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This paper evaluates a novel biorefinery approach for the conversion of lignocellulosic biomass from
pinewood. A combination of thermochemical and biochemical conversion was chosen with the main
product being ethanol. Fast pyrolysis of lignocellulosic biomasss with fractional condensation of the
products was used as the thermochemical process to obtain a pyrolysis-oil rich in anhydro-sugars (levo-
glucosan) and low in inhibitors. After hydrolysis of these anhydro-sugars, glucose was obtained which
was successfully fermented, after detoxification, to obtain bioethanol. Ethanol yields comparable to tra-
ditional biochemical processing were achieved (41.3% of theoretical yield based on cellulose fraction).
Additional benefits of the proposed biorefinery concept comprise valuable by-products of the thermo-
chemical conversion like bio-char, mono-phenols (production of BTX) and pyrolytic lignin as a source
of aromatic rich fuel additive. The inhibitory effect of thermochemically derived fermentation substrates
was quantified numerically to compare the effects of different process configurations and upgrading
steps within the biorefinery approach.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Production of lignocellulose-based bioethanol has not yet been
established on a commercial scale. The technical and economic
challenges associated with pretreatment of biomass, required to
hydrolyze and release fermentable sugars, hamper its commercial
development (Kazi et al., 2010). An alternative to release these sug-
ars from lignocellulosic material for fermentation, is fast pyrolysis.
Fast pyrolysis is a thermo-chemical process in which biomass is
converted, in the absence of oxygen and at temperatures between
400 and 550 �C, to char, gas and pyrolysis oil (Bridgwater et al.,
2002). Pyrolysis oil is a promising intermediate, suitable for
transportation, storage, and further processing through traditional
petrochemical processes. However integrating pyrolysis oil into
traditional petrochemical refineries can be challenging and has
not been realized at commercial scale, largely due to its complex
and variable composition and, especially, its high oxygen and
water concentrations. Based on biomass type and operating condi-
tion, pyrolysis can yield up to 75 wt% pyrolysis oil containing a sig-
nification amount of anhydrosugars (Czernik and Bridgwater,
2004). Recently, substantial efforts have been made at increasing
the yield of anhydrosugars with the goal of subsequent fermenta-
tive conversion to ethanol (Oudenhoven et al., 2013) .

It is well understood that anhydrosugars concentration in pyro-
lytic oils can be increased if biomass is pretreated via acid washing.
Several researchers studied the removal of hemicelluloses and
inorganic ash prior to pyrolysis (Shafizadeh and Stevenson, 1982)
by pretreating via mild acid hydrolysis (Radlein et al., 1987) and
strong acid impregnation of the biomass, where the levoglucosan
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(main sugar product of pyrolysis) yield increased to up to 15% of
the biomass used (Dobele et al., 2003). The acid treatment removes
alkali ions known to decrease levoglucosan yields by two con-
nected pathways. Ions hinder cellulose depolymerisation into
anhydrous sugars, and, once depolimerized, ions serve as catalysts
in anhydrosugar fragmentation reactions (Radlein et al., 1987).
Oudenhoven and collaborators studied the effect of demineralizing
biomass using diluted acetic acid at 90 �C and 800 rpm for 2 h and
reported an increase of 18 wt% on the levoglucosan yield, demon-
strating that mineral acids can be substituted by actual pyrolysis
products (e.g. acetic acid) (Oudenhoven et al., 2013). Anhydrosu-
gars can be converted to glucose through hydrolysis, a substrate
that can directly be used for ethanol production (Vispute and
Huber, 2009). In addition to sugars, pyrolysis oil contains many
other compounds, such as acids, aldehydes, phenols, ketones and
alcohols. After utilization of the sugars, these other compounds
can also be used for chemicals production (e.g. acetic acid, mono-
phenols, etc.) or for the production of transportation fuels (large
water insoluble lignin derived oligomers can be converted by
hydrotreating processes) (Westerhof et al., 2011).

Previous studies have shown that some of the pyrolysis oil com-
pounds substantially inhibit the ethanol fermentative microorgan-
isms (Oudenhoven et al., 2013; Palmqvist and Hahn-Hägerdal,
2000; Zaldivar and Ingram, 1999). To date, pyrolysis oil has not
been fully characterized and, therefore, not all potential inhibitors
are known. Characterization is commonly done by only identifying
groups of compounds or identifying highly resolved peaks (Ben and
Ragauskas, 2013; Salehi et al., 2009). Several compounds such as
furfural, p-hydroxybenzoic acid, alcoholic compounds, aldehydes,
acetic acid and other organic acids have been investigated sepa-
rately and combined to determine to which extent the fermenta-
tion is hampered or enhanced (Palmqvist and Hahn-Hägerdal,
2000; Schwab et al., 2013; Zaldivar and Ingram, 1999; Zaldivar
et al., 2000). These studies provide some insight in how these com-
pounds inhibit growth, some including important synergistic ef-
fects. Lian and collaborators, used the whole pyrolysis oil and
found that phenols are strong inhibitors in fermentation processes.
Thus, removal of these compounds (detoxification) has been pro-
posed as an additional process step prior to fermentation (Lian
et al., 2012).

