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ABSTRACT

The present work focuses on the sampling procedure and quantification of the PAH yield from the fast pyrolysis
of waste softwood. In particular, fast pyrolysis experiments were conducted using a CDS Pyroprobe 5200 at
temperatures between 500 °C and 1000 °C, at a heating rate of 600 °C/s for a sample size of 30 mg. High per-
formance liquid chromatography (HPLC) was used for the determination of the PAH compounds present in the
liquid sample fraction, while a micro — GC was employed for the analysis of the main gaseous products (CO, CO,,
CH, and H,). An alternative tar sampling protocol was proposed, which employed the use of a cold trap (50 °C)
and an isopropanol filled impinger bottle for the collection of the condensable products. The experiments were
compared to heated foil reactor based pyrolysis tests within the same temperature range and heating rate, except
for a slightly lower sample size (10 mg).

The Pyroprobe and adapted sampling system proved to be more efficient regarding PAH capture and quan-
tification compared to the heated foil reactor. Naphthalene, acenaphthylene and phenanthrene were the main
PAH compounds detected. The PAH yields increased with pyrolysis temperature, up to values corresponding to
roughly 0.2 wt% of the overall yield at 1000 °C. From the results it was derived that PAH evolution is mainly a
product of secondary decomposition of primary tar, since the char yield stabilized for higher temperatures and
the yields of CO, H, and CH,4 increased. Overall mass balance closure values were around 80 wt% on average.
Char and gas yields were determined with high reproducibility, however gravimetric liquid analysis lacked due
to the inability to gravimetrically measure the yield condensing in the impinger bottle. Future work is aimed on
improving on this particular aspect. Overall, the alternative tar sampling system proposed was successful in the
quantification of PAH from biomass fast pyrolysis experiments offering increased flexibility, accuracy and
practicality of use.

1. Introduction

Concern around environmental changes,

employed thermochemical conversion methods [1]. Pyrolysis is the
thermochemical process of biomass decomposition, either in the ab-

the future depletion of sence of an oxidation medium, or with a minor amount which does not

conventional fossil fuel reserves as well as the ever increasing need for
energy self — reliance and the global concern around environmental
change caused by their use, have made heat and power generation from
alternative and sustainable resources a primary research focus world-
wide. Biomass is such a resource, constituting a potentially clean and
renewable fuel, while being the third fuel resource worldwide, after
coal and oil, in terms of abundance. Thermochemical conversion of
biomass can be employed for heat, power, chemicals and fuels pro-
duction. Pyrolysis, torrefaction, gasification, combustion and hydro-
thermal carbonization or liquefaction are considered as the major
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enable gasification to an appreciable extent [2]. Pyrolysis generates
char, bio - oil and gases, depending on the reactor’s operational regime.
Pyrolysis is also a sub-process of solid fuel gasification and tar forma-
tion therein. During gasification, primary and secondary pyrolysis re-
actions occur among other reactions such as the water — gas shift re-
action and char oxidation [3]. Biomass gasification is receiving a lot of
attention as a route for (large-scale) energy conversion. However, the
presence of tar in the product is linked to several issues such as con-
densation, formation of tar aerosols and polymerization for the for-
mation of more complex structures. Such structures can damage process
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equipment including engines and turbines [4]. The amount and nature
of the produced tars depend both on the operational parameters and on
the type of the biomass feedstock. Therefore, the study of a biomass
feedstock’s tar production potential is essential for its successful ap-
plication in gasification applications.

Tar is a complex mixture of oxygenated organic compounds, 1-5 —
ring aromatic hydrocarbons and complex polycyclic aromatic hydro-
carbons. According to the EU/IEA/US-DOE meeting on tar measure-
ment protocol (Brussels, 1998), the components of thermochemical
conversion products with a molecular weight higher than benzene are
defined as tars [5]. In the present work however, the first definition is
going to be used. Tars are produced primarily through depolymerisa-
tion during pyrolysis and their formation depends greatly on the reac-
tion conditions. At intermediately high temperatures, secondary reac-
tions take place in the gas phase converting the oxygen-containing tar
compounds produced primarily to light hydrocarbons, aromatics, oxy-
genates and olefins. Subsequently, higher hydrocarbons and larger
polycyclic aromatic hydrocarbons are formed [6]. Polycyclic aromatic
hydrocarbons (PAH) are ubiquitous environmental pollutants that are
formed from natural and anthropogenic sources [7]. Low molecular
weight PAHs (less than four benzene rings) are acutely toxic, while high
molecular weight PAHs are mutagenic and carcinogenic [8]. They are
considered as by — products of high temperature pyrolysis and in-
complete combustion reactions [9]. Tars can be broadly classified into
four main categories: primary, secondary, alkyl tertiary and condensed
tertiary tars. Primary tars are produced during primary pyrolysis
(200°C-500°C) and include cellulose — derived products such as le-
voglucosan, hydroxyacetaldehyde and furfurals, along with analogous
hemicellulose-derived products and lignin derived methoxyphenols.
Secondary tars mainly include phenolics and olefins and are produced
from the thermal cracking of the primary tars at temperatures higher
than 500 °C. The class of alkyl tertiary tars includes methyl derivatives
of aromatics, such as methylacenaphthylene, methylnaphthalene, to-
luene and indene, while the condensed tertiary tars class includes PAHs
(naphthalene, acenapthylene, anthracene/phenanthrene, pyrene, etc.).
Tar products belonging to those classes appear at pyrolysis tempera-
tures higher than 650 °C and 750 °C, respectively [10]. Another tar
classification scheme is proposed in [11] based on the solubility and
condensability of the tar compounds instead of their reactivity. Ac-
cording to this scheme, tars can be divided into the following groups:
GC - undetectable tars, heterocyclic tars which contain hetero atoms
along with highly water soluble compounds (pyridine, phenol, cresols,
etc.), light aromatic tars including light hydrocarbons with a single ring
(toluene, ethylbenzene, xylenes and styrene), light polyaromatic tars,
which are two- or three-ring compounds (indene, naphthalene, me-
thylnaphthalene, biphenyl, acenaphthalene, fluorene, phenanthrene
and anthracene) and heavy polyaromatic tars such as fluoranthene,
pyrene and chrysene which have more than three rings. Among these
classes light polycyclic tars condense at low temperatures while heavy
polycyclics condense at high temperatures, both at low concentrations
[11]. Consequently, the use of an appropriate configuration of the tar
sampling method is essential for the accurate determination of the tar
production spectrum.

