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A B S T R A C T

It has been reported that a deoxygenated bio-oil (ca. 0.12 kg kg−1 O on bio-oil basis) can be obtained simply by
recycling the non-condensable gases (NCG) of biomass fast pyrolysis to a fluidized-bed reactor operated at
atmospheric pressure [Mullen et al., 2013, Energy Fuels, 27, 3867–3874]. Such an unprecedented effect would
(i) complicate the use of lab-scale research results obtained typically under inert gas (N2, He, Ar) atmosphere for
the design of commercial scale pyrolysis units projected to utilize a recycle gas atmosphere (ii) obviate the need
for catalytic pyrolysis or mild hydrotreatment processes. Considering these implications, further validation or
refutation of the claimed deoxygenation effect of recycle gas atmosphere is needed.

Therefore, fast pyrolysis experiments with pine wood were performed in a bench-scale fluidized bed reactor
under N2 atmosphere, recycle gas atmospheres (75 % and 90 % recycle gas volume fraction) at reactor tem-
peratures of 430 °C and 500 °C. Mass balances were obtained and the bio-oils were analyzed using GC/MS, GPC,
elemental analysis and Karl Fischer titration. No significant differences were observed in product yield and bio-
oil composition (e.g. oxygen content) when going from a nitrogen gas atmosphere to a recycle gas atmosphere
for both pyrolysis temperatures.

1. Introduction

Fast pyrolysis is a thermochemical conversion process in which
biomass is thermally decomposed at temperatures around 500 °C in the
absence of oxygen to produce a liquid product called bio-oil or pyrolysis
oil [1]. Typically, bio-oil yields between 0.60 kg kg−1 and 0.75 kg kg−1

on a dry biomass basis are obtained using lignocellulosic biomass
provided that fast heating of biomass, short vapor residence times
(< 2 s) and fast quenching of produced vapors are applied. The ele-
mental composition of fast pyrolysis bio-oil resembles that of the bio-
mass it is produced from. Consequently, with its high oxygen content
(0.35 to 0.40 kg kg−1 on dry bio-oil basis) and its tendency to form coke
upon heating, the bio-oil is incompatible with the conventional refinery
infrastructure [2]. Accordingly, upgrading technologies with the in-
tention to reduce the oxygen content of the bio-oil or to steer the
oxygen functionalities have been widely investigated by researchers
(i.e. catalytic pyrolysis [3–5], hydrotreatment [6–9], esterification
[10]).

It has been reported that it is possible to obtain a deoxygenated bio-

oil product simply by recycling the product gas of biomass pyrolysis to a
fluidized-bed pyrolysis reactor operated at atmospheric pressure with
vapor residence times of < 1 s [11]. Mullen et al. report that the non-
condensable gas (NCG) products of oak and switchgrass fast pyrolysis
provide a reductive atmosphere upon recycling, and that the NCGs
promote deoxygenation of biomass pyrolysis vapors [11]. However,
their claims are unfortunately based on experiments with a rather poor
mass balance closure ranging from 0.65 to 0.85 kg kg−1 on biomass
basis. Nevertheless, the oxygen contents of bio-oils obtained from oak
and switch grass were reported to be around 0.12 kg kg−1 when using
NCG. The obtained bio-oil product shows that the deoxygenation de-
gree is at the same level as achieved in experiments concerned with
catalytic pyrolysis of biomass [11], suggesting that catalysis is not re-
quired at all. These findings, however, are not supported with the re-
sults of earlier reports on biomass fast pyrolysis employing NCGs as
reaction atmosphere (typically as a fluidization gas) at lab-scale
[12–16], process development units [17,18] or commercial scale
[19,20]. These studies, however, were not aimed at investigating the
effect of gas recycling. With the underlying mechanism remaining
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unclear, Mullen et al. [11] also point out that the volatiles such as acetic
acid have been recycled together with NCGs in their system and may
have acted as catalysts in the same fashion as acidic zeolites (e.g.
HZSM-5) typically used for catalytic pyrolysis of biomass. A recent
publication [21] from the same group reports difficulties in reproducing
their earlier result [11] in other pyrolysis systems. In this more recent
work [21], they investigate the effect of high-temperature excursions
and the contact of pyrolysis vapors with slow pyrolysis bio-char on bio-
oil quality, in addition to the presence of recycle gas in the reaction
atmosphere. It should be noted that contacting pyrolysis vapors with
bio-char at a high temperature, is already known to produce deox-
ygenated bio-oils (with lower bio-oil yield), for instance with the
thermo-catalytic reforming (TCR®) process [22,23]. Therefore, the
deoxygenation effect observed before [11] and more recently [21] is
unlikely to be caused by the presence of recycle gas in the reaction
atmosphere.

