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Biomass recalcitrance to bioconversion for microbial 
production of fuels and co-products is directly related to the 
structure and composition of lignocellulosic biomass. The effect 
of superheated steam (SS) pre-treatment on biomass fermentation 
by Clostridium thermocellum was investigated. Wheat straw was 
ground to < 355 µm and exposed to three methods of pre-
treatment of various severities:  i) soaking in 119 °C boiling 
water (BW) under absolute pressure of 193 kPa for 15 minutes, 
which corresponded to a severity factor of 1.73; ii) processing 
with SS at atmospheric pressure for 15 minutes; and at 180, 200 
and 220° C, which corresponded to a severity factor ranging from 
3.53 to 4.70 and iii) soaking in 119°C BW under absolute 
pressure of 193 kPa for 15 minutes, followed by processing with 
SS at atmospheric pressure at 180, 200, and 220 °C, with a 
corresponding severity factor  of 5.26 to 6.44. Processing with SS 
was conducted at three temperatures: 180, 200, and 220 °C. The 
intensity of pre-treatment was expressed through a ‘treatment 
severity factor’. Wheat straw samples were then used as 
substrates in fermentation reactions with C. thermocellum. The 
most pronounced effects were observed at the highest severity of 
6.44, corresponding to treatment in BW followed by SS at 
220°C.  This resulted in structural changes in the material 
reflected in an increased ‘contribution of amorphous cellulose’ 
(CAC) of 22%, an increase of hydrogen production of 94.2%, an 
increase of carbon dioxide production of 221.5% and a 160% 
increase in ethanol production. The combinatorial effect of BW 
and SS pre-treatment was more effective in improving substrate 
conversion than either BW or SS pre-treatment alone.  
Keywords: Biomass structure, pre-treatment, contribution of 
amorphous cellulose, superheated steam, hydrogen, ethanol, 
cellulose fermentation, Clostridium thermocellum 
La résistance de la biomasse à la bioconversion pour la 
production microbienne de carburants et de coproduits est 
directement liée à la structure et la composition de la biomasse 
lignocellulosique. L’effet d’un traitement à la vapeur surchauffée 
(SS) sur la fermentation de la biomasse par le Clostridium 
thermocellum a été étudié. De la paille de blé a été moulue en 
particules < 355 µm, et a été soumise à trois méthodes de 
prétraitement d’intensités différentes : i) trempage pendant 15 
minutes dans de l’eau bouillante à 119 °C (BW) sous une 
pression absolue de 193 kPa, correspondant à un facteur 
d’intensité de 1,73; ii) traitement avec de la SS à la pression 
atmosphérique pour 15 minutes et à 180, 200 et 220 °C, 
correspondant à un facteur de sévérité variant entre 3,53 et 4,70, 
et iii) trempage à 119 °C BW sous une pression absolue de 193 
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kPa pour 15 minutes suivi par un traitement avec de la SS à la 
pression atmosphérique à 180, 200 et 220 °C pour des facteurs de 
sévérité variant entre 5,26 et 6,44. Le traitement avec de la SS a 
été réalisé à trois températures : 180, 200 et 220 °C. L’intensité 
du prétraitement était exprimée par un «facteur de sévérité du 
traitement». Les échantillons de paille de blé ont été ensuite 
utilisés comme substrat dans les réactions de fermentation avec le 
C. thermocellum. Les effets les plus importants ont été observés à 
la sévérité la plus élevée, soit 6,44, pour le traitement avec la BW 
suivi par la SS à 220 °C. Celui-ci produit des changements 
structuraux dans le matériau se traduisant en une augmentation 
de la «contribution de la cellulose amorphe» (CAC) de 22 %, une 
augmentation de la production d’hydrogène de 94,2 %, une 
augmentation de la production de dioxyde de carbone de 221,5 % 
et une augmentation de 160 % de la production d’éthanol. L’effet 
combiné du prétraitement de la BW et de la SS était plus efficace 
pour améliorer la conversion du substrat que le prétraitement de 
la BW fait seul ou celui de la SS.  Mots clés: structure de la 
biomasse, prétraitement, contribution de la cellulose amorphe, 
vapeur surchauffée, hydrogène, éthanol, fermentation 
cellulosique, Clostridium thermocellum 

