 1050

Temperature (°C)

Fig. 4. Mass yield of measured non-condensable gases versus temperature during fast pyrolysis.

Fig. 5 presents the mass yields of measured individual permanent
gas species, CO,, CO, CH, and H,. All feedstocks show a similar be-
havior, the yield of these gas species increases with devolatilization
increasing temperature. At lower temperature CO, is the dominant gas;
however, at 800°C and at higher devolatilization temperatures, CO
becomes the gas with the largest mass yield, consistent with the re-
ported results [26,34].

Even though the untreated feedstocks are both wood in origin, they
show differences in the mass yields of CO and CO, in the entire tem-
perature range. Their yields for both gases are approximately the same at
600 °C. WT pyrolysis results in higher CO, yield than untreated ash pyr-
olysis; whereas, untreated ash results in higher CO yield than WT. This
difference is attributed to their different chemical compositions, WT has a
larger hemicellulose content than untreated ash [18] and secondary re-
actions of the pyrolysis products. In addition, upon torrefaction both CO
and CO,, mass yields decreased due to the conversion of hemicellulose and
the reduction of the volatile content during torrefaction.
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yield of phenol but it does not affect significantly the mass yields of
other PAH compounds. Even though torrefaction results in decreasing
the volatile content of BT, the increase in the lignin content counters
the effect on the PAH yield. Phenol is a PAH precursor and BTEX
compounds that are produced in cellulose and hemicellulose pyrolysis
are also PAH precursors [13]. Additionally, the small increase of pro-
duced H, can be an indicator of phenol cracking, but also of Hy ab-
straction as part of the HACA sequence [14]. Therefore, it is fair to
assume that both mechanisms contribute to PAH formation in the
present cases. In addition, increasing the devolatilization temperature
results in increasing all the PAH compounds and decreasing the phenol.
A plateau for the phenol yield is observed at 800 °C and 900 °C for WT
and BT, respectively. However, the phenol reduction is greater than the
PAH increase. Based on this result, the PAH are formed only from a part
of the converted phenol, the rest of the converted phenol results in non-
condensable gases (such as CO) or organic species that are not mea-
sured (such as benzene). In addition Fig. 8 shows the relation between
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Table 4
Analyzed organic species yield of WT and BT samples based on GCxGC-FID (for
pyroprobe devolatilization tests at 900 °C).

Components WT900 (g/kggar) BT900 (g/Kgdar)
Aromatics” 14.97 15.96
Cycloalkanes 1.69 0.14
Dihydroxybenzene 29.37 5.55
Hydrocarbons 32.47 35.68
Ketones 4.09 1.11
Methoxyphenol 5.79 4.16
Naphthalene 21.60 1.80
Phenols 154.46 31.10
Volatile fatty acids 41.79 24.02
Total volatile fraction 306.38 119.53

? The aromatics group contains benzene, toluene, ethylbenzene, and xylenes.

Table 5
Detailed analysis of phenols and aromatics yields of WT and BT samples based
on GCxGC-FID (for pyroprobe devolatilization tests at 900 °C).

Components WT900 (8/kgdaf) BT900 (g/Kgdar)
Phenol 4.09 3.75
Phenol, 2-methyl- 1.13 0.97
Phenol, 3-methyl- 3.25 1.39
Phenol, 4-methyl- 2.96 2.08
Phenol, 2,4-dimethyl- 2.40 0.97
Phenol, 3-ethyl- 2.40 0.69
Phenol, 4-ethyl- 4.52 1.11
Phenol, 4-propyl- 13.84 3.19
Toluene 2.40 2.64
Ethylbenzene 0.14 b.i.l.*
Undecane 5.93 5.00
Tridecane 5.79 7.36
Pentadecane 3.39 5.00
Heptadecane b.i.l 3.33
Nonadecane b.il 2.92

2 b.i.l. stands for below identification limit.

the ratio of phenol to PAH species and temperature increase. There is a
decreasing trend, showing that phenol is converted to PAH. However,
upon torrefaction and at 900 °C this ratio of phenol to PAH stabilizes.