In processes such as gasification for the production of producer gas
or upgraded syngas and fast pyrolysis, which is mainly focused on bio —
oil production, rapid heating rates are employed (higher than 100 °C/s).
As a result, the investigation of tar formation under such conditions
requires the use of reactors that can ensure such heating rates and the
use of appropriate tar sampling techniques. Typical analytical pyr-
olyzers that are used in such experimental studies include furnace type
of pyrolyzers, heated foil reactors, Curie — Point/Pyroprobe reactors,
entrained flow/drop tube reactors, as well as small scale fluidized bed
reactors [12,13]. In furnace type of pyrolyzers, the (small particle size)
sample is introduced into a preheated zone rapidly. In Curie — point
pyrolyzers, the samples are placed on ferromagnetic wires or small
sheets and they undergo pyrolysis at the Curie temperature of the
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ferromagnetic alloys [13]. Heated foil reactors, pyrolyze a thin disk of
particles in an electrically heated wire mesh, while the heating rate and
holding time are controlled by the proper adjustment of the current to
the screen [12]. Pyroprobe reactors perform platinum filament heated
pyrolysis, where the temperature of the filament surrounding the
sample is controlled by variation of the voltage drop [14]. Drop tube
furnaces are mostly vertical and down - fired and the samples are in-
troduced in pulverized form. Entrained flow reactors are a variation of
the drop tube furnace where the fuel particles are entrained in a carrier
gas along the axis of the furnace into a flowing preheated gas stream.
All these types of pyrolyzers can achieve maximum temperatures above
1400 °C and appropriate heating rates for the conduction of fast or flash
pyrolysis experiments [15]. Tar sampling from such instruments is
based on cold trapping techniques followed by solvent absorption. The
obtained volatiles can be analysed by the means of high — performance
liquid chromatography (HPLC), size — exclusion chromatography — UV,
gas chromatography (GC) - flame ionisation detection (FID) or GC —
mass spectrometry (MS) [16]. In Tables 1, the reader can find a brief
overview on some tar sampling methods for PAH detection from fast
pyrolysis reactors.

Pyroprobe reactors in particular have been widely employed in the
investigation of the pyrolysis characteristics of biomass species.
Analysis of the produced volatiles is usually performed by means of GC -
MS [23-31]. This choice however, creates an obstacle regarding the
quantification of PAH species produced during pyrolysis. The main
reason is that during devolatilization/pyrolysis most condensable gases
are absorbed in the pyroprobe trap. By increasing the local tempera-
ture, desorption of the tars takes place at a maximum temperature of
350 °C. This temperature is not sufficient for the desorption of all the
PAHs and especially the heavier ones. For example, the boiling point of
pyrene and fluoranthene are 393°C and 383°C, respectively [32].
Furthermore, limitations are imposed by the maximum GC inlet tem-
perature and the maximum temperature of the GC line interface (ty-
pically below 300 °C and 200 °C, respectively [33]). Heavy PAHs can
also recondense on the GC column under the aforementioned condi-
tions. In general, quantitative results on the production of PAH cannot
be obtained through PY — GC/MS pyrolysis [34]. Only qualitative re-
sults can be obtained, through the determination of the total calibrated
chromatographic peak areas for several experiments performed at dif-
ferent temperatures with the same sample mass [35].