INTRODUCTION 
Biomass is the most important source of renewable energy 
that is widely available. Nevertheless, it remains under-
exploited and current efforts focus on the development of 
lignocellulosic biomass value chains for the production of 
energy, chemicals, and polymer materials. The term 
lignocellulosic biomass refers to plant-based materials 
derived from forestry and wood products, as well as from 
agricultural crops and residues. Lignocellulosic biomass, 
or lignocellulose, is composed of cellulose, hemicellulose, 
and lignin. Cellulose and hemicellulose are complex 
carbohydrate polymers, which can be hydrolyzed to less 
complex forms (mono- and oligosaccharides), which in 
turn can be metabolized by microorganisms to various 
forms of biofuel, including ethanol. Clostridium 
thermocellum is a gram positive, strictly anaerobic, 
thermophilic bacterium that can utilize cellulose as a sole 
carbon source and synthesize organic acids (acetate, 
lactate, formate), ethanol, hydrogen (H2), and carbon 
dioxide (CO2) as fermentation end-products (Islam et al. 
2006, 2009; Levin et al. 2006). Though technologically 
feasible, production of ethanol from lignocellulose is not 
very cost competitive due to the relative energy cost 
associated with the pre-treatment and hydrolysis for 
current industrial conversion processes (Chandra et al. 
2007; Galbe and Zacchi 2007).  
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 The proportion of cellulose, hemicellulose, and lignin 
in lignocellulose materials varies, depending on the type 
and source of the biomass (Agbor et al. 2014; Lynd et al. 
2002; Mckendry 2002). Cellulose consists of chains of 
glucose linked by β-1,4 glycosidic bonds. Hemicellulose is 
composed of polymerized 5- and 6-carbon sugars, while 
the lignin fraction is composed of polymerized aromatic 
alcohols. Lignin binds the cellulose and hemicellulose 
structural fibres together and creates a complex hetero-
matrix structure that is highly resistant (recalcitrant) to 
enzymatic, chemical and/or microbial hydrolysis (Agbor et 
al. 2011b; O’Sullivan 1997; Saha 2003).   
 Knowing that hydrolysis of cellulose chains to 
fermentable sugars is affected by the structure of the 
biomass, conversion can be enhanced by altering the 
crystallinity and degree of polymerization of the cellulose, 
the available specific surface area of the biomass, and the 
amount of lignin and hemicellulose surrounding the 
cellulose (Galbe and Zacche 2007; Mittal et al. 2011; 
Mosier et al. 2005).  This can be accomplished through 
pre-treatment processes. Developed conversion techniques 
for biomass and the effects of different modes on their 
conversion action have been reviewed (Agbor et al. 2011b; 
Mosier et al. 2005; Hendricks and Zeeman 2009).  Such 
reviews indicate that by selecting the appropriate pre-
treatment method, one can preserve the hemicellulose 
fractions, restrict the formation of inhibitors like furfurals, 
lower energy demand in conversion, and lower the 
conversion costs (Lynd et al. 2002; Mosier et al. 2005). 
 Some of the most successful pre-treatment methods 
used to hydrolyse lignocellulose materials rely on thermal 
processes (Mosier et al. 2005; Öhgren et al. 2007). When 
the temperature of lignocellulosic biomass is in the range 
of 150 to 180°C, the hemicellulose (being the most 
thermo-chemically sensitive fraction) will solubilise first, 
followed by the lignin. Hemicellulose contains two major 
components: xylan and glucomannan. Xylan has a lower 
thermal stability than glucomannan and can be extracted at 
lower temperatures. In thermal pre-treatment processes, 
the exothermal reaction and solubilisation of the 
hemicelluloses to hemicellulosic sugars start at a 
temperature of 180 °C (Saha 2003; Hendricks and Zeeman 
2009; Saddler et al. 1993). Also, such pre-treatment 
loosens the cellulose structure and increases porosity of 
the treated material, which makes it more accessible to 
cellulolytic bacteria that perform fermentation. Hot water 
or steam pre-treatment is the most effective in removing or 
solubilizing hemicellulose and some of the lignin (Kim et 
al. 2009). In steam pre-treatment, biomass is exposed to 
wet steam at low pressure (200 kPa and 120°C) and 
processing times ranging from minutes up to 6 hours 
(Antal Jr 1996; Bobleter 1994; Brownell and Saddler 
1987). Hot water pre-treatment processes are used 
primarily at the laboratory scale and use pressurized water 
at 200 to 230 °C with processing times of up to 15 minutes 
to hydrolyse hemicelluloses and solubilise lignin (Kim et 
al. 2009). 
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 Superheated steam (SS) is another powerful 
processing medium where a processing temperature can be 
brought above the saturation (boiling) point at a given 
pressure. Superheated steam has been used to treat 
biomass at laboratory scale for the production of fuels and 
chemicals (Sagehashi et al. 2006). The objective of this 
research was to determine the effect of superheated steam 
pre-treatment on the crystallinity of the wheat straw 
cellulose and consequently on the ability of the cellulolytic 
bacterium, Clostridium thermocellum, to convert the 
cellulose in the pretreated wheat straw to fermentation 
end-products including H2, CO2, and ethanol. 

