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A B S T R A C T

The anaerobic acidogenic fermentation of wheat straw was studied, after various chemical and microbial pre-
treatments, namely (a) chemical delignification, (b) hydrolytic pretreatment with T. viride of the chemically
delignified straw to enhance the organic acid (OAs) yields in the subsequent acidogenic fermentations, and (c)
microbial delignification by P. chrysosporium to enhance the biodegradability of the cellulosic material and avoid
the chemical pretreatment. The subsequent anaerobic acidogenesis experiments of the wheat straw samples were
carried out using a UASB culture free and immobilised on γ-alumina. Hydrolysis with T. viride was limited and
slightly improved the result of the acidogenesis. On the other hand, delignification by P. chrysosporium produced
satisfactory results, comparable to those of the chemical delignification process. The optimum substrate moisture
content for the microbial delignification was 85%. In all cases the immobilised cells increased the OAs yields
during the acidogenic fermentations by about 2-fold. Lactic, acetic and butyric acid were the prevailing OAs
produced. The OAs could be then used as structural components of ester-based biofuels similar to biodiesel, an
approach that has been recently proposed as a cost-effective and environmentally friendly alternative for 2nd
generation biofuels production.

1. Introduction

Environmental concerns as well as the depletion and increasing
prices of fossil fuels, has led the scientific and industrial community to
focus on exploitation of renewable resources, such as agroindustrial
side-streams, for biofuels that do not compete with food production (as
did the 1st generation crop-based biofuels) [1,2]. Waste lignocellulosic
biomass, derived from agriculture, forestry, food, and other industrial
activities, is such a resource, having the advantages of being renewable,
abundant, and with very low net greenhouse emissions. It has been
widely reported as a potential substrate for both gaseous and liquid
biofuels such as biogas from bagasse, rice, and straw hydrolysates [3],
and sugarcane straw [4], or butanol from wheat straw [2]. However,
the main disadvantage is the compositional variability of the different
biomass resources (herbaceous, woody, etc.). Lignocellulosic biomass
consists of three types of polymers, cellulose, hemicelluloses and lignin,
with compositional variations depending on the source, that make
biomass recalcitrant to biological and chemical degradation, difficult
for downstream processing, and demanding the use of diverse

pretreatment methods [5,6]. Pretreatment of biomass, especially before
enzyme/fermentation processing, is mandatory in order to remove
lignin and hemicelluloses and improve the efficiency of cellulose sac-
charification. Since mechanical, thermal and chemical treatments have
various technical, economic and environmental drawbacks, the use of
microorganisms for biomass pretreatment may be the key to future
efficient biomass utilization [7–9].

Lignocellulose degrading fungi (mainly white-rot species) have been
widely evaluated for potential industrial applications [8,10]. The most
significant advantages are their unique cellulolytic and ligninolytic
enzyme systems, the low energy demands and the cost-effectiveness of
fungal pretreatments. The main drawback of fungal pretreatment is the
long process times, and therefore, the combination with other physi-
cochemical pretreatment methods has been recently considered [10].
Enzymatic hydrolysis of cellulose has many advantages over chemical
methods such as mild conditions, simple equipment, avoidance of
corrosive materials, non toxic by-products for microorganisms of the
subsequent fermentation treatment, and is generally considered an
environmentally friendly process [11–13]. Lignocellulosic biomass
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degrading enzymes are expressed by a variety of microorganisms,
mainly plant pathogens and saprophytes that grow on decomposing
organic matter. In bacteria, they are found in the form of extracellular
large enzyme aggregates [14]. Fungal cellulases are usually commer-
cially available as they are extracellular and very active, especially
those derived from species with high temperature or pH resistance [12].
Aspergillus niger and Trichoderma species (T. reesei and T. viride), are the
most studied fungi associated with the production of cellulases and are
preferred for industrial production. T. reesei produces a stable, extra-
cellular and efficient cellulase system, which however is not capable of
fully hydrolyzing cellulose due to lack of sufficient β-glucosidase ac-
tivity and inhibition of the exo/endocellulases by the accumulated
cellobiose [13–15]. In addition, T. reesei β-glucosidases are less tolerant
to glucose compared to those of A. niger and, therefore, genetic mod-
ification of T. reesei to express the A. niger enzyme is the most suitable
practice for effective hydrolysis of cellulose [16].

Phanerochaete chrysosporium, on the other hand, is a white-rot
fungus that can depolymerize and mineralize lignin, leaving cellulose
untouched. Furthermore, since it has a high optimum growth tem-
perature (about 40 °C) it can be used in high-temperature processes
with potential industrial applications. Its capability to produce lignin
peroxidases and manganese peroxidases makes P. chrysosporium a
model organism of lignin-degrading enzymes production [17] with
major drawbacks the unstable productivity and poor understanding of
the regulatory mechanisms of responding to different nutrient sources
[17–19].