Detoxification approaches encompass different methods, such
as adsorption of the resulting hydrolyzate on different polymer
matrices such as amberlite XAD-4 or XAD 7, evaporation (Weil
et al., 2002), adsorption on activated carbon (Lin and Juang,
2009; Wang et al., 2012) or on bentomite or zeolites (Yu and
Zhang, 2003), overliming (Chi et al., 2013), air stripping (Wang
et al., 2012), and solvent extraction (Lian et al., 2010; Wang
et al., 2012). The main limitations of using adsorption matrices
are the high cost associated either with the matrices or with
the high costs of regenerating them. These high prices of syn-
thetic resins and activated carbon created recent interest research
on low cost alternatives such as natural zeolites (Lin and Juang,
2009). Alternatively, adaptative evolution of ethanol fermentative
microorganisms has been proposed (Lian et al., 2010). Some
natural occurring organisms are also able to directly metabolize
levoglucosan into itaconic and citric acid (without the need to
chemically convert it to glucose) (Zhuang and Zhang, 2002) and
a genetically engineered strain of Escherichia coli has been created
for direct ethanol production from pure levoglucosan (Layton
et al., 2011). The modified strain could produce, 0.35 g ethanol/
g (pure) levoglucosan, nevertheless, direct fermentation of levo-
glucosan present in pyrolysis oil, and thus in the presence of
inhibitors, has yet to be realized. This study presents a proof of
concept for producing relevant amounts of ethanol from lignocel-
lulosic biomass via a fast pyrolysis biorefinery approach as
illustrated in Fig. 1.
The proposed process configuration results, amongst other
streams, in a concentrated sugar stream, which can subsequently
be biologically converted to ethanol without the need for major
upgrading prior to the fermentation. In the proposed process, three
distinct chemical classes can be identified in the condensable frac-
tion, a water rich fraction containing light oxygenated compounds
(including acids), sugars, and aromatics. High anhydrosugar yield
(up to 18 wt% on biomass intake) and concentration (up to
37 wt%) in the condensates can be obtained via a combination of
fractional condensation (separating the water-rich phase and acids
from sugars and aromatics) and biomass demineralization
(increasing sugar yield) (Oudenhoven et al., 2013). The high acid
content stream (mainly acetic acid) can be recycled and used for
biomass pretreatment by demineralization prior to pyrolysis. The
anhydrosugars can then be separated from the aromatics via the
addition of water and further purification via an extraction step.
Therefore, a fermentable substrate is obtained bypassing adsorp-
tion, absorption, adaptative evolution and overliming steps as pre-
viously reported. However an in depth techno-economical study,
outside the scope of this study, is necessary in order to draw ulti-
mate conclusions for comparison with otherwise suggested
designs.
2. Methods

2.1. Pyrolysis oil production and work-up procedure

An overview of the overall experimental scheme is given in
Fig. 1. Two pyrolysis oils generated from pinewood were tested
for their suitability as a substrate for traditional ethanol fermenta-
tion. One of the oils was produced through an integrated biorefin-
ery approach including biomass demineralization with one of the
product streams, stream exiting condenser 2, Fig. 1, and fractional
condensation, as outlined by Oudenhoven et al. (2013). The second
oil was produced via conventional pyrolysis. Both pyrolysis exper-
iments were performed in the same fluidized bed reactor pilot
plant. A detailed description of the pyrolysis and the pine wood
pretreatment methods can be found elsewhere (Oudenhoven
et al., 2013). Briefly, pinewood pretreatment consisted of adding
pine wood and condenser two liquid (ratio 1:10) to a stirred batch
reactor. The temperature in the reactor was kept at 90 �C for 2 h
(Fig. 1). The pretreated pine wood was then pyrolyzed at 480 �C
with a vapor residence time <2 s in a fluidized bed reactor. The pro-
duced vapors were fractionated according to their boiling point in
two condensers. In the first condenser, operated at 80 �C, oil rich in
sugars and aromatics was obtained. The second condenser, oper-
ated at 20 �C, yielded oil rich, among others, in acetic acid and
water. The second condenser liquid was then used for acid washing
(demineralization) of the pine wood. Both condensers were kept at
1.1 ± 0.01 bar (Westerhof et al., 2011). Conventional pyrolysis oil
was obtained through the pyrolysis of pinewood in the same set-
up where both condensers were operated at 20 �C. Almost all of
the oil (approx. 90 wt% of the total oil) including acids and water
were collected in the first condenser. Both oils (produced from acid
washed pine wood and condensed at 80 �C; and produced from
raw pine wood as received and condensed at 20 �C) were used
for comparison of its performance in the fermentation process.