MATERIALS and METHODS 
Biomass and sample preparation 
Wheat straw, harvested in September 2013, was obtained 
from Biovalco Company, Manitoba, Canada. The samples 
were chopped and then ground for 5 min using a coffee 
grinder. After grinding, the particles were separated into 
fractions using a Tyler shaker (Model RX-812, Mentor, 
Ohio) for 15 min. The fraction passing the 355 µm sieve 
was used in the experiments (Agbor et al. 2011a). 
Superheated steam was generated by a unit designed in the 
Department of Biosystems Engineering, University of 
Manitoba (Pronyk et al. 2010). The unit consists of a 
boiler, super heater, processing chamber, connecting pipes 
and valves, and is controlled by a data acquisition system.  
 A compositional analysis of the wheat straw was 
conducted at the Feeds Innovation Institute, University of 
Saskatchewan. The results were reported on dry mass basis 
and are presented in Table 1. The percentage of 
hemicellulose was determined by subtracting acid 
detergent fibre (ADF) from neutral detergent fibre (NDF), 
and the percentage of cellulose was determined by 
subtracting lignin from ADF (Agbor et al. 2014; Mani et 
al. 2006). 
Pre-treatment conditions 
Three separate conditions were used to pretreat the 
samples: i) 15 min soaking in pressurized boiling water 
(BW) in a pressure cooker (Lagostina 4.5 L, Italy) at 
119°C; ii) 15 min processing with SS at 180, 200, and 
220°C, under atmospheric pressure and a SS velocity of 
1.93 m/s; and iii) method (i) followed by method (ii). To 
reach the boiling point of water of 119°C, the pressure 
cooker was kept under an absolute pressure of 193 kPa. 
The pressure cooker containing 200 mL of water was 
preheated to the saturation temperature; at which point a 2 
g sample of ground wheat straw was incubated for 15 min. 
 Pre-treatment with SS was conducted under 
atmospheric pressure. Wet steam was generated under 10 
bar pressure by a Susman 18 kW boiler and superheated to 
the desired temperature by an electric 4kW superheater. A 
detailed description of the superheated steam-processing 
unit is provided by Pronyk et al. (2010.) Next, the 
superheated steam was directed to a drying chamber (20 × 
20 × 35 cm length × width × height).  For each experiment, 
the SS temperature at the inlet to the drying chamber was 
programmed to 180, 200, or 220°C with an accuracy of ± 
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2°C. Due to the high SS velocity, spouted bed-like 
turbulent conditions were generated in the SS chamber. 
The ground wheat straw was placed in a 60 mm diameter 
glass-cylinder with wire mesh (#120) at the top and 
bottom. The velocity of SS at the inlet was 1.93 ± 0.06 
m/s, which corresponded to the average SS mass flow rate 
of 9.36 kg/h. Superheated steam from the drying chamber 
was directed to a plate heat exchanger that was cooled 
with tap water condensing steam. Therefore, the mass flow 
rate of SS was calculated based on the amount of 
condensate collected over a known period of time. To 
monitor changes in moisture content of the samples, mass 
measurements were taken at intervals of 30 s.  
X-ray diffraction  
X-ray diffraction (XRD) was used as a rapid analytical 
technique to identify the structural changes (crystallinity) 
of a material. X-ray diffraction analysis was conducted on 
pretreated straw samples using a Siemens D5000 powder 
