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Abstract
Background: In this study, cocksfoot grass (Dactylis glomerata), an abundant lignocellulosic biomass was pretreated
using different operational parameters using wet explosion (WEx) pretreatment for accessing the bioethanol
potential of the hemicellulose fraction. Utilization of the hemicellulose liquid hydrolysate to ethanol is essential for
economically feasible cellulosic ethanol processes. Fermentation of the separated hemicellulose liquid hydrolysates
obtained after the WEx pretreatment was done by Pichia stipitis CBS 6054 (Scheffersomyces stipitis).
Results: The fermentation of the WEx liquid hydrolysate from the pretreatment at higher severity (180°C, 15 min, 87
psi oxygen and 190°C, 15 min, 0.2% sulfuric acid) was fully inhibited probable by the presence of higher
concentrations of inhibitory compounds such as furfural, HMF and acetic acid. The ethanol yield among other WEx
conditions was in the range of 89 to 158 mL/kg DM, with the highest yield (92% of theoretical maximum value)
found for the lower pretreatment severity at 160°C, 15 min, 87 psi oxygen.
Conclusions: Our findings from this present study demonstrated that the release of hemicellulose sugars in the
liquid hydrolysate is maximal when a lower pretreatment severity is applied. This is evident as the highest ethanol
yields were found under the pretreatment conditions at lower severity.
Keywords: Wet explosion, Lignocellulosic biomass, Cocksfoot grass, Pretreatment, Ethanol fermentation, Inhibitors,
Pichia stipitis

Background
Increasing global energy requirements and greater environmental awareness have resulted in increasing focus on
alternatives to fossil fuels as energy sources. Lignocellulosic biomass such as agricultural residues, forestry
waste and municipal solid waste presents a sustainable
and renewable source for the production of liquid
biofuels such as bioethanol [1]. As most often being a
by-product from food and feed production, lignocellulosic biomass does not compete with the production of
edible crops [2,3] and has the potential to be the feedstock for the production of a considerable proportion of
transport fuels if cost effective conversion processes are
available [4]. The major components in lignocellulosic
biomass are cellulose, hemicellulose and lignin. Hemicellulose sugars are the second most abundant carbohydrates
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in nature and its conversion to ethanol could provide an
alternative liquid fuel source for the future [5].
Because of the recalcitrance of the lignocellulosic
structure to enzymatic attack, pretreatment of the material is necessary to enhance the accessibility of the
enzymes to the substrate [6]. Various thermal and chemical pretreatment methods as well as combinations of
both have been proposed to make lignocellulosic biomass susceptible to enzymatic and microbial conversion
[7,8]. The resulting slurry from the pretreatment of lignocellulosic biomass contains liquid and solid fractions;
the solid fraction mostly contains cellulose and lignin as
the major components, while the liquid fraction contains
xylose as the main sugar, and small concentrations of
other sugars such as glucose and arabinose mainly from
hemicellulose liquid hydrolysate. Hence, the optimum
utilization of the liquid fractions to ethanol is essential
for an economical feasible in biorefinery processes [9].
However, the liquid fractions often contains inhibitors
such as furfural from xylose degradation, hydroxymethyl
furfural (HMF) from glucose degradation, carboxylic
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acids mainly acetic acid from the acetyl group in hemicellulose decomposition, and phenolic compounds from
lignin degradation [9] and these are considered to be potential fermentation inhibitors that affect the growth rate
of microbes during ethanol fermentations [10].
Microbes such as yeasts and bacteria are essential for
the conversion of hemicellulose sugars to ethanol [5].
Pichia stipitis (Scheffersomyces stipitis) among others is
one of the robust xylose-fermenting yeast that has been
investigated in many laboratories around the world because of its capability for using pentose sugars beside
hexoses with a high ethanol yield [11]. Moniruzzaman,
[12] reported ethanol yield of 78% theoretical maximum
from exploded rice straw hydrolysate fermented to ethanol by Pichia stipitis Y-7124. In a similar manner, Zhu
et al. [10] found ethanol yield of around 80% theoretical
from steam exploded corn stover acid hydrolyzate
fermented to ethanol using Pichia stipitis CBS 5776.
The present study investigated ethanol production
from hemicellulose hydrolysate of cocksfoot grass using
Pichia stipitis CBS 6054 (Scheffersomyces stipitis) after
wet explosion pretreatment. The effect of wet explosion
process parameters on the production of fermentation
inhibitors such as acetic acid and furfural in the liquid
fraction was evaluated.