Table 4 presents the GCxGC-FID results of bio-oil derived from WT
and BT pyrolysis at 900 °C and Table 5 presents an extensive analysis of
grouped species of Table 4, such as phenols. In addition, as the total
phenols species yield is much larger than the sum of the specific species
of Table 5, it is expected that more unidentified phenols are formed
during our tests. These results are in qualitative agreement with the
HPLC results in Fig. 3. The GCxGC-FID results also show that the total
trapped species reduced upon torrefaction. This reduction derives
mainly from phenols, volatile fatty acids and dihydroxybenzene. Based
on the phenol species and aromatics of Table 4, the phenol species
reduction upon torrefaction is due to methyl-, ethyl-, dimethyl- and
propyl-substituted phenol species, as the difference between phenol
formation of WT and BT at 900 °C is not significant. In addition, the
naphthalene yields are different; however, the naphthalene concentra-
tion in both samples was low and it resulted in a minor difference in
background noise. Thus, the naphthalene yield of WT900 appears to be
significantly larger. These results indicate that torrefaction resulted in
increasing slightly only the aromatics and hydrocarbons yields. On the
other hand, the other identified species yields were reduced upon tor-
refaction. These results are in agreement with Srinivasan et al. [3,15]
and Neupane et al. [13].

Torrefaction resulted in affecting the untreated ash in a similar way
as the WT for phenol; it led to an increase of phenol mass yield and it
did not affect the PAH compounds, as shown in Fig. 7. Similar to WT,
phenol yield decreases with increasing temperature, whereas, the other
analyzed organic compounds increase. The only quantitative difference
between ash wood samples is that ash 250 shows a slightly larger
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phenol yield than ash 265 at 600 °C, and naphthalene yield decreases
from 900 °C to 1000 °C for ash 265. While the former can be explained
by the effect of torrefaction on the chemical composition of ash 250 and
ash 265, the latter cannot. Nanou et al. [38] performed the torrefaction
of the untreated ash and these authors reported that the torrefaction gas
of ash 265 contained a higher mass fraction of phenol than the torre-
faction gas of ash 250; this shows that more lignin was converted.
Therefore, it may be said that until phenols starts decreasing (i.e.
converting) in the pyroprobe, its quantified yield derived mainly from
primary reactions. On the other hand, regarding the naphthalene yield
at 1000 °C, Zhou et al. [22] tested lignin and these authors reported that
the presence of CO, reduced the mass yield of naphthalene while the
CO yield increased, similarly to our results. These authors did not
provide an explanation for their observation but CO, and H,O may
accelerate the decomposition of tars [39], favouring reaction pathways
that do not lead to naphthalene formation. In addition Fig. 8 shows the
relation between the ratio of phenol to PAH species and temperature
increase. There is a decreasing trend, showing that phenol is converted
to PAH.

3.3. Analyzed non-condensable gases, phenol and PAH behavior in the CFB
gasifier

The non-condensable gases, phenol and PAH species formed in the
pyroprobe are considered compounds that are formed when biomass is
fed to a thermochemical reactor, such as a gasifier. Therefore, these
results are compared with gasification results from O,-steam blown CFB
gasification with the same feedstocks. The gasification experiments
were performed with an equivalence ratio (ER) = 0.36 and a steam-to-
biomass ratio (SBR) = 0.85 for Torrcoal wood samples, and ER = 0.3
and SBR = 1.0 for ash wood samples. Due to the fact that the CFB ga-
sification tests were carried out at 850 °C, the arithmetic mean of the
pyroprobe results of tests at 800 °C and 900 °C was used.