diffractometer (Siemens AXS, Inc., Madison, WI). The 
anti-scatter and receiving slits were set to 1.0 mm. 
Samples were mounted in a depressed well on a zero-
background quartz plate and pressed into the well with a 
frosted glass slide. Scans were obtained from 8 to 42 
degrees two-theta using a step-width of 0.05 degree two-
theta and a dwell time of 1 s/step. The contribution of 
amorphous cellulose (CAC) values expressed in 
percentage for cellulosic samples were calculated  using an 
empirical method of assessing cellulose crystallinity as 
previously described (Agbor et al. 2011a, Park et al. 2010). 
Fermentation  
Clostridium thermocellum DSM 1237 (synonymous 
collection numbers include ATCC 27405, JCM 12338, and 
NCIB 10682) obtained from the German Collection of 
Microorganisms and Cell Cultures (DSMZ; GmbH, 
Braunschweig, Germany) was used throughout this study. 
Wheat straw substrate (2 g/L concentration of cellulose in 
the liquid phase) was added to 45 mL of modified 1191 
media containing cysteine (Islam et al. 2006). Substrate 
and media were combined in 127 mL serum bottles 
(Wheaton Science, Fisher Scientific). The bottles were air-
sealed with butyl-rubber stoppers and crimped with 
aluminium seals. To maintain anaerobic conditions, the 
bottles were then gassed for 1 min and degassed for 4 min 
in four cycles with 100% nitrogen. Once anaerobic 
conditions were established, the bottles were autoclaved 
for 20 min at a temperature of 122°C and pressure of 213.7 
kPa. 
 Before inoculation of serum bottles containing test 
substrates, C. thermocellum was cultured in 1L Corning 
bottles containing 1191 medium and 2 g/L α-cellulose 
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obtained from Sigma Aldrich (St. Louis, USA). Media 
containing untreated and pretreated wheat straw biomass 
were inoculated with 10 % inoculums (optical density = 
0.5) i.e. 5 mL of log-phase C. thermocellum cells 
transferred to the test bottles containing untreated or 
superheated steam treated wheat straw. After an initial 
mixing to suspend the biomass in the culture medium, the 
test serum bottles were then incubated without mixing at 
60°C for 53 h (Agbor et al. 2011a).  
 Growth of C. thermocellum and fermentability of the 
substrates were inferred by measuring the concentrations 
of gaseous fermentation products (H2 and CO2), as a direct 
correlation between gas production and cell mass increase 
was previously established (Islam et al. 2006, 2009). 
Hydrogen and CO2 concentrations at the end of the 
fermentation reactions (53 h) were measured by Gas 
Chromatography (GC) using an Agilent 7890 GC 
equipped with a thermal conductivity detector and flame 
ionization detector using a split inlet and two porous layer 
open tubular columns in series. Ethanol concentrations in 
the culture medium at the end of the fermentation reactions 
(53 h), and the ethanol and sugar content in the samples 
and boiling water used for pre-treatment were measured by 
High Performance Liquid Chromatography (HPLC) using 
a Waters HPLC system (Waters, Mississauga, ON) 
equipped with a HPX-87H column (BioRad, Mississauga, 
Ontario) with Micro-guard Cation H+ guard column, and a 
2414 refractive index detector. The mobile phase consisted 
of 5 mM of sulfuric acid at the flow rate of 0.6 mL/min 
with column temperature of 45°C.  