Results and discussion
Composition of WEx hydrolysates

The main chemical composition of raw material was (g/
100g DM): cellulose, 35.73; hemicelluloses, 23.71; and
lignin, 18.74. The hydrolysates containing monomeric
sugars and fermentative inhibitors used for the fermentations were prepared from the WEx liquid fractions and
their compositions are depicted in Table 1.
Fermentation of WEx liquid hydrolysates

The wet explosion liquid hydrolysates or fractions obtained
from all the pretreatment conditions were fermented to
Table 1 Composition of the WEx hemicellulose
hydrolysates from wet exploded cocksfoot grass
Compounds (g/L)

WEx process conditions
A

B

C

D

E

F

Hexose sugars

1.83
(0.01)

2.07
(0.04)

1.03
(0.03)

0.78
(0.02)

0.79
(0.01)

2.13
(0.03)

Pentose sugars

35.16
(0.07)

25.86
(0.04)

14.59
(0.05)

27.33
(0.16)

22.96
(0.17)

13.93
(0.13)

Furfural

0.44
(0.02)

0.50
(0.14)

2.90
(0.00)

0.17
(0.12)

0.51
(0.03)

1.00
(0.06)

Hydroxymethyfurfural

0.19
(0.00)

0.21
(0.08)

0.58
(0.15)

0.02
(0.00)

0.09
(0.05)

0.38
(0.11)

Acetic acid

1.72
(0.11)

2.13
(0.04)

5.21
(0.06)

1.32
(0.07)

2.04
(0.13)

3.06
(0.03)

Average of duplicates. Standard deviation shown in parentheses.

ethanol by Pichia stipitis CBS 6054 (Scheffersomyces
stipitis). Figure 1A and B shows the changes in ethanol
and sugar concentrations among the WEx pretreatment conditions. Based on previous studies on hemicellulose hydrolysate fermentation by the yeast Pichia
stipitis [13,14], the aeration rate was kept constant at
125 rpm throughout the fermentation, since oxygen is
one of the crucial parameters for yeast P. stipitis during
ethanol fermentation. Oxygen plays an important role
in cell growth and generation of energy for xylose
transport in P. stipitis [13]. However, some studies on
liquid hydrolysate fermentation by P. stipitis shows
that genetically modified P. stipitis produces ethanol
under anaerobic condition [15,16], but microaerobic
conditions are optimal for ethanol production [13]. A
rapid consumption of sugars was observed in most of
the WEx conditions within the 24 h fermentation time.
It is noteworthy that the available glucose in the fermentation broth was first consumed by P. stipitis before it started to utilize xylose and its complete uptake
occurred in 96 h. The amount of ethanol produced
steadily increased within 48h fermentation time and
leveled out after 72 h (Figure 1A). A lag phase was not
observed during the course of fermentation in most of
the pretreatment conditions (Figure 1B), except conditions (C and F) where metabolic activities was not
detected due to high concentrations of fermentation
inhibitors especially high contents of acetic acid associated with the above-mentioned conditions. The highest
ethanol concentration obtained at the end of the fermentation (17.98 g/L) was achieved for the lower pretreatment severity, A (160°C, 15 min, 87 psi oxygen),
and it was in accordance with the utilization of sugars
which amount to ethanol yield of 157.5 mL/kg DM,
corresponding to 92% of theoretical maximum value
(Table 2). This is comparable to ethanol yield of 8590% of the theoretical maximum found for Pichia
stipitis CSIR-Y633 fermenting xylose sugar [17].
For the pretreatment conditions (B and D), the ethanol
concentration was around 12 g/L, which is not comparable to the ethanol concentration found under condition
A, but higher than the concentration achieved for condition E, which gave only approximately 10 g/L. This shows
that the hemicellulose sugars under pretreatment condition E (170°C, 15 min, 0.2% sulfuric acid) has to large extend been degraded to other products other than sugars,
like furfural during the WEx pretreatment. However, the
sugars found under the above-mentioned condition was
able to ferment to ethanol, showing that the concentrations of inhibitors under this condition was not a limiting
factor for the yeast P. stipitis, unlike conditions C and F
(180°C, 15 min, 87 psi oxygen and 190°C, 15 min, 0.2%
sulfuric acid) where the yeast P. stipitis could not assimilate the sugars probable due to high content of inhibitors.
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Figure 1 Ethanol production profile. (A) Time course of ethanol production and glucose and xylose consumption (B) during ethanol
fermentation from hemicellulose hydrolysate by P. stipitis CBS 6054 over 96 h, 125 rpm at 30°C and pH 6.0. Values are means of duplicate
experiments. aG and bX notates the glucose and xylose concentration, respectively, after pretreatment at pretreatment condition A-F.