Finally, anaerobic fermentation of various types of biomass can lead
to the production of organic acids (OAs), depending on the process
conditions (acidogenesis). The OAs could be then used as structural
components of ester-based biofuels similar to biodiesel. This approach
has been recently proposed by our research group as a cost-effective
and environmentally friendly alternative for 2nd generation biofuels
production [20–23]. In previous studies, a UASB culture (the same as in
this study) immobilized on solid inorganic carriers such as γ-alumina
and kissiris, was proved to be a valuable tool for anaerobic acidogenic
fermentation of pure sugars (glucose, sucrose, raffinose) and agroin-
dustrial wastes (vinasses, whey) [20–23], leading to increased OAs
productivities. The ethanol produced simultaneously in these processes
was also an important finding, since it can be used as reagent of sub-
sequent esterification reactions to produce ethyl esters for biofuel ap-
plications. Also in these studies, it was observed that the ethanol and
OAs composition was affected by the immobilization technique and the
substrate used. For example, although ethanol production during
acidogenesis of glucose media was considerable [20,21], it was reduced
significantly when vinasses (alcohol distillery waste) was used as sub-
strate [22]. In the case of the acidogenesis of cheese whey in a con-
tinuous system, the ethanol concentration was further increased by
connecting a kefir bioreactor for alcoholic fermentation before the
acidogenesis bioreactor, resulting in 40% increase of OAs and 10-fold
higher ethanol content [23]. Taking into account the above observa-
tions, the use of the same UASB culture immobilized on γ-alumina was
also evaluated in this study for the acidogenesis of lignocellulosics.
Specifically, the effect of pretreatment of wheat straw (chemical de-
lignification, enhanced by cellulose hydrolysis using T. viride, and de-
lignification using P. chrysosporium), on the yield of the subsequent
anaerobic acidogenic fermentation with the UASB culture immobilized
on γ-alumina, was investigated.

2. Materials and methods

2.1. Microorganisms and inocula preparation

The strain T. viride DSM 63065 (DSMZ, Germany; isolated from dead
beech wood, Fagus sylvatica), was used for cellulolytic treatment of the
chemically delignified straw (DWS). It was developed on a solid mod-
ified Malt Extract Peptone Agar (MEPA) substrate with the following

composition: 30 g/L malt extract, 3 g/L soya peptone, 15 g/L agar and
the nutrients reported by Lan et al. [24]. The growth medium was
sterilized at 121 °C for 15min and the pH was adjusted to 5.6 after
sterilization by addition of a suitable amount of 1% sterile tartaric acid.
The culture was grown at 24 °C for 6 days. After sporulation, the spores
were collected from the surface of the dishes by aseptically scratching
sporulated agar slants and washing the surface with sterile distilled
water. The amount of spores in the prepared stock suspension was
3×107 spores mL−1, determined using with a haemocytometer
(Neubauer Improved, HBG, Germany). The strain P. chrysosporium DSM
1547 was used for the delignification pretreatment of wheat straw. It
was maintained as frozen culture (−80 °C) in 30% glycerol, and grown
on MEPA plates for 10 days at 35 °C. The stock spore suspension, pre-
pared as described above, contained 8×106 spores mL−1.

For the acidogenic fermentation experiments, a mixed culture was
obtained from a UASB bioreactor used for anaerobic treatment of vi-
nasses at the Department of Chemistry, University of Patras, Greece
[20–23]. The culture was grown at 37 °C in a medium that contained
(g/L) cellobiose 50, NaHCO3 4, yeast extract 4, and aqueous NH3 and
50% H3PO4 solution at a COD:N:P ratio of 100:5:1. The experiments
were carried out using cells immobilized on γ-alumina as well as free
cells in suspension.

2.2. Wheat straw preparation and chemical delignification

Wheat straw (Triticum spp.) was obtained from local farms in the
region of Achaia, Greece. It was washed with distilled water, dried at
90 °C for 3 days, ground and sieved through a 0.32mmmesh and finally
kept at room temperature in sealed bottles for further experiments.
Chemical delignification of wheat straw was carried out by boiling with
1% NaOH solution for 3 h. The ratio of wheat straw/NaOH solution was
1:10, and the volume of the boiling mixture was maintained constant by
addition of water [25]. The straw was then washed thoroughly with
water to remove the soluble lignin sodium salt residues, and it was
sterilized at 121 °C for 15min. The DWS was also treated with T. viride
for possible enhancement of the subsequent acidogenic fermentation
yield. The treatment was carried out in a cylindrical glass reactor
containing 20 g/L of DWS and the nutrients reported by Lan et al. [24].
The substrate was sterilized at 121 °C for 15min and was inoculated
with 10mL of T. viride spore suspension. Air was pumped through a
bacteriostatic filter and the culture was agitated with a magnetic stirrer
at 200 rpm. The process was carried out at 28 °C for 12 days.

2.3. Pretreatment of wheat straw with P. Chrysosporium

Wheat straw pretreatment with P. chrysosporium was carried out in
solid state. Specifically, 200mL cylindrical glass bioreactors were used
with cotton plugs to allow oxygen flow. Amounts of 2.5 g of wheat
straw were placed into the bioreactors and were inoculated with 2.5mL
of the P. chrysosporium stock spore suspension. Incubation took place at
35 °C for 21 days. Three levels of moisture (50, 75 and 85%) were
evaluated. DWS was also applied for comparisons.

2.4. Culture immobilization and anaerobic acidogenic fermentations of
preatreated wheat straws

Initially, cell immobilization was performed as described by
Syngiridis et al. [20,21] with a modification of the growth medium
(cellobiose was used instead of glucose). In brief, a 250mL bioreactor
was filled with 100 g γ-alumina pellets and equal volumes of 30 g/L
cellobiose medium and anaerobic culture. The bioreactor was placed in
an incubator set at 37 °C and the content was left to ferment for a day
without feeding. Subsequently, the immobilized culture was used to
ferment the medium that contained the pretreated straw as the only
carbon source (3 wt%). The broth also contained (g/L): NaHCO3 4,
yeast extract 4, and aqueous NH3 with 50% H3PO4 solution. The
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