In this paper, PAH formation during the fast pyrolysis of woody
biomass within a high temperature range (500 °C to 1000 °C) is in-
vestigated. An additional purpose of this study is to present a fast and
accurate method for PAHs sampling and quantification from pyrolysis
experiments in a Pyroprobe reactor. More specifically, condensation of
the produced PAHs was achieved by the coupling of the built — in
trapping system of the Pyroprobe with an isopropanol filled condenser
at room temperature. The obtained tars, dissolved in isopropanol, were
analysed using an HPLC for the quantification of each PAH content,
without the need for a solvent evaporation step, Besides the time and
accuracy benefits of this method, the simultaneous sampling of the non
- condensable pyrolysis products is possible. Thus, at least satisfactory
mass balance values can be obtained and links between tar and per-
manent gases evolution can be investigated. Moreover, the decoupling
of the Pyroprobe reactor from a GC/MS system allows the conduction of
experiments with oxidizing agents such as air, oxygen and CO,, al-
though such attempts were not part of this study. Overall, this method
offers a more complete determination of a biomass feedstock’s fast
devolatilization characteristics and the effects of operational para-
meters on the products’ nature and distribution. The results were
compared to those obtained from a heated foil reactor at the same
process conditions. Significant differences, however, exist between the
two reactor systems related to heat and mass transfer characteristics,
sample size, tar sampling procedure, etc.. Considering the limitations in
both cases (e.g. sample size — see section 2.2), both reactor systems
were used in such a way as to ensure yields relevant to the relatively
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Table 2
Proximate and ultimate analysis of waste softwood [36].
ar. d.b. daf

Moisture” (wt%) 7.9 - -
Ash® (wt%) 0.7 0.8 -
VM?* (wt%) 72.1 78.3 78.9
FC* (Wt%) 19.3 21.0 21.1
C (Wt%) 45.6 49.5 49.8
H (wt%) 4.7 5.0 5.1
N (wt%) 0.5 0.5 0.5
S (Wt%) 0.04 0.04 0.04
0P (Wt%) 36.5 39.6 39.9
HHV (MJ/kg) 18.1 20.6 20.7

@ calculated by TGA.
b calculated by difference.

high heating rate industrial application cases for all product fractions
(gas, char, tar), which would also positively affect the identification of
its individual gaseous and tar (in this case PAH) compounds afterwards.
Therefore, the purpose of any comparison of the two performed, is to
highlight the differences in PAH quantification from biomass fast pyr-
olysis by following two different procedures.

2. Materials & methods
2.1. Proximate and ultimate analysis of the fuels

Raw biomass used in this work was supplied by the Dutch company
Synvalor. In particular, a waste softwood mixture, a by-product of
furniture manufacturing was used as a feedstock. Prior to the experi-
ments the biomass was ground and sieved to powder with particle
size < 90 um. Proximate and ultimate analysis of the wood is provided
in Table 2. Analytical description of the procedures followed for the
analysis, as well as the sugar and biochemical composition of the
feedstocks can be found in [36].

2.2. Apparatus and experimental procedure

The fast pyrolysis experiments were conducted on a CDS Pyroprobe
Model 5200, equipped with a %2”coil probe, able to house a quartz tube
with maximum capacity of approximately 300 mg of sample. Fig. 1
presents a schematic overview of the equipment and the experimental
procedure. This configuration allows higher biomass loading, compared
to traditional Py-GC/MS applications where the typical biomass loading
is 2—3mg. In this way the inaccuracies and uncertainties during pro-
duct collection and determination can be significantly reduced. For
each experiment, a sample of approximately 30 mg of woody biomass
was placed in the middle of the quartz tube, with the support of some

Sample

Volatiles
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quartz wool in both ends. This sample size was selected in order to
avoid the introduction of heat and mass transfer limitations imposed by
larger sample sizes. At the same time, this sample size is considered
large enough to lead to the production of considerable yields of the
products investigated.

The coil probe, loaded with the quartz tube containing the sample
was introduced in the Pyroprobe interface. The interface was heated
from an initial temperature of 50 °C-300 °C at a heating rate of 100 °C/
min. Afterwards, the coil was heated to the desired pyrolysis tem-
perature which was maintained for 10 s, with a heating rate of 600 °C/s.
It has to be noted that the actual temperature inside the quartz tube
differs from the one that is set for the probe coil. According to the
manufacturer, the difference is approximately 100 °C, however after
measurements with a thermocouple inside the sample quartz tube
performed by the authors, it was found that the difference was actually
higher, especially for temperatures above 600 °C. As a result, the fila-
ment temperature was set accordingly for each experiment. For ex-
ample, in order to achieve a temperature of 800 °C for the sample’s
pyrolysis, the filament temperature needs to be set at 1008 °C. It should
be noted that the temperature correction regards only the quartz tube
effect and not the effect of the sample’s presence in the tube, since such
measurements cannot be conducted in the current setup. Furthermore,
due to the low thermal conductivity of the quartz tube, the actual
heating rate that the sample experienced is also expected to be lower
than the imposed 600 °C/s heating rate of the probe coil (approximately
450 °C/min). The conduction of experiments with increased holding
times (up to 125s), in order to compensate for the lower actual heating
rate, did not lead to any differences in the experimental results. The
conditions were chosen to match previous experiments with the same
feedstock on a heated foil reactor [36] for direct comparison purposes.
Nitrogen (purity 99.999 %) was used as a purge gas at a constant flow
of 10 mL,/min using a flowmeter. The pyrolysis vapours flowed from
the quartz sample tube to the trap through the valve oven which was
kept at 325 °C. The trap consisted of a quartz tube (114 mm L, 4 mm
I.D.) equipped with a glass frit in order to facilitate aerosol condensa-
tion. The trap was heated with a heating jacket at 50 °C because of the
high temperature in the oven upstream the trap (325 °C). The majority
of condensable products (tars) condensed in the trap. However, an
additional liquid trap was connected downstream this quartz tube trap
in order to ensure the condensation of lighter tar species. The liquid
trap consisted of an impinger bottle filled with 2 mL of 2-propanol (IPA)
provided by Sigma Aldrich (99.9 % purity). At the exit of the liquid trap
gases were collected in a syringe with a freely moving piston for sub-
sequent analysis by micro-GC. The quartz trap was washed with an
additional 3 mL of IPA and the resulting solution was then mixed with
the constituents of the liquid trap for the subsequent HPLC analysis. At
the end of the experiment, the char product and the liquid product (tars
and with pyrolytic water) that condensed in the quartz trap were