Table 2 Summary of fermentation results among the WEx conditions
Treatment

Final ethanol concentration (g/L)

Ethanol yield (mL/kg-DM)

% of theoretical yield

Final pH

A

17.98 (0.02)

157.50 (0.05)

92.22

6.98 (0.02)

B

12.24 (0.04)

112.30 (0.03)

65.78

6.94 (0.05)

C

0.00 (0.00)

0.00 (0.00)

0.00

6.23 (0.03)

D

12.88 (0.04)

123.70 (0.06)

72.42

7.02 (0.04)

E

9.75 (0.01)

88.50 (0.02)

51.85

6.86 (0.08)

F

0.00 (0.00)

0.00 (0.00)

0.00

6.21 (0.07)

Standard deviation shown in parentheses. Fermentations were performed at 30°C in a shaker incubator at 125 rpm over 96 h.
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Pretreatment conditions B and D (170°C, 15 min, 87
psi oxygen and 170°C, 15 min, 0.2% sulfuric acid), shows
a similar ethanol yield, but, was slightly higher in pretreatment condition D (Table 2), around 10% higher.
The only difference in the above-mentioned conditions
was the addition of pure oxygen and sulfuric acid. This
is in agreement that pretreatment with addition of dilute
acid at a moderate temperature can release up to 100%
fermentable hemicellulose sugars and that a balance between solubilization and degradation of hemicellulose
sugars is a mechanism in pretreatment with addition of
both oxygen and sulfuric acid [1]. The above-mentioned
WEx pretreatment conditions achieved ethanol yield of
112.3 and 123.7 mL/kg-DM, which corresponds to
65.8% and 72.4% of theoretical, respectively, (Table 2). In
comparison, Zhong et al. [18] reported ethanol yield of
72 and 68% of theoretical maximum, respectively, with
Pichia stipitis FPL-061 and DX-26 fermenting AFEXtreated rice straw hydrolysate.
The fermentability of WEx hydrolysates under pretreatment conditions C and F (180°C, 15 min, 87 psi
oxygen and 190°C, 15 min, 0.2% sulfuric acid) was fully
inhibited, because they contain high concentration of
fermentation inhibitors. This demonstrates that lower
pretreatment severity is more advantageous for maximizing the production of fermentable hemicellulose
sugars thereby reducing the production of inhibitory
compounds during pretreatment. The above-mentioned
conditions were the most severe pretreatment conditions
tested in this study for WEx pretreatment with addition
of oxygen or dilute sulfuric acid.
Effect of fermentative inhibitors