From a historical perspective, almost all biomass fast pyrolysis re-
search, whether it is conducted at micro-, bench- or pilot-scale, has
been performed under an inert (e.g. nitrogen, helium or argon) atmo-
sphere. And ultimately, recycling the non-condensable gases of biomass
pyrolysis to the pyrolysis reactor, as a fluidization gas for instance, is
recognized as the obvious way of operation for commercial scale flui-
dized-bed based plants [24]. If the nature of gases present in pyrolysis
reaction atmosphere has indeed a profound effect on the outcome of
biomass fast pyrolysis, these research results using an inert atmosphere
lose significance with respect to the development and design of com-
mercial plants.

Often, hydrodeoxygenation [9,25], catalytic pyrolysis or hydro-
pyrolysis [26] are used as a strategy to reduce the oxygen content in
bio-oil. All these processes require the application of catalysis. When
NCG is indeed a tool to achieve comparable deoxygenation levels
(0.12 kg kg−1 oxygen on bio-oil basis) it is likely to outperform the
above-mentioned upgrading strategies.

Based on the significant implications on biomass fast pyrolysis re-
search, further validation or refutation of the claimed deoxygenation
effect of recycle gas atmosphere on biomass fast pyrolysis is required.

The objective of this work is to experimentally investigate the effect
of recycle gas atmosphere on biomass fast pyrolysis, without changing
other parameters like temperature, char hold-up, etc. The only addi-
tional parameter tested was the co-feeding of acetic acid together with
the recycle gas to elucidate the speculated catalytic effect of acetic acid
present in the recycle gas stream of Mullen et al. [11]. Fast pyrolysis
experiments with pine wood biomass were conducted in a fluidized bed
reactor system (1 kg h−1 biomass feed rate) under (i) nitrogen atmo-
sphere, (ii) recycle gas atmosphere at varying nitrogen/recycle gas ra-
tios with and without acetic acid co-feed. Fast pyrolysis product yields
and the compositional features of bio-oils obtained under different at-
mospheres are comparatively assessed. Finally, a conclusion is drawn
regarding the effect of recycle gas atmosphere on biomass fast pyrolysis
based on the experimental data.

2. Materials and methods

2.1. Materials

Pine wood (Lignocel® 9, Rettenmaier & Sohne, GmbH, Germany)
with particle size between 1.0 and 2.0 mm and a moisture content of
0.08 – 0.09 kg kg−1 was used as feedstock for all fast pyrolysis ex-
periments. The biochemical composition of the pine wood used is
0.35 kg kg-1 cellulose, 0.29 kg kg-1 hemicellulose and 0.28 kg kg−1

lignin (on dry biomass basis) while an elemental composition is 0.46 kg
kg-1 C d.b., 0.06 kg kg-1 H d.b., 0.46 kg kg-1 O d.b. (by difference). Silica
sand, with an average particle size of 250 μm and a particle density of
2600 kg m-3, was employed as the fluidized bed material. Acetic acid
(purity 99.5 %, Atlas & Assink Chemie) solution (0.70 kg kg−1 mass
fraction, diluted with demineralized water) was used as a source of

acetic acid in the acetic acid doped recycle gas experiments. The che-
micals used for the analysis of bio-oils were; acetone
(Chromasolv, > 99.9 % purity) as the solvent for GC-FID/MS analysis,
tetrahydrofuran (Sigma-Aldrich, > 99.9 % purity) as the solvent for
GPC analysis. The chemicals used for GC-FID calibration included gly-
colaldehyde, acetic acid, acetol (all analytical standard grade, pur-
chased from Sigma Aldrich) and levoglucosan (> 98.0 % purity,
Carbosynth).