Heavy Tars (HPLC)
A
Quartz Trap/50 “C
N,
i o R
N
H
HE
i
Gas Collection '4_/' /]
(micro-GC) N \(-—'
’
ar P S—
A 4 . ’\ ------ ]' l
b | }
Light Tars (HPLC) rvsves
Liquid Trap/20 °C

Fig. 1. A schematic overview of the experimental procedure and product sampling methods that were followed in the conduction of the pyrolysis experiments.
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Fig. 2. PAH evolution during pyrolysis (600 °C/s, 10s holding time) of wood at different temperatures, comparison between pyroprobe and heated foil (HF).
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Fig. 2. (continued)

determined gravimetrically by weighing the sample quartz tube and the
quartz trap, respectively. All experiments were performed in triplicate.
The heated foil reactor employed was coupled with an FTIR for the
simultaneous analysis of the product gases. A detailed schematic of the
reactor and the overall procedure can be found in [36]. Briefly, the
biomass sample was ground and sieved to particle sizes below 90 pm
and subsequently, 10 mg were compressed into a tablet (2.5 mm dia-
meter, 0.7 mm thickness) by using a pellet press (force of 2t). The
sample size employed is limited to 10 mg, since for larger sample sizes,
the increased thickness of the tablet would impose significant tem-
perature gradients in the sample, as it was found by the authors in [37].
The tablet was then placed on the stainless steel foil and the reactor was
purged with Ny (purity 99.999 %) in order to create an inert atmo-
sphere. No temperature correction was employed in the case of the
heated foil experiments, since the thermocouple of the instrument is
located on the plate were the sample is placed. Subsequently, the
sample was heated to the final pyrolysis temperature (500-1000 °C) for
10s at a heating rate of 600 °C/s. A circulation pump was used for
carrying the product gases to the FTIR for analysis. After the gas ana-
lysis, the reactor was cooled down by a N, stream and the remaining
char was retrieved from the foil and measured gravimetrically. Glass
wool was placed at the outlet of the main chamber (before the circu-
lation pump) to serve as a tar trap. The tar trapped in the glass wool
filters was washed with DCM (dichloromethane) and mixed with the tar
obtained from the reactor’s walls and lid (also washed with DCM). After
filtering, the total solution was subjected to DCM evaporation at room
temperature in a fume hood and the final total tar yield was determined
gravimetrically. All experiments were performed in triplicate.

2.3. Analysis of the products

Tars from pyrolysis experiments were analysed by means of a high
performance liquid chromatograph (HPLC) supplied by KNAUER
System. Separation was achieved on an UltraSep ES PAH QC,
60 X 2.0 mm column, with a mobile phase of water/acetonitrile at a
flow rate of 0.5ml/min. The analysis temperature and analysis time
were 25 °C and 17 min, respectively. Determination of tar composition
was accomplished with a combination of ultraviolet-visible light (UV)
and fluorescence detectors. According to the US Environmental
Protection Agency (EPA) [38], the UV detector is recommended for the
determination of naphthalene, acenapthylene, acenaphthene, and
fluorene while the fluorescence detector is recommended for the re-
maining PAHs. The UV detector wavelength was set at 254 nm. In the
fluorescence detector, unlike in the UV detector, the wavelength varies
with time during each experiment. The fluorescence excitation (EX) and
emissivity (EM) wavelengths were set for the individual groups of PAHs
as: EX-275nm, EM-325nm for naphthalene, acenaphthene and
fluorene; EX-255nm, EM-375nm for phenanthrene and anthracene;

EX-270 nm, EM-420 nm for fluoranthene and pyrene; EX-275 nm, EM-
383 nm for benzo(a)anthracene and chrysene; EX-295 nm, EM-410 nm
for benzo(b)fluoranthene, benzo(k)fluoranthene and benzo(a)pyrene;
EX-301 nm, EM-420 nm for dibenzo(a,h)anthracene and benzo(g,h,i)
perylene and finally EX-304nm, EM-501nm for indeno(1,2,3-cd)
pyrene. Due to the limited amount of strongly fluorescent compounds,
the fluorescence detection is highly selective.

A certified PAH standard mixture (SS EPA 610 PAH Mix
100 —2000 pg/ml methanol : methylene chloride 1:1) was supplied by
Sigma Aldrich for calibration of the HPLC system. The calibration was
carried out using the standards at 7 different concentrations. Each ca-
libration standard was injected three times in order to check the ana-
lysis repeatability and the calibration curve was prepared by con-
sidering the whole set of injections. The correlation factor obtained
after the calibration procedure was R > 0.99 for all of the PAH com-
pounds under investigation. The fluorescence detector, being very
sensitive concerning PAH analysis, can detect very low concentrations.
The system was calibrated with a lowest concentration limit of 0.2 ug/
ml.