Table 1.  Compositional analyses of raw and pretreated wheat straw substrates. 
Componenta Method Raw SS 180˚C SS 220˚C BW 

119 °C 
BW + SS 
180˚C 

BW + SS 
220˚C Cellulose ANKOM Method 5:08-16-06 54.5 53.0 55.8 56.1 55.7 54.0 

Hemicellulose ANKOM Method 6:08-16-06 33.1 34.4 30.7 32.7  33.1 34.5 
Lignin ANKOM 08/05 12.5 12.5 13.5 11.3  11.3 11.5 

a Values expressed as percentage of neutral detergent fibre (NDF) present in the sample. 
SS = super-heated steam pre-treatment; BW= boiling water pre-treatment 
Each assay was run in duplicate and was repeated if error was >3 %.  

Fig. 1.  X-ray diffraction patterns for wheat straw 
processed after boiling water (BW) at 119°C 
and superheated steam (SS) at 220°C. I002, the 
total intensity of diffracted x-ray beams 
measured at 2θ≅22°; IAM,, the height of the 
minimum intensity of the diffracted x-ray 
beams measured at 2θ = 18°. 
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RESULTS and DISCUSSION 
Compositional analysis 
Compositional analysis was performed on the wheat straw 
powder before and after each pre-treatment (Table 1). 
Variations between the ratios of cellulose, hemicellulose, 
and lignin were small, indicating that a negligible fraction 
of these biomass constituents were lost as a result of pre-
treatment. Furthermore, no correlation between the 
severity of the treatment and the relative composition of 
the biomass was observed. 
 Severity factor (log R0) is a parameter used in steam 
pre-treatment as a quantitative measure for the severity of 
the pre-treatment. Evaluation of biomass pre-treatment 
depends on the severity factor, which is a function of the 
combined effect of temperature, acidity, and duration of 
pre-treatment. For a given acidity, equation (1) was used 
(Galbe and Zacchi 2007): 

    (1) 
where t is time (min), T is temperature  (°C). 
 The calculated severity factor values for various 
treatment conditions are shown in Table 2. The boiling 
water pre-treatment gave a severity factor of 1.73. The 
severity factor of the combined pre-treatment of boiling 
water and SS was determined as the sum of the log R0 of 
the individual pre-treatments. As the temperature of the 
superheated steam increased from 180 to 220°C, the 
severity factor increased from 3.53 to 4.70. When the 
straw samples were first exposed to boiling water at 119°C 
with pressure of 193 kPa, followed by treatment with 
superheated stream, the severity factor increased from 5.26 
to 6.44 (for SS at 180 °C and 220°C, respectively).   
 A typical x-ray diffraction spectrum for SS pretreated 
straw is shown in Fig. 1. The CAC was determined 
according to the method originally proposed by Segal et al. 
(1962). This method utilizes the relative peak (I002) and the 
amorphous hump (IAM) values from the x-ray spectra (Fig. 
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1). The relative height is measured with respect to a 
minimum intensity value of diffracted beams in the tested 
range and can be considered as an approximation of the 
CAC only in the cellulosic biomass (Eq. 2) (Park 2010):  

     (2) 
where I002 is the total intensity of diffracted x-ray beams 
measured at 2θ � 22° and IAM is the height of the minimum 
intensity of the diffracted x-ray beams measured at 2θ = 
18° which represents the amorphous hump (Agbor et al. 
2011a).  
 The calculated CAC values were used to illustrate 
effectiveness of different pre-treatments in altering 
structure of the cellulose within the biomass consisting of 
crystalline and amorphous regions. The amorphous region 
of the biomass is more accessible to water, enzymes and 
bacteria in comparison to the crystalline region (Arantes 
and Saddler 2010; Jeoh et al. 2007; Igarashi et al. 2007). 
Based on the results in Table 2, all pre-treatments 
increased the amorphous region of the substrate with 
respect to the reference sample.  
 The maximum increase in the CAC value was observed 
at a severity factor of 6.44, from 51.3% (unprocessed 
straw) to 62.6% in the most severe pre-treatment (Table 2). 
Previous studies have shown that crystallinity is one of the 