2.2. Fast pyrolysis experiments under different reaction atmospheres

Fast pyrolysis experiments were performed in a continuously oper-
ated 1 kg h−1 scale setup [27] using fluidized-bed reactor technology. A
detailed explanation of the fast pyrolysis setup can be found in previous
publications [27,28]. Briefly, the set-up is equipped with a fluidized bed
reactor containing sand as fluidization medium. The majority of char
was collected in an overflow and the remaining fine char particles were
collected in two cyclones placed in series. The vapors were condensed
using an electro-static precipitator (ESP) operated at 20-30 °C and at
vapor/liquid equilibrium. This ESP is very effective in collecting not
only vapors but also aerosols. An intensive cooler operated at −10 °C is
installed to collect the remaining vapors (typically 0.04 kg kg-1 of the
produced vapors) which were not condensed in the ESP, for mass bal-
ance purposes. The intensive cooler liquid has been determined to be
almost completely water (0.98 kg kg-1) with the balance being light
oxygenates. A filter installed before the gas meter and after the in-
tensive cooler remained clean during the experiment. The experiments
were carried out under nitrogen and recycle gas atmosphere. The latter,
with or without acetic acid co-feed. In the case of nitrogen, the gasses
leave the set-up through a vent. In the case of gas recycling, the accu-
mulated gasses were leaving the vent to prevent pressure build-up in
the set-up. The experiment was always started with nitrogen. During
the experiment the nitrogen was gradually replaced by non-con-
densable gas produced by pyrolysis. Hereafter, this is called the ‘recycle
gas’. Acetic acid solution (70 % in demineralized water) was fed to the
reactor at 2 L (vapor) per minute using a calibrated HPLC pump (Lab
alliance series II). Before entering the reactor, the acid solution was pre-
heated till the required reactor temperature. The acid/steam mixture
acts as a fluidizing gas together with the recycle gas. Two different
reactor temperatures (430 °C and 500 °C) were employed during the
experiments. The operational conditions of the fast pyrolysis experi-
ments performed under various reaction atmospheres are given in
Table 1. For the product yield calculations, the reader is referred to a
previous publication [27]. In addition to the own experimental condi-
tions, the operational conditions employed in the work of Mullen et al.
[11] are also provided in Table 1. It can be seen here that the conditions
used for the fluidized-bed operation in both works are rather similar.
The differences between the two pyrolysis systems arise in terms of
product collection system. While a majority of produced vapors are
collected underneath the ESP in this work (see above), it is reported
earlier [29] that only around 0.42 kg kg-1 of condensed pyrolysis vapors
are collected underneath the ESP with the set-up used by Mullen et al.
[11]. Additionally, the authors [11] also report that a part of the con-
densable volatiles passed through the condensation system and were
detected in the recycle gas stream.

2.3. Analysis of the products

The non-condensable gas fraction was sampled through a sampling
port downstream of primary gas meter during the experiment and
subsequently analyzed for CO, CO2, CH4, H2, C2H4, C2H6, C3H6 and
C3H8 by gas chromatography using a Varian RGA (refinery gas ana-
lyzer) equipped with 3 channels interfaced to TCD and FID detectors.
Details of the instrument are provided elsewhere previously [30].

The water content of the bio-oils was determined by Karl Fischer
titration (Metrohm 787 K F Titrino 703 titrator with Hydranal
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Composite 5 titrant). The elemental composition of the bio-oils was
determined by a Thermo Scientific Flash 2000 Organic elemental ana-
lyser for carbon and hydrogen. The oxygen contents are determined by
difference.

Glycolaldehyde, acetic acid, acetol and levoglucosan were quanti-
fied in a GC/MS/FID (GC 7890A Ms 5975C Agilent Technologies)
system equipped with an Agilent HP-5MS column.

Molecular weight metrics of the bio-oils were determined by Gel
Permeation Chromatography (Agilent Technologies 1200) equipped
with a refractive index detector and a variable length detector (3 col-
umns in series Varian PLgel MIXED column E 7.5 mm × 300 mm op-
erated at 40 °C, with THF as eluent at a flow rate of 1 cm3 min−1).
Samples were diluted in THF at a mass ratio of 1:100 and filtered
through a 0.45 μm Whatman RC Agilent filter.

3. Results

Fast pyrolysis experiments with pine wood biomass were performed
under nitrogen, recycle gas at various volume ratios and recycle gas
with acetic acid/steam co-feed atmospheres. Two different fast pyr-
olysis reactor temperatures, 430 °C and 500 °C, were selected for in-
vestigating the influence of reaction atmosphere on biomass fast pyr-
olysis product yields.