Gas analysis for the pyroprobe experiments was performed on a
Varian p-GC CP4900. Separation of H,, CO, CO, and CH, was achieved
on a 1 m CP—COX column and detection and quantification by a TCD
detector with Argon used as carrier gas. For the heated foil experiments,
a Thermo Nicolet NEXUS 6700 FTIR was used. The FTIR was calibrated
for CO,, CO, CH4 and H,0 detection and quantification. The resolution
was 0.25cm ™! and 3 scans were averaged every 9s for a total time of
3 min.

3. Results & discussion
3.1. Influence of pyrolysis temperature on PAH evolution

The total PAH along with the main individual PAH compounds
found in the product tar/oil from wood pyrolysis (600 °C/s, 10 s holding
time) at different temperatures from both analytical pyrolyzers (pyr-
oprobe — PP and heated foil reactor — HF) are depicted in Fig. 2. Ap-
preciable quantities of PAHs were found only at peak pyrolysis tem-
peratures exceeding 700 °C.

In the case of the PP experiments, the total PAH yield increased
from 60 mg/kg at 700 °C to approximately 1900 mg/kg at 1000 °C. The
total PAH yield, as can be seen in Fig. 2 (a), was significantly higher for
the pyroprobe experiments in all temperatures examined and this dif-
ference increased for increasing temperature. In particular, no PAHs
were detected for the HF experiments at 700 °C while the corresponding
yield for the PP was 60 mg/kg of sample. For 800 °C, the PP experi-
ments resulted in almost twice the PAH yield compared to the HF tests,
while for 900 °C and 1000 °C PP PAHs were approximately 4.5 and 5
times higher, respectively. The differentiation between the two
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experimental procedures arises mainly from the effectiveness of light
PAH capture. Light polyaromatic tars include two and three ring com-
pounds and have the tendency to condense at intermediate to low
temperatures even at very low concentrations. On the other hand heavy
polyaromatic compounds (larger than three rings) condense mostly at
high temperatures [11].

Naphthalene was the most abundant PAH detected in the PP ex-
periments. The difference between the two methods was significant and
it increased with increasing temperature, since the naphthalene yield
increased as well. Specifically, the naphthalene yield was roughly 40,
60 and 90 times higher for the PP experiments in comparison to the HF
tests at 800, 900 and 1000 °C, respectively (Fig. 2 (b)). In the case of the
HF experiments, fluoranthene at 800 °C and phenanthrene at 900 °C and
1000 °C were the PAH produced at the highest concentrations. It is
interesting to note, that despite this fact, the fluoranthene yields of the
two reactors were comparable at 800°C (41 mg/kg — HF versus
37.4mg/kg — PP) while PP pyrolysis produced more than two times
higher phenanthrene yields at 900 °C and 1000 °C.

Another major difference between the two reactor systems, was the
absence of acenapthylene from the HF pyrolysis products, while in the
case of PP it constituted the second higher PAH specie yield detected. In
general, the HF reactor underperformed in comparison to the PP in
terms of light polyaromatic compounds production (naphthalene, ace-
naphthylene, fluorene, phenanthrene and anthracene). As it can also be
seen in Fig. 2 (d—f) the yields of fluorene were on average 7.6 times
higher for PP experiments, the ones of phenanthrene 2.4 times higher
and anthracene’s approximately 4 times higher. These differences cor-
respond to 800 °C, 900 °C and 1000 °C, since at 700 °C, no PAH where
detected at all for the HF. One potential explanation for the less suc-
cessful light PAH sampling from the HF, lies in the employment of the
evaporation step in those experiments. It is very likely, that lighter PAH
species evaporated as well during the DCM evaporation, causing these
differences with the PP experiments. The situation however was dif-
ferent for heavier PAH compounds. In particular, some species that
were captured in the HF experiments were not present in the PP ones.
Namely, benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(a)pyrene
and indeno (1,2,3-cd)pyrene were detected only in the HF tar samples.
However, their concentration was particularly low, ranging from
14.6 mg/kg of wood for benzo(a)pyrene at 1000 °C to as low as 2.6 mg/
kg of wood for benzo(b)fluoranthene at 800 °C. Regarding the rest of
the species, as can also be observed in Fig. 2 (g—j) the differences were
minimal between the two reactors, with the HF test results having a
slight edge over the PP results for benzo(a)anthracene and chrysene.
Heavy polyaromatic tars can condense at high temperatures and at low
concentrations as it was mentioned earlier. This can potentially explain
the differences between the two reactors, since tar sampling for the HF
was performed closer to the sample in comparison to the PP. It is
possible that part of the heavier PAH condenses on the tube in the PP
oven, or escapes the tar sampling system due to its low concentration
[39,40].