Both pyrolysis oils were cold water extracted and filtered to
remove insoluble lignin. The resulting filtrate was either further
extracted with ethyl acetate, or directly acid hydrolyzed, neutral-
ized and supplemented with glucose prior to fermentation (co-
fermentation). Phenolics were selectively removed as a result of
this additional extraction, leaving an aqueous phase rich in anhy-
drous carbohydrates (Lian et al., 2010). Glucose was produced as
a result of acid hydrolysis. Original acids, e.g. formic and acetic



Fig. 1. Process layout comparison for the production of sugars, aromatics and light oxygenates from lignocellulosic biomass via fast pyrolysis (Oudenhoven et al., 2013).
Conventional process showed on the right. Streams in bold represent current value-added product streams of the proposed biorefinery approach, while the italicized streams
could also be utilized in the future.
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acids, as well as sulfuric acid used in the hydrolysis, were neutral-
ized. Precipitates were removed via centrifugation and a subse-
quent filtration. The filtrate was supplemented and co-fermented
with pure glucose by Saccharomyces cerevisiae to produce ethanol.
2.2. Pyrolysis-oil characterization

Total organic carbon analysis was performed to calculate carbon
losses in every process step. A Shimadzu TOC-V series system was
used (Shimadzu, Kyoto, Japan). Hundredfold dilutions in Milli-Q
water (Milli-Q Integral 5, EMD Millipore, USA) at each process step
were prepared and analyzed in triplicates. The TOC calibration
curve was linear in the range studied (0.00–0.20 g/L).

Sugar content in pyrolysis oil, water extract and ethyl acetate
residue were quantified by liquid chromatography using an
Agilent LC 1200 infinite system equipped with a Hi-Plex H
300 mm � 7 mm column and a Refractive index detector (Agilent,
Santa Clara, USA). 0.5 mM H2SO4 at a 0.7 mL min�1 was utilized
as the mobile phase. Injection volume of the samples was 20 lL.
The temperature in the column was held constant at 60 �C, while
the temperature in the RI detector was held constant at 55 �C.
The method allowed for the separation of glucose, levoglucosan,
cellobiosan, xylose, mannose and arabinose.

Karl Fischer titration was used to determine the water content
of the oils. Briefly, samples were diluted with methanol in a 1:2 ra-
tio to reduce viscosity whenever fractional condensation was used.
When single condensation was used, conventional oil samples
were dissolved in a mixture of methanol and dichloromethane in
a 3:1 ratio. Subsequently a 787 Titrino 703 Ti-Stand (Metrohm,
Switzerland) with hydranal composite 5 (Sigma, USA) as the water
titrant were used to determine moisture content. Before each
sequence and after each 6 measurements a demi-water sample
was measured to check the calibration. Each sample was measured
in duplicates with a maximum error of 0.5%. Inhibitor compounds
(aldehydes, furans and mono-phenols) in the oils were analyzed
using GC–MS. A sample of ±6 g was prepared as a mixture of
5 wt% pyrolysis oil and 95 wt% acetone. 2 mL of this sample was fil-
tered and analyzed using a GC (Agilent Technologies GC 7890A)
equipped with a MS detector Agilent Technologies 5975C. Addi-
tional GC analysis was done on an Agilent 6890 series equipped
with a 5973 MS detector and a capillary column (HP-INNOwax).
2.3. Upgrading

Cold water extraction of the pyrolysis oil was carried out for all
samples using chilled water kept at a constant temperature of 4 �C
(Garcia-perez et al., 2008). 5 g of pyrolysis oil were added drop
wise to 50 mL of chilled water (CW) under heavy stirring
(900 rpm). Baffles were used to secure proper homogenization of
the added pyrolysis oil. Water insolubles were measured gravimet-
rically and separated by filtration of the emulsion using a previ-
ously dried and weighed 0.45 lm cellulose nitrate membrane
(Whatman�, UK). Filtrate was centrifuged at 4 �C and 3500 rpm
for 20 min (Sorval ST40R, Thermo Scientific, USA). The sugar-con-
taining supernatant was separated from the pellet, collected in fal-
con tubes and stored at 4 �C.

Selected samples were further extracted with ethyl acetate (EA)
to remove organic compounds, known to be inhibitory for yeasts
(e.g. phenolics, furans and aldehydes). A 1:2 wt% filtrate to EA solu-
tion was prepared and mixed for 12 h in an environmental shaker
at 150 rpm and 25 �C. After the mixing the sample was left stand-
ing for 6 h to secure separation of the phases. The organic layer was
separated and remaining EA was removed by evaporation at 50 �C
for 24 h in an oven (Isotemp, Fisher Scientific, USA).

Levoglucosan to glucose hydrolysis was realized by transferring
extract aliquots of 4 mL to microwave vials (VWR,USA) followed by
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the addition of H2SO4 (final concentration of 0.5 M) and hydrolysis
at 120 �C for 20 min in an autoclave (Bennett et al., 2009) Hydroly-
zates were neutralized with solid Ba(OH)2 (Alfa Aesar, USA). After
neutralization samples were transferred to 15 mL centrifuge tubes
(VWR, Canada) and salt crystals were precipitated by centrifuga-
tion at 3500 rpm for 20 min (Sorval ST40R, Thermo Scientific).
The supernatant was removed and filtered with a 0.2 lm cellulose
acetate syringe membrane (VWR, Canada) and transferred to a new
sterile 15 mL tube (BD, USA). It is important to notice that the
detoxification steps are experimental approaches and are not opti-
mized in terms of process efficiency and amounts of solvents and
neutralizing agents used.