Table 2. Severity factors (log R0) and the contribution 
of amorphous cellulose (CAC) in pretreated samples 
with boiling water (BW), superheated steam (SS), or 
BW and SS in comparison to a reference sample. 
Pretreatment Temperature 

°C 
log R0 Mean 

of % 
CAC 

Standard 
Error 
(n=3) 

Reference  

(raw material) 

- 0 51.3 0.46 

15 min BW 119 1.73 57.4 0.34 

15 min SS 180 3.53 52.9 0.43 
200 4.12 54.8 0.10 
220 4.70 56.1 0.15 

15 min BW + 

15 min SS 

119 + 180 5.26 58.3 0.18 
119 + 200 5.85 60.4 0.36 
119 + 220 6.44 62.6 0.58 

 

Fig. 2.  Concentrations of H2 and CO2 synthesized by 
C. thermocellum cultured with untreated 
(reference) and pretreated wheat straw by 
boiling water (BW) at 119°C, superheated 
steam (SS) at three temperatures of 180, 200 
and 220°C, and a combination of BW with SS 
at 180, 200 and 220°C. Errors bars indicate the 
standard deviations. 
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most important measurable properties of cellulose that 
directly affects enzymatic digestibility (Mittal et al. 2011; 
Fan et al. 1980; Lee et al. 1983). Amorphous or 
completely disordered cellulose is hydrolysed at a faster 
rate compared to crystalline cellulose (Lee et al. 1983; 
Hall et al. 2010). Our CAC data are consistent with these 
conclusions and revealed that the crystallinity of the wheat 
straw cellulose decreased as the severity of the pre-
treatment condition increased.  
The data suggest that  structural changes in the microfibril 
cellodextrin chains  resulting from the BW or SS pre-
treatment affected the intermolecular (inter- and intra-
chain) hydrogen bonds that bind the cellodextrin chains 
together (Mittal et al. 2011; Ding and Himmel 2006). 
Changes in the biomass structural components following 
pre-treatment were the most observable characteristics 
affecting the substrate digestibility and bioconversion. 
 Generally, boiling wheat straw followed by processing 
with SS gave higher CAC values than processing with SS 
and BW alone. Increasing the SS temperature from 180 to 
220°C resulted in an increase in CAC values from 51.3% 
(reference sample) to 52.9%, 54.8%, and 56.1% for 
superheated steam pre-treatments at 180, 200 and 220°C, 
respectively. When boiling water was added to the pre-
treatment process with SS at 180, 200 and 220°C the CAC 
percentage increased from 51.3% (reference sample) to 
58.3%, 60.4%, and 62.6%, respectively. 

10

Residual sugars from boiling water treatment 
Following treatment in the pressure cooker, the water in 
which the biomass was treated was analyzed by HPLC for 
the presence of glucose, xylose, and cellobiose. While no 
glucose was observed in the samples, trace amounts of 
cellobiose and significant amounts of xylose were detected 
from the hemicelluloses solubilised in the BW treatment. 
Hemicellulose is the least stable of three major plant 
biomass polymers and, therefore, most affected by the BW 
pretreament. Water at elevated temperatures has been 
previously reported to remove hemicellulose sugars while 
minimising cellulose hydrolysis and the formation of sugar 
degradation products during liquid hot water pre-
treatments (Negro et al. 2003; Pérez et al. 2008). Over 
80% of hemicelluloses derived sugars were recovered in 
the liquid fraction of corn stover and sugar cane bagasse 
(Allen et al. 1996, 2001; Laser et al 2002). This indicated 
that little or no amounts of glucose monomer units were 
solubilized and lost as a result of treatment in boiling 
water. As the cellulose chains were not substantially 
affected, almost all of the cellulose mass was potentially 
available for bioconversion to end-products. 
Fermentation end-products 
Fig. 2 shows the concentrations of H2 and CO2 synthesized 
by C. thermocellum in cultures containing wheat straw 
exposed to the different pre-treatment conditions. Gas 
concentrations resulting from fermentation have been 
shown in the order of increasing pre-treatment temperature 
(from right to left). The reference sample had the lowest 