Limited information is available in literature concerning PAH for-
mation at high pyrolysis temperatures, since pyrolysis is not usually
employed at temperatures higher than 800 °C. Morf et al. [41] con-
ducted homogeneous tar conversion experiments by initially pyrolysing
fir/spruce wood chips at 380 °C and subsequently guiding the evolved
gases to the tar conversion zone were they remained for less than 0.2s.
The naphthalene yield obtained from those experiments ranged be-
tween 200 mg/kg at 830 °C and 1167 mg/kg at 990 °C. These values are
comparable to the results presented in this study, since they also regard
the secondary conversion of primarily formed tars in a continuously fed
reactor. Zhou et al. performed fast pyrolysis of xylan, cellulose and
dealkaline lignin in a fixed bed reactor at 800 °C [17,18]. Tar sampling
was performed with two air and dry ice cooled condensers and analysed
by GC/MS. The authors reported total PAH yields of 156.2mg/kg,
59.1 mg/kg and 541 mg/kg for xylan, cellulose and lignin, respectively,
which were also close to the results presented here. The results also
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compare well to the work previously published by the same group [42],
where using the same type of PP reactor wood residues and ash wood
was pyrolysed, producing a PAH yield ranging from 291 mg/kg to
1189 mg/kg and 143 mg/kg to 1549 mg/kg between 800°C and
1000 °C, respectively. The yields of acenaphthalene, fluorene, phenan-
threne, anthracene and pyrene in the present work are also consistent
with the findings of Brage et al. at [43] although somewhat lower i.e.
fluorene yield of 276 mg/kg at 900 °C versus 67.18 mg/kg for PP. On
the contrary, the naphthalene yields reported were three and four times
higher at 800 °C and 900 °C, respectively, compared to the PP results.
Brage et al. conducted hardwood pyrolysis at 700 °C and steam cracking
of the produced gases between 700 °C and 900 °C. Tar sampling was
performed through a series of Liebig condensers and cryogenic traps,
the latter immersed in ice-acetone and dry-ice-acetone. The tars were
extracted by washing with dichloromethane and acetone and the
samples were introduced in a GC—MS, following solid-phase extraction.
It is apparent, that steam cracking facilitated the decomposition of
primary and secondary tars for the production of PAH. Furthermore,
experiments of Dufour et al. presented in [16] also yielded significantly
higher amounts of naphthalene, acenaphthylene and phenanthrene
compared to the present study. These experiments were performed with
wood chips as feedstock in a quartz tubular reactor and the sampling
procedure was described earlier in the introduction. A possible reason
for the observed differences is the presence of a gas cracking/conver-
sion zone in the Dufour et al. reactor which lies right after the biomass
sample location and before the SPA sampling point. According to Cy-
pres [44], the primary mechanism of phenol cracking is the simulta-
neous formation of CO and cyclopentadiene, with dibenzofurane for-
mation being the second primary reaction. Further cracking of
cyclopentadiene leads to benzene, toluene, indene and naphthalene
formation along with H,. Yu et al. [45], proposed a second pathway to
PAH formation. According to the authors, benzene generates bicyclic or
polycyclic PAHs through the abstraction of hydrogen atoms, the addi-
tion reaction of ethylene molecules or by the benzene ring condensation
reaction of PAHs. Therefore, there is the possibility that phenol or
benzene cracking can lead to higher PAH yields in the reactor of Dufour
et al.. Finally, it is interesting to note that in both Brage’s and Dufour’s
work, pyrene and phenanthrene, were the heavier PAHs reported, re-
spectively, in contrast with the present work which reports PAH until
indeno (1,2,3-cd)pyrene. Heavy PAH, are generally found in low con-
centrations in biomass tars, as it also apparent here, but their detection
and quantification is crucial for the scale — up of any pyrolysis or ga-
sification process.

The present study reports a wider range of PAH compared to other
studies. In particular, only naphthalenes are reported in [46] for Ja-
tropha fast pyrolysis at 500 °C for 30 s in a pyroprobe — GC/MS system.
In [47], again for Pyroprobe — GC/MS pyrolysis of sawdust between
500 °C and 800 °C, only naphthalene, phenanthrene and anthracene are
reported. Trubetskaya et al. in [48], report 14 PAH in total (up to
Cy17H;2) from lignocellulosic compounds pyrolysis at a drop tube re-
actor between 800 °C and 1250 °C. However, in order to achieve this,
before the quantitative analyses in a GC - FID the tar compounds were
annotated using a dual detector system (GC/MS — GC-FID). Numerical
comparison with the previously mentioned studies was unfortunately
not possible since either area or mol percentages were reported.

Some interesting observations can also be made by studying the
distribution of the PAH species between the quartz and the impinger
trap for the PP reactor. In Fig. 3 (a), it becomes apparent that at 800 °C,
a temperature associated with lower PAH concentrations (compared to
higher temperatures), the vast majority of PAHs tend to condense in the
first trap (quartz) of the system. Less than 15 wt% of each of two or
three ring compounds (light polyaromatics) was found in the impinger
trap. However, a major shift is observed at 1000 °C, especially for the
two major PAH species formed (naphthalene and acenaphthylene)
(Fig. 3 (b)). At this temperature, roughly 95 wt% and 80 wt% of the
naphthalene and acenaphthylene yields were found present in the
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Fig. 3. PAH condensation on quartz and liquid traps from wood pyrolysis on PP (600 °C/s, 10s holding time) at (a) 800 °C and (b) 1000 °C.

impinger trap, while the presence of the other PAHs in the liquid (im-
pinger) trap also increased (with the exception of chrysene). These data
suggest that a cold zone is sufficient in order to trap the major fraction
of PAHs formed at lower temperatures (e.g. 800 °C) where total PAH
yield is relatively low (approximately 500 mg/kg at 800 °C). However,
at higher temperatures (e.g. 1000 °C) and higher PAH concentrations
(approximately 1900 mg/kg at 1000 °C) the cold trap is not sufficient
for effective condensation of PAHs, especially light PAHs (2 and 3
rings). This can be also attributed to a local increase of the temperature
of the cold trap, due to the increase of the temperature of the product
gas flow.