2.4. Bioprocessing

Neutralized and cleaned hydrolyzate was fermented with
S. cerevisiae DSM 1334 (Braunschweig, Germany) in 96 wells
microtiter plates (Costar�, Corning, USA). YPG medium (10 g/L
yeast extract (BD, USA), 20 g/L peptone (BD, USA)) was used for
the fermentation. The glucose required for ethanol production (G
of YPG medium) was provided as a blend of pure glucose and
hydrolyzate (up to 100% hydrolyzate). The final total glucose
concentration in the media was kept constant at 40 g/L.

Doing so, a pyrolytic sugars concentration range was created,
allowing to evaluate the yeast’s performance under an increasing
presence of unremoved inhibitors. For the biorefinery oil CW
hydrolyzate, a range of 5–60% pyrolytic sugar concentration was
tested (PO1). As for biorefinery oil EA hydrolyzate, a range of
5–100% of pyrolytic sugar was tested (PO2). The same media was
used for standard pyrolysis oil. However, due to a low glucose
concentration it was only possible to evaluate the samples with a
fraction of 0.1–8% pyrolytic sugar (PO3 and PO4).

Microtiter plate wells were filled with 180 lL of the pyrolytic
YPG media prepared and inoculated with 20 lL of active seed cul-
ture of S. cerevisiae. Inoculated microtiter plates were sterile
sparged with nitrogen and sealed with a sterile adhesive PCR film
(Thermo Scientific, USA). The film was punctured with a sterile
needle to allow gas exchange and the medium was incubated at
30 �C and 74 rpm using a Tecan M200 micro plate reader (Tecan,
Austria). Optical density was measured by the reader in each well
at 600 nm every 10 min for 24 h. The reader was equipped with a
gas-control unit (Tecan, Austria) to maintain anaerobic conditions
(nitrogen atmosphere). Sugars and ethanol were measured by high
pressure liquid chromatography at the end of the fermentation,
using a Hiplex H Column kept at 60 �C, RI detector at 50 �C with
0.5 mM H2SO4 as the mobile phase at a flow of 0.7 mL/min.

2.5. Numerical analysis of yeast growth

To quantify the effects of inhibition, associated kinetic parame-
ters were determined by fitting the measured growth kinetics data
Table 1
Carbohydrate composition of PO streams before and after hydrolysis. The molar yields of th
and PO4, respectively. The levoglucosan and glucose carbon fraction is calculated as the mas
measured as TOC.

PO sample TOC (g/L) Levoglucosan (g/L)

Water extracts PO1 46.90 44.60
PO1 hydrolyzed 38.50 1.00
PO3 8.90 7.15
PO3 hydrolyzed 8.25 1.05

Ethyl acetate extracts PO2 41.30 44.50
PO2 hydrolyzed 36.70 1.32
PO4 17.22 7.90
PO4 hydrolyzed 14.78 2.75
to the model of Baranyi and Roberts (1994), which describes bio-
mass density as a function of time with three parameters: lmax,
the maximum theoretical growth rate; Q0, the initial adaptation
of the microorganism to its environment; and Nmax, the maximum
biomass density achieved when the cells reach stationary phase.
The differential equations describing the biomass density (N) and
culture adaptation to environment (Q) are given below in Eqs. (1)
and (2) respectively, the estimated adaptation time k for the
culture is calculated using Eq. (3).

dN
dt
¼ lmax

Q
1þ Q

� �
1� N

Nmax

� �
N ð1Þ

dQ
dt
¼ lmaxQ ð2Þ

k ¼
ln 1þ 1

Q0

� �
lmax

ð3Þ

Least-squares fits were performed using MATLAB with the dif-
ferential Eqs. (1 and 2) solved numerically. Fit quality was assessed
by confirming the normality of residuals (normal probability
plots). This model makes use of an adjusting function (Q) in order
to account the adaptation time, k, to new media. In this case max-
imum specific growth rate, lmax, differs from that specified by
Monod-type kinetics and is described as a maximum potential
growth rate vs. a specific measured value (Baranyi and Roberts,
1994).

3. Results and discussion

3.1. Extraction of pyrolysis oil

From Table 1 it can be seen that the concentration of levogluco-
san in the pyrolysis oil is much higher when biomass is demineral-
ized and fractional condensation is applied (PO1 and PO2), as it
was expected. The concentration of well-known inhibitors like
phenols, aldehydes and furans in the sugar rich pyrolysis oil is also
decreased significantly, as illustrated in Table 2. The removal of
acids from the oil and thus their collection in the second condenser
as washing liquid for the next batch is mandatory in this process.
Both POs were subjected to cold water extraction to remove water
insoluble lignin oligomers. The supernatants were split in equal
fractions; one fraction was further extracted with EA. All four
resulting extracts were subjected to acid hydrolysis and neutraliza-
tion under the conditions previously described. As a result of the
upgrading processes, four different types of POs were obtained
(see Fig. 1). After each step samples were drawn to analyze sugar
conversion, and TOC loss, as shown in Table 1.