The inhibitory effects observed on the fermentation of
WEx hydrolysates under pretreatment conditions (C and
F) could be attributed to the presence of furfural at high
concentration of about 2 g/L, but the complete inhibition of the fermentation could further be due to the
higher concentrations of acetic acid (5.2 and 3.1 g/L, respectively) in the above-mentioned conditions (Table 1).
It has been reported elsewhere in the literature [19] that
furfural concentration should be at a level of 1.0 g/L in
order to present problems for yeast. The formation of
acetic acid was more pronounced in the pretreatment
condition with high temperature and addition of oxygen
pressure. Palmqvist and his co-worker [20] reported in
their recent review paper that microorganisms can up to
a certain limit survive the stress of these compounds,
but cell death would occur if the stress exceeds the limit
that cell can bear. The effects of these fermentation inhibitors on ethanol fermentation by P. stipitis has been
demonstrated in the literature, Bellido et al. [21] found
that ethanol yield from hemicellulose hydrolysate decreased with increasing acetic acid concentrations and
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uptake of xylose was more affected than glucose. This
paper further mentioned that cell growth and ethanol
yield was considerably affected at 2.5 g/L of acetic acid
in synthetic media and complete inhibition of growth
and ethanol production occurred at 3.5 g/L. Progressively, HMF and furfural caused delay of sugar consumption, but was eventually assimilated by P. stipitis below 2
g/L where inhibition was less profound than with acetic
acid. Scordia et al. [22] further reported that fermentation of hemicellulose liquid hydrolysate by P. stipitis is
mainly inhibited by acetic acid and to lesser extent by
the presence of furfural.
However, the liquid hydrolysate originating from any
pretreatment of lignocellulosic biomass can be detoxified
by removal of inhibitory compounds in order to adapt
the yeast to utilize the available sugars to ethanol.
Overliming and neutralization are some of the proposed
methods to carryout hemicellulose hydrolysate detoxification [23,24]. Performing hemicellulose hydrolysate detoxification is often energy demanding and can elevate
the process cost of the ethanol production of hemicellulose sugars. In order to make lignocellulosic ethanol production more economically feasible, the hydrolysate
arising from the separated liquid fractions after pretreatment should be able to ferment to ethanol without the
need for further detoxification. Therefore, the hemicellulose hydrolysate obtained after the WEx pretreatment
was not detoxified.
Based on previous experiments with P. stipitis fermentation of hemicellulose hydrolysate [25], the initial pH in
the fermentation broth for all the WEx pretreatment
conditions were maintained at pH 6.0. At the end of the
fermentation, an increase in pH was observed in most of
the pretreatment conditions which can be attributed to
the consumption of acetic acid by P. stipitis (Figure 2).
The acetic acid concentration in most of the fermented
WEx hydrolysates range from 1.32-2.13 g/L, but at the
end of the fermentation, only about 0.1 g/L of acetic acid
was found among the fermented WEx hydrolysates.
Table 2 shows the final pH range at the end of the fermentation among the pretreatment conditions. A pH
range of approximately 7.0 was observed in most the
pretreatment conditions, while the acetic acid was significantly consumed, however, the end products generated by P. stipitis from the acetic acid consumption was
not determined. This is in accordance with the previous
investigations on hemicellulose hydrolysate fermentation
by P. stipitis where the increase in pH was attributed to
acetic acid consumption [9,20,22].

Conclusions
This study has demonstrated that wet explosion (WEx)
pretreatment with additives (dilute sulfuric acid or oxygen)
facilitates the production of fermentable hemicellulose
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Figure 2 Acetic acid consumption profile. Time course of acetic acid concentrations in the hemicellulose liquid hydrolysates during ethanol
fermentation over 96 h using P. stipitis CBS 6054 for the different pretreatment conditions A-F.

sugars that was optimally fermented to ethanol by Pichia
stipitis CBS 6054 (Scheffersomyces stipitis) without further
detoxification or use of costly enzyme mixtures. It further
shows that lower pretreatment severity is an ideal combination of WEx pretreatment parameters for achieving
higher ethanol yields from hemicellulose sugars, and at
the same time, reduces the formation of fermentation inhibitory compounds. This is evident as the highest ethanol
yield of 158 mL/kg DM (92.2% of theoretical) was found
under the lower pretreatment severity A (160°C, 15 min,
87 psi oxygen). WEx hydrolysates obtained under higher
pretreatment severity could, however, not be fermented to
ethanol as it contains higher concentrations of inhibitory
compounds.

Methods
Wet explosion pretreatment

The Air-dried cocksfoot grass (Dactylis glomerata) was
hammer milled to a particle size of 2–3 mm, and stored
in plastic bags at room temperature prior to pretreatment. A portion of the raw material was ground in a coffee grinder to pass a 1 mm screen and used for chemical
composition analysis.
The wet explosion (WEx) pretreatment was performed
batch-wise with the following conditions: 160°C-190°C
adding (at) 87 psi oxygen pressure (and) or at 0.2% dilute
sulfuric acid concentration for 15 min (Table 3), by
suspending the raw cocksfoot grass in tap water to reach a
dry matter concentration w/w of 25% in a 10 L highpressure reactor constructed at the Center for Bioproducts
and Bioenergy, Washington State University, USA [26].
The reactor was equipped with a gas/liquid inlet for