The reproducibility of fast pyrolysis experiments performed in the
bench-scale fast pyrolysis setup used in this work has been demon-
strated for nitrogen previously [27,28]. The satisfactory mass balance
closure values were always between 0.94 kg kg−1 and 1.02 kg kg−1 dry
biomass with a high reproducibility in lumped product yields and
therefore it is justified to detect trends between different operational
conditions based on a single experiment. Nevertheless, the experiment
with 90 vol % recycle gas (430 °C) has been performed twice under
identical conditions. The results of the two identical experiments were
quite comparable namely; 0.50 and 0.48 kg kg−1 oil, 0.14 and 0.13 kg
kg−1 gas, 0.20 and 0.26 kg kg−1 char and 0.13 kg kg−1 produced water
on dry-ash-free biomass basis for both experiments. The average value
of these two experiments is used in this work. The product yields of
nitrogen atmosphere experiments at 430 °C are based on duplicate ex-
periments while the product yields of the experiments performed at
500 °C are based on quadruplicate experiments. The results of these
experiments are reported with standard deviations to show the typical

range of gas, liquid and solid yields obtained with this fast pyrolysis set-
up.

The fast pyrolysis product yields, compositional analysis results of
bio-oil and non-condensable gas (NCG) composition, produced under
different reaction atmospheres, are presented and discussed in the fol-
lowing sections.

3.1. Effect of reaction atmosphere on lumped product yields

Fast pyrolysis product yields of pine wood biomass obtained at
430 °C pyrolysis reactor temperature can be seen in Fig. 1. Fast pyr-
olysis product yields obtained at a pyrolysis reactor temperature of
500 °C can be seen in Fig. 2. A difference compared with the set of
experiments performed at 430 °C was made on purpose by choosing a
75 % recycle gas atmosphere instead of a 40 % recycle gas atmosphere
to follow suit with Mullen et al. [11] where a maximal effect on bio-oil
composition is reported at a recycle gas atmosphere range of 70 % and
65–80 % for oak and switchgrass biomass, respectively. Overall, there
are no substantial differences in product yields between fast pyrolysis
experiments conducted under different atmospheres for both

Table 1
Operational conditions of the fast pyrolysis experiments performed in the
fluidized bed reactor set-up under different reaction atmospheres in this work
and also the work of Mullen et al. [11].

this work Mullen et al.
[11] a

parameter value value unit

experimental time 70 – 120 160 min
biomass flow rate 1.0 1.5 kg h−1

initial mass of silica sand in the reactor 2.10 unknown kg
reactor bed height 0.25 0.20 m
reactor diameter 0.10 0.07 m
superficial velocity 0.07 –

0.14
0.65* m s−1

vapour residence time in the reactor 0.57 –
1.00

< 1.00 s

vapour residence time in the hot part of
the set-up

0.97 –
1.66

< 1.50* s

reactor temperature 430 – 500 450–500 °C

N2 volume fraction in reaction medium
nitrogen 0.85 –
recycle gas at 430 °C 0.10, 0.60 –
recycle gas at 500 °C 0.10, 0.25 0.10, 0.15, 0.30
recycle gas with acetic acid co-feed 0.10 –

a The values with * (asterisk) in this column are taken from an earlier pub-
lication [29] which Mullen et al. [11] refer to.

Fig. 1. Fast pyrolysis product yields obtained under different reaction atmo-
spheres at a reactor temperature of 430 °C. Error bars for the nitrogen atmo-
sphere and 90 % recycle gas atmosphere experiments represent standard de-
viation of duplicate experiments.