TOC level decreases by almost 50% when CW extraction was fol-
lowed by EA extraction for conventional pyrolysis-oil (PO3 vs.
PO4), this carbon decrease did not affect the levoglucosan levels
in the same way, accounting only in a 9.5% loss of the total
e levoglucosan to glucose conversion were 0.49, 0.88, 0.43, and 0.84 for PO1, PO3, PO2
s of carbon present in the respective carbohydrate forms over the total organic carbon

Glucose(g/L) Levoglucosan carbon fraction Glucose carbon fraction

0.80 0.42 0.00
41.80 0.01 0.43

0.00 0.36 0.00
3.91 0.06 0.19

0.00 0.48 0.00
43.40 0.02 0.47

0.00 0.20 0.00
3.80 0.08 0.10



Table 2
Chemical detection (GC/MS) of known fermentation inhibitors in pyrolysis oils at
various stages of the process. All the concentrations are in wt%.

Compound group Biorefined oil/Conventional oil

Original
oils

After water
extraction

After EA extraction
and hydrolysis

Water 1.1/1.3 n.d/n.d n.d/n.d
Water insolubles oligomers 13/22 <0.1/<0.1 <0.1/<0.1
Acetic acid <1/6.1 <0.1/0.36 0.14/0.19
Hydroxy-acetaldehyde <0.1/2.2 <0.01/0.32 <0.01/0.37
Furans <0.1/1.3 <0.01/0.1 <0.01/0.13
Mono-phenols 1.6/5.4 0.17/0.53 <0.01/0.1
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levoglucosan present in the original CW extract. The fraction of
levoglucosan carbon of the total organic carbon increased from
0.20 to 0.36, showing the selectivity of the method. The decrease
of carbon levels in the aqueous phase after EA extraction likely cor-
responds to a removal of phenols and furans, as shown by Lian
et al. when extracting similar compounds from biodiesel (Lian
et al., 2010). The same study reports presence of polar compounds,
such as levoglucosan, acetol and acetic acid, in the water phase.
After acid hydrolysis of the extract and a subsequent neutralization
with Ba(OH)2, a slight decrease of TOC was observed, possibly due
to a precipitation of some of the soluble organics acids after EA
extraction. In addition, EA extraction helps to improve levogluco-
san hydrolysis to glucose by in 14%.

The data in Table 1 also shows that biomass demineralization
and fractional condensation play an essential role by increasing
the levoglucosan concentration after pyrolysis; concentration in-
creased fivefolds (7.9–44.6 g/L) in the water extract (PO3 vs.
PO1). EA extraction decreases the TOC (PO1 vs. PO2) by 12%, con-
trasting with the almost 50% TOC reduction when the PO comes
from a non-demineralized biomass (PO4 vs. PO3). This suggests a
significant reduction of water soluble organic compounds found
in the demineralized POs, agreeing with previous reports where
anhydrosugars degradation is low when inorganic ash is removed
(Radlein et al., 1987). The levoglucosan carbon fraction increased
from 0.42 to 0.48 after the extraction.

Ethyl acetate extraction causes a nominal loss of levoglucosan,
however it is relatively selective and predominately removed other
background organics, as can be seen in the increase levoglucosan
fraction of total organic carbon. Other detoxification techniques,
such as treatment with activated carbon and adsorption into poly-
meric matrices, air stripping, and solvent extractions also show
some overall sugar reduction, even though they are applied later
in the process after the hydrolysis step. Wang and collaborators
compared these technologies and achieved their best results with
activated carbon, losing only 3.8% of the original sugar (Wang
et al., 2012).

The reason for performing detoxification steps prior to acid
hydrolysis is due to the well known generation of additional inhib-
itory compounds during this high temperature/low pH process
(Sun and Cheng, 2002). Additionally, organic acids precipitation
suggests that neutralization complements previous detoxification
steps.

Ethyl acetate extraction favors the hydrolysis reaction and in-
creases the glucose molar yield. After neutralization, 11–18% of
the original total carbon is lost as shown in Table 1. As previously
explained, this decrease is likely due to a precipitation of organic
compounds previously reported to be found in pyrolysis-oil, which
account for the low pH and corrosiveness of pyrolytic oil (Sun and
Cheng, 2002). Acid hydrolysis was capable to convert 84–88% of
the levoglucosan to glucose (Table 1). These high yields agree with
previously described results (Lian et al., 2010; Yu and Zhang, 2003).
Higher glucose hydrolysis yields, up to 240%, have been reported
elsewhere (Bennett et al., 2009). The surplus glucose was likely
generated from additional anhydrous carbohydrate oligomers
present in the oil used by Bennett et al. (2009). Largely due to dif-
ferences in operating conditions during the pyrolysis, such an ef-
fect was not observed in this study. It is however anticipated
that hydrolysis yield can be further increased as the process vari-
ables have not been optimized in this study.