injection of dilute sulfuric acid or oxygen pressure, and a
continuous stirrer (2000 rpm). The reactor was heated by
a water jacket connected to a heat exchanger controlled
by an oil heater. The temperature and pressure inside the
reactor were monitored by two temperature sensors and
one pressure sensor both mounted in the headspace and
in the bottom of the reactor. The acid concentration or
oxygen pressure was added into the pretreatment reactor
after the desired temperature was reached. After the treatment, the biomass was flashed into a 100 L flash tank
connected to the reactor, resulting in a sudden drop in
temperature and pressure.
The resulting slurry from the pretreatment was separated into liquid and solid fractions by vacuum filtration.
The solid fraction was stored in a freezer (−16°C) for
further processing and the filtrated liquid fraction was
stored under refrigeration (5°C) and used for ethanol fermentation by P. stipitis.

Table 3 Process conditions used for WEx pretreatment of
Cocksfoot grass
Treatment Temp. (°C) T/R* (min) Oxygen (psi) Acid concen.** (%)
A

160

15

87

-

B

170

15

87

-

C

180

15

87

-

D

170

15

-

0.2

E

180

15

-

0.2

F

190

15

-

0.2

*

Retention time. **Acid concentration.
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Preparation of WEx hydrolysate and fermentation

The hemicellulose hydrolysates used for all the fermentations were the liquid fraction obtained after separating
the pretreated samples after WEx pretreatment from the
solids, and were directly fermented to ethanol without
enzymatic hydrolysis and detoxification. Fermentation
was performed under semi-aerobic conditions in sterile
250 mL Erlenmeyer baffled flasks without any nutrient
supplementation, covered with an aerobic stopper, and
incubated on a rotary shaker at 125 rpm and 30°C for 96
has reported by Agbogbo and Coward-Kelly, [13]. The
pH of the hydrolysates was adjusted to 6.0 with 1 M
phosphate buffer solution.
Microorganism and media

Pichia stipitis CBS 6054(Scheffersomyces stipitis) was
conserved and maintained on 20% glycerol at 4°C at the
Center for Bioproducts and Bioenergy, Washington State
University, USA. P. stipitis inoculum medium contained
20 g/L D-xylose, 20 g/L peptone and 10 g/L yeast extract
and was prepared aseptically in 250-mL shaking flask as
previously described by Agbogbo and Wenger, [9] with
100 mL medium and incubated on rotary shaker at 30°C
and 170 rpm for 24 h. All the media were sterilized by
autoclaving at 121C for 30 min. The cells were harvested
by centrifugation, and the pellet was collected for the
hydrolysate fermentation to a final optical density (OD)
of 1.0 measured at OD600 nm corresponding to a cell
concentration of approximately 1.7 g/L.
Analytical methods

The fermentation was performed in duplicates and monitored by withdrawing 2 mL of samples for analyses. The
initial chemical composition of the raw material was determined according to the procedure developed by the
National Energy Laboratory [27], and the dry matter
content (DM), volatile solid contents (VS), and ash were
determined according to the procedure described by the
American Public Health Association [28].
The concentration of sugars, acetic acid and ethanol
were determined by high performance liquid chromatography (HPLC) refractive index (RI) equipped with an
Aminex HPX-87P column (Bio-Rad Laboratories, CA,
USA) at 83 C with deionized water (Thermo Scientific,
Barnstead Nanopure, IA, USA) as an eluent with a flow
rate of 1.0 mL/min. The optical density (OD) of the yeast
cell was measured spectrophotometrically at 600nm. The
ethanol yield (YEtOH) was calculated by dividing the total
amount of ethanol produced by the initial dry weight
of treated cocksfoot grass. The percent theoretical
(stoichiometric) ethanol yield (%YEtOH) was calculated
according to Equation. (1): where 0.51 is the theoretical
ethanol yield (in g-ethanol per g-sugar) [29]. This
yield is always less than 100% as part of the sugars
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is converted to cell mass and by-products by the
organisms.
Y EtOHð%Þ ¼

Y EtOH
⋅100
0:51

ð1Þ
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