Fig. 2. Fast pyrolysis product yields obtained under different reaction atmo-
spheres at a reactor temperature of 500 °C. Error bars for the nitrogen atmo-
sphere experiments represent standard deviation of quadruplicate experiments.
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temperatures. No large differences were observed when acetic acid was
introduced to the process. The majority of pine wood biomass was
converted to bio-oil (condensable organics and water) with comparable
total bio-oil yields between 0.59 and 0.66 kg kg−1 dry pine wood for all
experiments at 430 °C. The same holds for the oil yields at 500 °C which
varied between 0.57 and 0.62 kg kg−1 dry pine wood. The pyrolysis oil
yields are typical for fast pyrolysis of pine wood. It is important to note
that the product yields of experiments with only nitrogen and 90 vol %
recycle gas are very similar for both pyrolysis temperatures. This is in
agreement with earlier reports [14,17] showing that product gas re-
cycling during biomass fast pyrolysis does not lead to a different out-
come in terms of lumped product yields compared to inert gas atmo-
spheres (e.g. nitrogen, helium). The findings of this work are in contrast
to the findings of Mullen et al. [11] who found an increase in water
production from 7.8 wt.% to 26 wt.%, while the organic yield decreased
from 54 wt.% to 32 wt.% for oak biomass. The gas yield increased from
13 to 22 wt.% of the oak wood input. For switchgrass, the gas yield
increased from 15 wt.% to 30 wt.% when switching from nitrogen to a
65 − 80 % recycle gas. The water production increased from 12 % to 23
% whereas the organic yield decreased from 56 % to 33 %. It should be
noticed that these are normalized yields. So, it is hard to make direct
comparisons with the absolute yield values obtained in this work.

3.2. Effect of reaction atmosphere on NCG composition

The gas composition could be different, when switched from ni-
trogen to recycle gas, in case gas (e.g. H2 or CO) would react, either
with each other or with pyrolysis vapors. The gases in recycle gas at-
mosphere cannot penetrate into a pyrolyzing biomass particle due to
the significant overpressure driving the vapors out of the particle
[31,32]. Therefore, potential reactions of recycle gas are deemed to
take place in the hot vapor phase. The steady-state composition (mol
mol−1) of non-condensable gases obtained under nitrogen and recycle
gas at the reactor temperature of 500 °C is given in Table 2. It shows
that, the NCG composition hardly differed when going from a recycle
gas to a nitrogen atmosphere.

Mullen et al. [11] reported quite significant changes in the gas
composition when switching from a nitrogen to a recycle gas atmo-
sphere. Compared to nitrogen, the H2 concentration increased from
0.01 to 0.22 mol mol−1, CH4 increased from 0.07 to 0.15 mol mol−1,
and the CO2 concentration decreased from 0.47 to 0.21 mol mol−1. CO
decreased from 0.46 to 0.40 mol mol−1 when recycle gas was used.
Note, the gas yield increased from 13 to 22 wt% of biomass when re-
cycle gas is used. Therefore, it can be concluded that the “extra” gas
produced, when recycle gas is used, can predominately be ascribed to
CO, H2 and CH4 with a corresponding slight decrease in CO2 produc-
tion. The stark increase in the H2 concentrations and decrease in CO2

concentrations upon changing the reaction atmosphere from nitrogen

to 70 % recycle gas, are in contradiction with the view that the recycle
gas atmosphere provides a reducing environment. If H2 and CO were
acting as reducing agents, there would have been a corresponding de-
crease in H2 concentrations and an increase in CO2 concentrations (as
CO would be oxidized). No direct proof of extensive water gas shift
reaction could be found either when looking at the changes in gas
composition and the increase in production of water. It may happen to
some extent when catalyzed by metals in the biomass or reactor wall,
but it is very hard to rationalize that it is responsible for the production
of oil with an oxygen content of only 0.12 kg kg-1 O on bio-oil basis.
Such a degree of deoxygenation [11] has not been observed in literature
before and neither by the authors of this work.

3.3. Effect of reaction atmosphere on bio-oil composition

Another indicator of reactions involving recycle gas with organic
molecules could potentially be changes in the composition of oils
compared to those produced in a nitrogen atmosphere. It should be
noted here that the composition of the bio-oil produced under 90 %
recycle gas with acetic acid co-feed could not be determined accurately
(hence, not reported in Table 3) due to the significant dilution of the
bio-oil with acetic acid.

Elemental analysis results of the bio-oils produced under different
reaction atmospheres are shown in Table 3. Compared with the ni-
trogen atmosphere, no significant changes were observed in elemental
composition of bio-oils when going from nitrogen to a recycle gas at-
mosphere. Wood derived fast pyrolysis bio-oils typically contain 0.54 to
0.58 kg kg−1 carbon, 0.06 – 0.07 kg kg−1 hydrogen and 0.35 – 0.40 kg
kg−1 oxygen on dry basis [33–35]. The elemental analysis results
clearly show that the concentrations of carbon, hydrogen and oxygen in
produced bio-oils are all within the typical range observed for wood
derived fast pyrolysis oils. In addition, these values are consistent with
the values of pine wood bio-oils produced under nitrogen atmosphere in
the same fast pyrolysis set-up previously [28]. Concluding, the low
oxygen contents of 0.12 kg kg−1 O on bio-oil basis reported by Mullen
could not be reproduced in this work. The bio-oil collection system used
by Mullen et al. [11] could have led to this difference due to a possible
selective collection of pyrolytic lignin fraction of the bio-oil. However,
the oxygen contents of the pyrolytic lignin fractions of oak wood and
switchgrass bio-oil are reported to be around 0.27 kg kg−1 O on bio-oil
basis [36], a value higher than observed under recycle gas atmosphere
[11].