3.2. Fermentation

POs extracts (Fig. 1) were tested as fermentation substrates.
Microscale fermentations experiments were performed with stan-
dard medium and 40 g/L glucose. To assess the respective ferment-
ability of the 4 POs, varying fraction of the total glucose were
provided through blending the glucose stock solution with the
POs. Due to the low glucose concentration of the conventional PO
extracts (Table 2), only a small fraction of the total glucose could
be provided from these POs (PO3 and PO4). Ranges of pyrolytically
derived glucose between 0.5% and 8% (3.80–3.9 g/L) of the total
glucose in the medium, were achievable with the given glucose
concentration of the hydrolyzate. In contrast, biorefinery PO ex-
tracts (PO1 and PO2) had substantially higher glucose levels
(41.8–43.4 g/L). Both PO1 and EA extract from PO2 were co-fer-
mented in different proportions creating a pyrolysis sugar range
profile from 5% to 60% and 5% to 100%, respectively. The reason
for diluting the extracts was to determine an inhibition profile or
the tolerance level of ethanol fermentative microorganism to the
expected residual inhibitors (Lian et al., 2012; Sun and Cheng,
2002). Inhibition in one form or the other can be seen for all ex-
tracts with an increase of pyrolytic sugars, however, the EA extract
of the demineralized PO could be converted at 40 g/L without the
addition of any other glucose. A common pattern in the growth
profile of yeast on all extracts (Fig. 2A–D) is a ‘‘shifting’’ of the
curves to the right and a lower cell yield as the concentration of
pyrolytic sugar in the media increases. As a result of increasing
the pyrolytic sugar, a higher adaptation time to the media is re-
quired by the yeast. Once the tolerance level is surpassed, the
growth curve becomes flat with no increase in cell concentration.
Contrasting Fig. 2B and D (EA extract, PO2 and PO4) with Fig. 2A
and C (CW extract, PO1 and PO3) shows the effect of a solvent
extraction on the cell growth; as phenolic compounds are removed
during EA extraction, the inhibition decreases, and, as a result, the
cell concentration increases as the lag phase (adaptation time) de-
creases, as illustrated in Fig. 2B and D. In the case of conventional
oil PO3 (Fig. 2A), cell growth was only observed when the fraction
of pyrolytic sugar was up to a 3% contrasting with a 5% maximum
of hydrolyzate added reported by Wang and collaborators (Wang
et al., 2012), where the hydrolyzate was not yet detoxified and de-
rived from a pyrolysis oil where mild acid washing was applied to
biomass. In this study growth was achieved when up to 20% of the
glucose was derived pyrolytically without detoxification in the
case of demineralized pyrolysis oil (PO3, Fig. 2C). This represents
almost a 7-fold increase in fermentability when demineralized
PO is used. An explanation for this might be the fact that pyrolysis
oil contains considerably lower concentrations of inhibitors like
aldehydes, furans and mono-phenolics, see Table 2, in addition to
an already reduced amount of acetic acid due to its consumption
in the demineralization step. The same trend applies to the find-
ings illustrated in Figs. 2B and D. Fig. 2D shows growth curves in
the presence of EA extracted demineralized PO (PO2), and proves
that pyrolytic sugar can be used completely as a substrate.

In addition, Table 2 depicts the concentrations of some impor-
tant inhibitors previously identified in literature (Oudenhoven
et al., 2013). A clear reduction of most compounds can be seen after
the respective upgrading steps. A slight increase in acetic acid is
noticeable after hydrolysis; this might be glucose a degradation



Fig. 2. Pyrolytic substrate fermentation growth profiles on two different types of pyrolysis-oil extract as a function of the pyrolytic sugar fraction. A and B correspond to
conventional pyrolysis oil extract. C and D correspond to bio-refined pyrolysis-oil extract. Results on the left graphs correspond to only cold water extraction, PO1 and PO3, on
the right to EA extract fermentation, PO2 and PO4. The solid lines represent the best fit (where possible), while dotted lines are used to simply connect data points for
visualization purposes when no sufficient regression data could be obtained.
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product and further highlights the need to optimize the hydrolysis
conditions. The pyrolytic oil is a very complex mixture and only se-
lected model compounds were analyzed, it is very likely that addi-
tional unknown inhibitory compounds are present in the original
oils.

3.3. Numerical evaluation

The time course data was fitted to the Baranyi model using
MATLAB (The MathWorks, Inc) via least squares regression. The
model parameters k (adaptation time), lmax (maximum growth
rate) and Nmax (maximum biomass density) could only be deter-
mined for data sets that showed a characteristic sigmoidal growth.
The solid lines shown in Fig. 2 are the respective best fits and it can
be shown that the model is in good agreement with the experi-
mental data. The parameters obtained can, therefore, be used to
quantify the effect of inhibitors in the pyrolytic sugars.