Almost all gases show an increasing trend from pyrolysis to gasifi-
cation (see Figs. 9 and 10) as pyrolysis concerns only the feedstock as
reactant, whereas, in gasification steam and O, were fed in the reactor.
However, CO yield decreases for ash wood samples, CO increases for BT
and CH,4 does not show any change for all tested feedstocks in the ga-
sifier. The increase in CO is attributed partly to reforming of hydro-
carbons and partial oxidation in the gasifier due to the high ER. Con-
trary to Torrcoal samples, the CO yield from all ash wood samples
decreases in the gasifier. However, a lower ER is used and in [25] it is
concluded that torrefaction of ash wood resulted in increasing the tars
in the gasifier; therefore a relation between the CO and tar yields exists
[33], i.e. a tar reduction results in a CO increase. Lastly, it is evident
that the CH,4 formed during pyrolysis is not as reactive as other existing
species, resulting in no change in the gasifier.

Fig. 11 presents the results of analyzed organic species of Torrcoal
woods in the gasifier and pyroprobe. Given the reduction in the phenol
yield and the increase of the PAH species, one can conclude that tars,
such as phenols, were converted to heavier aromatics in the gasifier,
such as naphthalene for both WT and BT, and toluene, phenanthrene
and pyrene for WT. Contrary to the pyroprobe results, this increase in
the naphthalene mass yield during gasification is larger than phenol
reduction, so other species are contributing as naphthalene is a stable
aromatic species and product of tar growth mechanisms [33]. In ad-
dition, traces of phenol are still quantified in the gasifier only for WT.
As torrefaction affected mainly the cellulose and hemicellulose content
of WT, the pathway of phenol formation exists via species of hemi-
cellulose and cellulose decomposition.

Fig. 12 presents the results of analyzed organic species of ash woods
experiments in the gasifier and pyroprobe. The evolution of analyzed
species is similar to Torrcoal wood samples, except for species heavier
than phenanthrene which remained the same after the pyrolysis step in
the gasifier. This shows that phenol was converted to naphthalene but
also to other species in the gasifier, such as benzene and CO, [37].
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Fig. 9. Gas mass yields in fast pyrolysis and CFB gasification [24] (850 °C,
ER = 0.3 and SBR = 1.0) of Torrcoal wood samples.
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4. Conclusions

In this paper we investigated the impact of wood torrefaction on fast
pyrolysis using a pyroprobe. Fast pyrolysis is the first chemical con-
version step of many thermochemical conversion technologies.
Therefore, the pyrolysis products were considered as primary products
formed in a CFB gasifier, and here we compared their yields with ex-
perimental results of CFB gasification with exactly the same feedstocks.
The chemical analysis results show that torrefaction temperature affects
different types of wood differently regarding the hemicellulose, cellu-
lose and lignin contents. In addition, the torrefaction residence time can
be an important factor when processing biomass. An increased re-
sidence time results in increasing the torrefaction degree to similar
values as torrefaction temperature would. The fast pyrolysis experi-
ments showed that torrefaction decreased the bio-oil and gas mass
yields, increased the char and phenol mass yields and did not show a
significant effect on the PAH mass yield. However, torrefaction did not
affect the increasing or decreasing trends with increasing temperature
in the pyroprobe. The analyzed species formed during pyrolysis show
different behaviors in the CFB gasifier. H, and CO, mass yields in-
creased due to the oxidation agents, CH, that is formed during pyrolysis
is rather unreactive in the gasifier, and CO is depended on tar conver-
sion and gasification conditions. Lastly, even though phenol and
naphthalene that are formed during pyrolysis are decreased and in-
creased, respectively, they do not necessarily convert to heavy PAH.
The latter are produced during pyrolysis and remain relatively constant.
Therefore, a method that would reduce heavy PAH in the pyrolysis step
would result in reducing them in the gasification step too.

Comparing pyroprobe tests with tests at thermochemical reactors
which include a pyrolysis step show that secondary reactions are indeed
minimized in the pyroprobe. Therefore, such a comparison is pro-
mising. It is suggested that the same species are quantified in the pyr-
oprobe and the thermochemical reactor, but additional species should
be considered, such as benzene. This way reaction pathways of organic
species can be distinguished.
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