Fig. 3. Ethanol concentrations resulting from 
fermentation by C thermocellum using the 
substrates of untreated (reference) and 
pretreated wheat straw by boiling water (BW) 
at 119°C, superheated steam (SS) at three 
temperatures of 180, 200, and 220°C, and a 
combination of boiling water with superheated 
steam at 180, 200, and 220°C. The error bars 
indicate the standard deviations. 

Fig. 4. The effect of severity factor on % CAC. The 
symbols indicate the measured values. All 
standard deviations were less than the size of the 
symbols and, therefore, are not shown. Solid line 
is the best fit line between %CAC values and 
the severity factors for all pretreatments. SS = 
superheated steam pretreatment, BW = 
pretreatment with boiling water, R2 = coefficient 
of determination. 
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an increase in the bioconversion to end-products, in this 
case H2 and CO2, by C. thermocellum. 
 The trend in ethanol production (Fig. 3) by C. 
thermocellum cultured with untreated versus pre-treated 
wheat straw substrates followed a pattern that was very 
similar to that observed for gas production. C. 
thermocellum fermentation reactions containing untreated 
wheat straw (reference sample) substrates resulted in the 
lowest ethanol concentrations (1.84 mM). In contrast, the 
highest ethanol concentrations were obtained when wheat 
straw samples were boiled in water at 119°C followed by 
SS treatment at 220°C (4.79 mM). This corresponds to an 
approximate 2.6-fold increase in the ethanol production 
compared to the untreated samples (1.84 mM). When the 
temperature of the superheated steam was lowered from 
220 to 200°C, the ethanol production decreased to 4.68 
mM. Processing with SS alone at 220°C (3.15 mM) gave a 
1.7-fold higher ethanol production in comparison to 
untreated samples.  
Ethanol yield  
Ethanol yield calculation was based on the stoichiometric 
relationship between glucose monomer units present in the 
cellulose and ethyl alcohol synthesized by C. thermoellum 
during the fermentation reaction. The observed ethanol 
concentrations (Fig. 3) were compared to a theoretical 
maximum ethanol production of 0.004856 mol ethanol per 
gram of biomass. The ethanol yields are expressed in a 
percentage, which reflects the ratio between the 
experimental results and the theoretical ethanol production 
capacity based on glucose content in the biomass.  

11

H2 and CO2 concentrations (5.04 and 2.97 µmol/mL, 
respectively). Boiling the wheat straw in water at 119 °C 
for 15 minutes followed by pre-treatment with SS for 
another 15 minutes resulted in higher concentrations of H2 
and CO2 compared with the SS and boiling water 
treatments alone. For example, pre-processing in boiling 
water at 119°C plus the 180°C SS treatment resulted in H2 
and CO2 concentrations of 8.41 and 6.91 µmol/mL, 
respectively. When compared to the reference samples, 
this corresponded to a 66.8% and 132% increase in the 
production of H2 and CO2, respectively. When only SS 
was used at the same pre-treatment temperature, H2 and 
CO2 concentrations were 5.13 and 3.62 µmol/mL, 
respectively, corresponding to increases of only 1.8 and 
22%, respectively.  
 Similar trends were observed for the pre-treatments at 
200 and 220°C. As the temperature of the SS increased 
from 180 to 220°C, production of the two gases also 
increased, and at 220°C the boiled and SS pretreated 
samples showed a 94.2% increase (double) in H2 
concentration and a 221.5% increase (triple) in CO2 
concentration with respect to the untreated sample. Using 
just boiling water treatment gave a higher H2 and CO2 
production by 30 and 21.6%, respectively compared with 
SS treatment alone at 220°C. When comparing gas 
production of pre-treatment combination of BW and SS at 
220°C, it was higher by 26.8 and 57.5% for H2 and CO2 
concentrations compared with BW treatment alone. The 
above results concur with the CAC outcome and confirm 
the fact that increasing the amorphous cellulose content of 
a feedstock by such hydrothermal pre-treatment results in 