3.2. Gravimetric liquid and char from PP and HF reactors

The char and liquid yields of the PP and HF reactors are presented as
percentages of the initial biomass feed in Fig. 4. Regarding the char
product, very similar trends can be observed in both cases. Char pro-
duction decreases with increasing temperature until 700 °C for the PP,
before attaining a near-constant profile for higher temperatures. The
corresponding temperature for the HF was 800 °C. Liquid production
peaks for both cases at 600 °C and subsequently decreases until 800 °C,
maintaining a fairly constant yield above this temperature. The char
yield reduction with the increase of the temperature, is the attributed to
the increased primary decomposition of the biomass (hemicellulose,
cellulose and lignin decomposition) as well as to the secondary char
decomposition which mainly leads to non - condensable gases pro-
duction [49]. The decrease of the liquid yield between 600 °C and
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800 °C, for both the HF and PP reactor can originate from secondary
cracking of liquid products to lighter volatiles (H,, CO, CH,4, CoHy, etc.)
despite the short residence time in the apparatus employed [50,51] or
from rigorous reactions in the decomposing biomass [52]. In general,
the observed char yields and their trend for increasing temperature are
in good agreement with several earlier similar studies of biomass fast
pyrolysis [53-56]. The same holds for the liquid yields [54-56].

The differences between the char and liquid yields from the two
reactors are more pronounced in the lower temperature range. In par-
ticular, the char yields were higher for the HF reactor at 500 °C and
600 °C by ~20.6 wt% and 6.8 wt%, respectively. This can be attributed
to the thermal lag in the biomass sample in heating foil reactors. The
poor thermal conductivity of woody biomass and the non-distributed
source of heating (foil) in heating foil reactors creates temperature
gradients inside the pyrolysing sample [37]. This thermal lag is more
pronounced at lower temperatures and low residence times. At tem-
peratures higher than 600 °C the average difference was 2.2 wt% in
favour of the PP. This difference can be attributed to minor inaccuracies
occurring during the gravimetric determination of char yields. Higher
sample mass was used in PP experiments (30 mg) compared to HF ex-
periments (10 mg) which would reduce any inaccuracies during char
yield determination. Furthermore, inaccuracies during gravimetric char
yield determination should be contained at minimum in case of PP
experiments, since the resultant char was weighed in the sample quartz
tube originally containing the starting feedstock. On the contrary, in
case of HF experiments the resultant char had to be manually removed
from the foil and subsequently weighed, a procedure during which
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minor losses of char particles can occur.

The lower extent of devolatilization of wood sample in the HF re-
actor at 500 °C and 600 °C resulted in less liquid yield as expected.
Nonetheless, liquid yields as determined gravimetrically were com-
parable at 600 °C and 700 °C for both analytical pyrolyzers (42 wt% for
PP compared to 39 wt% for HF at 600 °C, 39 wt% for PP compared to
37 wt% for HF at 700 °C). At higher pyrolysis temperature (> 800 °C)
the liquid yield determined gravimetrically from the HF was higher
than that of PP. Considering the values of the standard deviation, the
difference in this temperature range becomes less significant. However,
as it was also shown in Fig. 3, at high temperatures, naphthalene and
acenaphthylene, which constitute the larger fraction of the detected
tars tend to condense in the impinger trap for the PP. This liquid yield is
not measured gravimetrically, as it was mentioned earlier. Therefore, it
is fair to assume that along with light PAHs, lighter condensables also
tend to condense in the impinger, thus explaining this difference be-
tween the two methods. Overall, it can be observed that PAH com-
pounds constitute only a very small part of the total liquid yield from
the fast pyrolysis experiments (maximum 0.2 wt% at 1000 °C). Lower
molecular weight compounds (i.e. levoglucosan, phenolics, olefins, etc.)
as well as pyrolytic water represent the by far larger part of fast pyr-
olysis liquid yield. As it was also evident in the previous work published
by the authors, for woody biomass fast pyrolysis in the same pyroprobe
reactor, only the phenol yield at 800 °C can be 8 times higher than the
total PAH yield [42].

3.3. Analysis of the product gas

The total amount of gases produced from the two reactors were
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similar, ranging from 12 wt% to 34 wt% for the PP and from 6.5 wt% to
33 wt% for the HF. From Fig. 5, it can be derived that the main reason
for this difference is the lower amount of CO, produced during the HF
experiments at 500 °C and 600 °C, due to the lower extent of devolati-
lization of biomass sample as explained earlier. Furthermore, the CH,4
yield became stable for the HF above 800 °C in contrast with the PP
where the increase continued until 1000 °C. The values for CO were
similar, while H, was not measured in the case of the HF.