The parameters calculated from the experimental data pre-
sented in Fig. 3A–D, show an expected inverse relationship be-
tween lag time (k) and the specific growth rate (lmax). The lag
time increases, while the specific growth rate (lmax) decreases
with increasing amount of pyrolytic sugars in the medium. This
tendency results from increasing concentration of inhibitors being
added to the media with the PO. For water extracts of conventional
PO, full inhibition takes places when having only 5% of pyrolytic
sugar in the media, as clearly seen in Fig. 3A by a rapid decrease
in lmax. These findings are in contrast to previous studies where
a 5% fraction of pyrolytic sugar resulted in high yields after water
extraction only (Bennett et al., 2009), further highlighting poten-
tially different outcomes when different methods are used to
generate pyroltic sugars, and the resulting need in screening tech-
nologies as demonstrated in this study. If the conventional PO is
further extracted with EA, then up to 8% can be used, however with
a �40% decrease in lmax. It is possible that higher fractions could
be fermented; however 8% of pyrolytic sugar was the maximum
that could be added for conventional oil due to low initial levoglu-
cosan concentrations. The inhibitory effect of unremoved com-
pounds mixed with the pyrolytic sugars is clearly decreased, (see
Table 2) when biomass is demineralized (Fig. 3C), and particularly
when a further EA extraction reduces the total phenolics and fur-
ans concentration as previously reported (Lian et al., 2010), as
shown in Fig. 3D. The last quantifiable value of lmax for the water
extract (PO1) was at 20% pyrolytic sugar. At this point lmax was re-
duced to less than 50% of its initial value. The decrease in lmax is far
less prevalent after EA extraction. An approximately 30% decrease
of lmax was observed for 100% pyrolytic sugar. The effect of pyro-
lytic sugars on k, is correlated to the changes in lmax. The esti-
mated value of the parameter increases fourfolds, from 1.5 h in
the control to almost 6 h when the hydrolyzate concentration of
demineralized PO1 is only 20%, as shown in Fig. 3C. Interestingly,
no significant difference of k could be seen for an increase in PO
concentrations after EA extraction (Fig. 3D). The clear tendency
of a decreasing lmax in Fig. 3D as pyrolytic sugar increases, might
be caused by the presence of furans and phenols which have the
particular characteristic of affecting ethanol productivity by inhib-
iting growth, but not ethanol yields (Klinke et al., 2004). The yields
remained constant, as shown in Fig. 4D.

Inhibition studies on S. cerevisiae have been performed by sev-
eral researches analyzing the effect of individual compounds such
as 4-hydrobenzoic acid, furfural, acetic acid (Palmqvist et al.,



Fig. 3. Estimated model parameters for microfermentations conducted with varying glucose fractions derived from pyrolysis oils. A and B correspond to fermentations of
conventional biomass pyrolysis oil. C and D correspond to demineralized biomass pyrolysis oil (biorefinery oil). Results on the left graphs correspond to only cold water
extraction, PO1 and PO3, on the right to EA extract fermentation, PO2 and PO4. The specific growth rate estimates, lmax are represented by the squares, the lag time k by the
circles. The subplots on A and B show a detailed trend at low PO concentrations.
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1999), 5-hydroxymethyl furfural (5-HMF), vanillin, syringalde-
hyde, coniferyl aldehyde (Delgenes et al., 1996) and 4-hydrozy-
benzaldehyde (Klinke et al., 2003). The values for lmax in these
studies are based on directly measured doubling rates, while the
lmax value of the Baranyi model is representing a ‘theoretical’ max-
imum growth rate, based on the inflection point of the curve. The
numerical values are therefore different (different model used) and
direct comparisons between the herein reported values cannot be
made, however trends such as relative decrease in growth rates
are comparable. The Baranyi model was chosen, as it is more suit-
able for complex inhibition kinetics. Modeling of the lag phase is a
concept mostly known to food microbiology (Baranyi and Roberts,
1994) and is not a parameter reported in any of the previously
mentioned studies. It is however a highly important parameter
that will help establish and characterize the pyrolysis oil as a
whole inhibitory entity rather than just evaluating singles com-
pounds or simple mixtures of these compounds and their effects
on growth.

3.4. Ethanol and biomass production

The theoretical yield of ethanol produced from glucose is
0.511 g/g. The maximum yield achieved in this study was 0.49 g
ethanol/g glucose (96% of the theoretical value). Yield calculations
were done based on glucose only. Other hexoses such as galactose
and mannose, which could be present after pyrolysis and hydroly-
sis (Lian et al., 2010), were not quantified and hence not taken into
account. The fermentation process lasted 15 h and samples for
ethanol analysis were drawn at the end-point of each micro-
fermentation. The effect on ethanol yield of increasing pyrolytic
sugar fractions is shown in Fig. 4. As expected based on cell growth
data (Fig. 2), ethanol production was achieved with a higher frac-
tion of pyrolytic sugars when the POs were also extracted with
ethyl acetate. Demineralization was directly responsible for a 10-
fold increase in the pyrolytic sugar fraction that could be converted
to ethanol seen directly by comparing PO3 and PO1 (Fig. 4A and C)
were the highest fermentable pyrolytic sugar fraction increased
from 2% to 20%. As expected, this increase continued for the
ethyl-acetate extracted PO4, were ethanol production was realized
from 100% pyrolytic sugar (Fig. 4D).

Ethanol production from hydrolyzate, detoxified via solvent
extraction and activated carbon, has been previously reported
(Lian et al., 2010). However, a more complex detoxification pro-
cessing was employed and full substrate fermentation is shown
in this study for the first time using ethyl acetate extraction as
the only direct detoxification method prior to acid hydrolysis. This
is likely possible due to the initial lower concentration of inhibitors
(see Table 2) in this oil, despite the undoubted presence of a parti-
tion coefficient of inhibitors between both phases (ethyl acetate
and aqueous sugar rich phase). The hydrolyzate was fully ferment-
able (no need of supplementing with pure glucose) after the sol-
vent extraction, achieving an ethanol concentration of almost
20 g/L, as shown in Fig. 4D.