Fig. 5. The effect of the severity factor on the hydrogen 
production by C. thermocellum. The symbols 
indicate the measured values. The error bars 
indicate the standard deviations. The solid line 
indicates the best fit line between H2 synthesis 
by C. thermocellum and severity factor for all 
pretreatments. SS = pretreatment with 
superheated steam, BW = preatreatment with 
boiling water, R2 = coefficient of determination. 

Fig. 6. The effect of severity factor on ethanol yield (%) 
with respect to conversion of glucose available 
in biomass to ethanol. The symbols indicate the 
measured values. The error bars indicate the 
standard deviations. Solid line indicates the best 
fit line between ethanol synthesis by C. 
thermocellum and severity factor for all 
pretreatments. SS = pretreatment with 
superheated steam, BW = preatreatment with 
boiling water,  R2 = coefficient of determination. 
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Relationships between pre-treatment severity, CAC 
values fermentation end-product concentrations and 
ethanol yield 
High severity factors resulting from the combined BW and 
SS treatment were directly correlated with the most 
significant structural changes in the wheat straw 
substrates, as estimated by changes in the %CAC, and with 
increased concentrations of both H2 and ethanol. However, 
the BW treatment alone had a more pronounced effect than 
the SS treatment alone, contributing to a greater relative 
increase in %CAC, H2 production, and ethanol yield at a 
comparatively lower severity. Figs 4, 5 and 6 show the 
experimental results of the three different pre-treatments 
with corresponding trend lines and R2 values.  The 15 min 
pre-treatment with BW and SS at 200 and 220°C 
(corresponding to the 5.85 and 6.44 severity factor) 
resulted in maximum ethanol yield of approximately 12% 
higher than the ethanol yield obtained from the 
unprocessed sample (Fig. 6). 
The effects on %CAC, H2 production, and ethanol yield 
from the combined BW and SS treatments at various 
severities can be approximated from the summation of the 
individual effects of the BW and SS treatments alone, with 
respect to the reference samples. For example, ethanol 
yield increased by 6.52% from the reference sample when 
exposed to the BW treatment, and 3.84% when exposed to 
SS at 180°C alone. When these two values are added 
together, they give a predicted value of 10.36%, which is 
within the standard deviation of the measured increase in 
ethanol yield of 10.79% for the combined treatment (Fig. 
6). By increasing the severity factor from 0 (untreated 
straw) to 6.44 (boiling water followed by superheated 
steam), the production of H2 increased 94% (Fig. 2), 
ethanol yield increased 160% and %CAC increased 22%.  

CONCLUSION 
Pre-treatment of wheat straw with boiling water and/or 
superheated steam was found to alter the structure of 
cellulose by increasing the percent contribution of 
amorphous cellulose (CAC), which in turn enhanced its 
fermentability by the thermophilic cellulolytic bacterium, 
Clostridium thermocellum, as measured by both increased 
gas (H2 and CO2) and ethanol concentrations. As the 
temperature of the SS increased from 180 to 220°C, 
production of the two gases also increased, and at 220°C 
the boiled and SS pretreated samples showed 94.2% 
increase (double) in H2 concentration and a 221.5% 
increase (triple) in CO2 concentration with respect to the 
untreated sample. Increased ethanol yield was found to 
correlate with the severity of the treatment and increase in 
% CAC, resulting in a maximum yield of 20.3% at the 
highest severity factor of 6.44, corresponding to treatment 
of samples in boiling water for 15 minutes followed by 
superheated steam processing at 220°C.  
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