The concentration (g kg−1 dry bio-oil) of glycolaldehyde, acetic
acid, acetol and levoglucosan were also determined for experiments
performed under nitrogen and recycle gas atmospheres (see Table 3).
While the organic oil yields of the experiments performed at 500 °C are
quite similar; the yields of these individual compounds do not differ
much between the experiments either. The levoglucosan concentration
ranged from 46 to 63 g kg−1 expressed on dry oil basis. These results
agree with the levoglucosan yields reported by Oasmaa et al. [17,37]
(recycle gas atmosphere). They report similar yields around 40–50 g kg-

Table 2
Non-condensable gas composition (in mol mol−1) under different reaction at-
mospheres at the fluidized bed reactor temperature of 500 °C.

this work Mullen et al. [11], oak

gases (mol
mol−1)

nitrogen 75 %
recycle

90 %
recycle

nitrogen 70 % recycle

CO 0.57 0.54 0.54 0.46 0.40
CO2 0.24 0.23 0.28 0.47 0.21
CH4 0.14 0.13 0.14 0.07 0.15
H2 0.07 0.06 NDa 0.01 0.22
C2H4 0.03 0.02 0.01 NAb NAb

C2H6 0.01 0.01 0.02 0.00 0.09
C3H6 0.01 0.01 0.01 NAb NAb

C3H8 0.02 0.00 0.00 0.00 0.1

a ND: not determined.
b NA: not available.

Table 3
Physicochemical analysis results of selected bio-oils produced under different
reaction atmospheres at a reactor temperature of 500 °C.

nitrogen 75 %
recycle

90 %
recycle

Mullen et al. [11] 70 %
recycle, oak ESP oil

Elemental composition (kg kg−1 dry bio-oil)
C 0.54 0.58 0.55 0.80
H 0.07 0.07 0.06 0.06
O 0.39 0.35 0.39 0.12
Compounds (g kg−1 dry bio-oil)
glycolaldehyde 65 66 62 not reported
acetic acid 33 37 36 23
acetol 20 36 33 trace
levoglucosan 47 46 63 trace
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1 on dry bio-oil basis for levoglucosan. Oasmaa et al. [37] found around
20 g kg−1 on dry bio-oil basis of acetol in a pine derived bio-oil pro-
duced under recycle gas atmosphere which is again in agreement with
our finding.

Roughly, no differences in composition were observed in bio-oils
from experiments using nitrogen or recycle gas. Interestingly, Mullen
et al. [11] reported that, in case of switchgrass, the sum of acetol, acetic
acid and levoglucosan in the oil decreases from ∼17 wt.% to < 1 wt.%
of the oil when switched from nitrogen to a recycle gas atmosphere.
Similar results were obtained for oak wood (see Table 3); for that case
the combined concentration of these compounds decreased from 18 to
2 wt.% of the oil.

4. Conclusions

The effect of recycle gas atmosphere on biomass fast pyrolysis was
investigated in a fluidized bed reactor setup. Bio-oils produced under
recycle gas (non-condensable gas products of biomass pyrolysis) at-
mosphere were compared with those produced under a nitrogen at-
mosphere. The results showed that there is no considerable effect of
recycle gas atmosphere on the outcome of biomass fast pyrolysis that
could change the current understanding of the process. Consequently,
the product gas of biomass fast pyrolysis can be recycled and used as
reaction atmosphere, as a fluidization gas for instance, without any
significant effect on the process. In general, it can be concluded that the
results obtained by Mullen et al. [11], deoxygenation of bio-oils (to
levels of 0.12 kg kg−1 O on the bio-oil basis) caused by a recycle pyr-
olysis gas atmosphere, could not be reproduced in our laboratory using
pine wood as feedstock.
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