It is important to notice that CO, is the highest yielding gas until a
temperature of 700 °C for both reactors studied. Above this tempera-
ture, CO becomes the most prominent gas and as can be seen in Fig. 5
(d) and the yield of H, monotonously increases despite remaining at
low levels overall. Keeping in mind the stable char yield and the de-
creasing liquid yield at temperatures above 700 °C, it can be concluded
that secondary decomposition (cracking) of tar compounds is re-
sponsible for the increasing gas yield above this temperature. Primary
devolatilization of the softwood sample leads to the production of
mainly tar and CO, until 700 °C. However, the further increase of the
pyrolysis temperature leads to subsequent tar decomposition, produ-
cing more CO and H, [50,51]. Furthermore, as it was also mentioned
before, phenol and BTEX (primarily benzene) compounds can both
serve as PAH precursors. The rapid increase of the H, yield observed
here can be therefore linked to PAH formation, either through phenol
cracking [45] or through the HACA sequence [41]. Finally, regarding
CHy,the steep increase of its yield from 0.2 wt% to 3.5 wt% from 500 °C
to 1000 °C can also be attributed to the reforming and cracking of tar
compounds [57].
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3.4. Overall mass balance of the experiments

The overall mass balance of the experiments was calculated as the
summation of the individual product classes’ yields (gas, liquid and
char) for both the HF and PP reactors. For the PP reactor, the average
mass balance closure value was 80 wt% while the corresponding value
for the HF was slightly higher (81.7 wt%), but similar overall. In both
cases, the mass balance closure values increased for increasing tem-
perature. In the HF reactor mass losses can occur from the char col-
lection especially at high temperatures since the sample is not con-
tained in the heating system, unlike in the case of pyroprobe where the
sample is contained in a removable quartz tube. In both cases, there is a
fraction of the product gases that is not measured, namely higher hy-
drocarbon gases, such as C;H,4, CoHg, C3Hg and CsHg as well as H, in the
case of the HF reactor and H,O in the case of pyroprobe. The total yield
of higher hydrocarbon gases can sum up to 2-5 wt% depending always
on the experimental conditions and the biomass type [51,56,58], while
the H, production is usually close to, or less than 1 wt%, as it was also
shown in the present study [50,59]. For both cases however, the largest
amount of losses can be attributed to the liquid product gravimetric
measurements. As it was shown in Section 3.1, the HF reactor fails in
terms of PAH determination by underestimating their total yield even
by 5 times compared to the PP. However, the main drawback of the PP
system is the inability to measure gravimetrically the products con-
densing in the impinger trap. As it was shown in Fig. 3, as temperature
increases the bigger part of the PAH condenses there. Lighter tar
compounds are also expected to be found present in significant quan-
tities in the impinger trap rather than in the quartz trap. Furthermore,
as it was also mentioned earlier, there is a possibility of heavy PAH
condensation in the transfer tube situated in the oven area of the PP
reactor. Finally, pyrolytic water production was not measured for the
PP experiments, in contrast with the HF tests. Pyrolytic water can ac-
count for 10-12 wt% of the dry feed [60-62] and part of it condenses in
the impinger trap for the PP experiments.

4. Conclusions

Fast pyrolysis of woody (softwood mixtures) biomass was conducted
in a Pyroprobe (PP) reactor, with the purpose of studying PAH forma-
tion at high pyrolysis temperatures with an efficient, accurate and user
— friendly method. Comparison of the results with the ones obtained
from experiments conducted with a heated foil (HF) reactor showed a
definite improvement in terms of PAH capture, with the exception of
some heavier PAH, which however contribute very little to the overall
PAH yield. The PP reactor was also more efficient with respect to the
total yields determination, due to the absence of thermal lag at lower
temperatures, that leads to higher char yields for reactors such as the
HF. Overall, it was also concluded that the HF reactor is not applicable
for PAH quantification related studies, without making significant
changes in the reactor’s configuration (sample size, pyrolysis chamber
size, etc.) and tar sampling methods.

PAH yields were found to increase with increasing pyrolysis tem-
perature approaching a maximum of 1900 mg/kg (roughly 0.2 wt% of
the overall yield) at 1000 °C for the PP experiments. Naphthalene and
acenapthylene were the main compounds detected, while also sig-
nificant amounts of phenanthrene were detected. PAH evolution was
linked with the simultaneous increase of the CO, H, and CHj, yields, the
stabilization of the char yield and the decrease of the liquid yield,
suggesting that it is mainly a product of secondary decomposition.

The PP system produced reasonably good mass balance closure
values (80 wt% on average). Char and gas yields were determined with
high accuracy, however gravimetric liquid analysis lacked in this sense
mainly due to the inability to measure the yield condensing in the
impinger bottle. There is a trade — off between the gravimetric de-
termination of the total liquid yield and the quantification of its con-
stituents. By adding a solvent evaporation step for example, one might
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improve the mass balance closure values, but at the same time it would
hamper the efficiency of determination of the liquid compounds. It was
shown, that while a single cold trap is sufficient for PAH condensation
at low concentrations (and therefore low pyrolysis temperatures), the
same does not hold for higher concentrations. Therefore, an expanded
condensation/trapping system, such as the one presented here, is re-
quired.

Overall, the proposed system was successful in the reproducible
quantification of PAH produced from biomass fast pyrolysis experi-
ments. The flexibility of the system allows the fast conduction of mul-
tiple experiments, which minimizes the time required for sampling and
its complexity. Furthermore, specific compounds of interest can be
targeted for the analysis (PAH, sugars, acids, phenolics, etc.), de-
pending on the experimental conditions and the purpose of the study.
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