The presented data suggest a slight increase in the ethanol con-
centration and yields as pyrolytic sugar concentration increases in
the media. This might be a result of the experimental design, as
samples were only analyzed after 15 h. Ethanol production on
samples containing lower fractions of pyrolytic sugars, will likely
have completed faster (see higher values for lmax in Fig. 3, or
growth profile in Fig. 2), giving time for ethanol to evaporate



Fig. 4. Calculated glucose consumption and ethanol production. A and B correspond to fermentations of non-demineralized biomass pyrolysis oil. C and D correspond to
demineralized biomass pyrolysis oil. Results on the left graphs correspond to only cold water extraction, PO1 and PO3, on the right to EA extract fermentation, PO2 and PO4.
Ethanol yield is read on the left y-axis. Right y-axis corresponds to Concentration. 0 stands for control (fresh YPG media). x-Axis shows amount of pyrolytic sugar (pyrolytic
glucose) present in the fermentation media. (triangle) Ethanol yield, (circle) Ethanol g/L (square) Glucose g/L.

Fig. 5. Maximum cell concentration reached after fermentation process with
different pyrolysis oil extracts. (square) PO1 (circle) PO2 (triangle) PO4, (inverted
triangle) PO3.
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amplified by the high surface area to volume ratio resulting from
the small scale experiment setup. It is also possible that the other
small molecules (e.g. organic acids) (Palmqvist et al., 1999) present
in the pyrolytic sugar solution acted as an additional carbon source
that was converted to ethanol.

The maximum yeast concentration was also effected by the
addition of pyrolytic sugars, as shown in Fig. 5 for all four investi-
gated substrates. For PO2, the only substrate that could completely
replace glucose in the medium, a decrease in Nmax is observed, as
the pyrolytic sugar fraction increases. The previously observed in-
crease in ethanol yield might therefore also be caused by a diver-
sion of carbon flux from biomass (yeast) production to ethanol
production. A detailed analysis of these effects however, is beyond
the scope of this study. Generally, final ethanol concentrations ran-
ged from 18 g/L to 20 g/L corresponding to a range in ethanol yields
between 0.45 and 0.5 g ethanol/g glucose (Fig. 4D). Based on the
most suitable substrate (PO) a total amount of 8.2 g ethanol could
be produced per 100 g pine wood, corresponding 41.3% of the the-
oretical maximum value (Table 3), based on the assumption that
all cellulose in pinewood, approximately 36 wt% (Westerhof
et al., 2007), can be converted to glucose and subsequently ethanol.
Traditional lignocellulosic ethanol processes reported in the litera-
ture typically achieve values between 54% and 85% for simulta-
neous and separate saccharification and fermentation based on
the available hexoses (Eklund and Zacchi, 1995; McMillan et al.,
1999). The proposed process approaches this range, despite only
being demonstrated at the micro-scale without any optimization
attempts to improve yields. The process is further an initial at-
tempt on an integrated biorefinery approach not focusing exclu-
sively on ethanol production. Additional valuable products of this
process are biochar and biogas, as well as acidic acid as shown in
Fig. 1. Other streams such as the insoluble lignin fraction, phenolics
and other aromatics can easily be separated and could be poten-
tially be used as value added products (Lian et al., 2012). This study
is a proof of concept, showing that effective ethanol production can
be achieved in combination with pyrolytic biomass conversion. A
detailed economic evaluation of the process is beyond the scope
of this study but will be attempted in future work.

A detailed look at the data in Table 3 shows that the yield of eth-
anol from the available pyrolysis derived glucose is very high (8.2 g
vs. the theoretical maximum of 8.5 g). The efficiency of cellulose to



Table 3
Carbon mass balance for PO2.

Compound Conversion
Step

Theoretical
accumulated
maximum
(g)

Achieved
value (g)

Theoretical
maximum
based on last
conversion only
(g)

Pinewood Starting
material

100.0 100.0 100.0

Cellulose Starting
material

35.0 35.0 35.0

Levoglucosan Pyrolysis 35.0 18.0 35.0
Levoglucosan CW

Extraction
35.0 18.0 18.0

Levoglucosan AE Extraction 35.0 17.1 18.0
Glucose (g) Hydrolysis 38.9 16.7 19.0
Ethanol (g) Fermentation 19.8 8.2 8.5

Ethanol% of theoretical max 41.3%
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levoglucosan conversion is at approximately 51%, and substantial
improvements trough manipulating operating conditions and pro-
cess design might be possible. Additional potential of improvement
is in the upgrading steps. A substantial fraction of the losses during
these steps are due to experimental difficulties associated with the
small scale of the experiment (e.g. the material attached to pH
probe during pH adjustment becomes significant at the micro-
scale) and would not occur at a larger scale. Overall it is expected
that it is possible to achieve ethanol yields well within the range of
conventional processes, while also producing additional valuable
by-products.

4. Conclusions

Ethanol yields in the presented study approach values found in
traditional pretreatment and fermentation processes. The sugar
rich pyrolysis oil with low concentration of inhibitors requires only
simple extraction processes to reduce inhibition during fermenta-
tive conversion, achieving high ethanol yields (96% of theoretical).
The inhibitory effect of compounds in the sugar rich pyrolysis oil
can be easily quantified at micro-scale, simplifying the analysis
of pyrolysis oils fractions and their suitability for fermentation.
The proposed pyrolysis based biorefinery turned is an interesting
alternative to traditional lignocellulosic ethanol production in
which hydrolysis of biomass is used as pretreatment step.
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