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ABSTRACT The future risks of global warming and limited petroleum supply stimulate the 
production of bioethanol. Lignocellulosic materials are relatively cheap feedstocks for low-cost 
ethanol production. However, lignocelluloses are naturally resistant to enzymatic and microbial 
attacks and a pretreatment stage is necessary prior to hydrolysis and fermentation to ethanol. 
Dissolution of lignocelluloses in cellulosic solvents and regeneration using an anti-solvent can 
increase cellulose accessibility by disrupting highly ordered hydrogen bonds in crystalline network. 
Phosphoric acid is an ideal solvent which can dissolve cellulose at modest conditions without 
inhibitory effects for subsequent hydrolysis and fermentation stages. Also, it is a non-corrosive, 
nontoxic, safe, and inexpensive chemical compared to other inorganic acids. The current work was 
undertaken to assess the phosphoric acid pretreatment for subsequent conversion of aspen wood 
to ethanol. The wood was pretreated with concentrated phosphoric acid (50 °C, 30 min) and 
regenerated by acetone as an anti-solvent. The materials were supplemented with necessary 
enzymes and nutrients and then subjected to non-isothermal saccharification and fermentation 
(NSSF) using 5 g/l of the fungus Mucor hiemalis. The micro-organism has some advantages 
compared to other ethanol-producing microorganisms such as the ability to utilize a wide range of 
monosaccharaides. The NSSF results revealed that the ethanol production yield considerably 
increased to 72% after pretreatment, while it was only 5.9% for untreated wood. Besides, the SEM 
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images of the pretreated wood exhibited significant modification of the fiber structure as a result of 
the pretreatment. 
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INTRODUCTION Bioconversion of lignocelluloses, the richest renewable resources in nature, into 
ethanol has drawn global attention. Lignocellulose is a complicated natural composite with three 
main biopolymers, namely, cellulose, hemicellulose, and lignin (Nigam & Singh, 2011). Due to 
compact crystalline structure, cellulose is found difficult to be hydrolyzed into fermentable sugar 
and thus releasing the locked polysaccharides is one of the most important and urgent priorities for 
the emerging cellulosic ethanol (Demirbas, 2011). The crystalline structure of cellulose can be 
disordered by concentrated mineral acids (e.g. hydrochloric acid, sulfuric acid, and concentrated 
phosphoric acid). Concentrated phosphoric acid (>81%) is an ideal cellulose solvent which is non-
corrosive, nontoxic, safe to be used, and inexpensive compared to other mineral acids. Cellulose 
dissolution by phosphoric acid occurs at low temperatures, and the regenerated cellulose remains 
in an amorphous form suitable for hydrolysis. Moreover, the residual phosphorous acid has no 
inhibitory effects on the sequential hydrolysis and fermentation (Sathitsuksanoh et al., 2012; Zhang 
et al., 2007). 

The pretreated materials must be hydrolyzed and fermented to ethanol and these processes can be 
performed in separate unites (SHF) or in one step (SSF). The major advantage of SHF is that it is 
possible to carry out hydrolysis and fermentation at their own optimum condition. However, 
inhibition of cellulase activity by the released sugars in hydrolysis stage is the main drawback of 
SHF. In SSF process the glucose produced by hydrolyzing enzymes is consumed immediately by 
the microorganism and present in the culture, thus the inhibition effects of cellubiose and glucose 
are minimized. However, the difference between optimum temperatures of hydrolyzing enzymes 
and fermenting microorganism is still the drawback of SSF (Wyman, 1996). To overcome the 
problems of cellulase inhibition in SHF and different optimum temperatures in SSF, non-isothermal 
simultaneous saccharification and fermentation (NSSF) has been suggested. In NSSF process, 
enzymatic hydrolysis process is incompletely carried out at optimum temperature and after 
inoculating the media, the temperature is set to optimum value for the microorganism.  

Mucor hiemalis is a relatively unexplored filamentous fungus which is able to grow at higher 
temperature compared to baker’s yeast and can utilize a wide range of monosaccharides. It has 
also a valuable biomass containing chitosan, which has several industrial applications (e.g., in 
water purification, drug, and food industries) (Goshadrou et al., 2011). 

The present work concerns pretreatment of hardwood aspen by phosphoric acid prior to its NSSF 
to ethanol by fungus Mucor hiemalis. 

 

MATERIALS AND METHODS  

Raw material Aspen wood (Populus tremula) wastes were collected in summer 2011 from a local 
forest (Mazandaran, Iran). The wood was dried, milled, and screened to achieve a particle size in 
the range of 20-80 mesh. 

Concentrated phosphoric acid-acetone (CPA-Ac) pretreatment Aspen wood was 
thoroughly mixed with phosphoric acid (85%) at 12.5% solid loading. The mixture was kept at 50 °C 
and 90 rpm for 30 min. The slurry was then washed with 20 mL cold acetone and centrifuged at 
4000 rpm for 20 min. The washing process was repeated three more times with 40 mL acetone, 
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followed by three times with 40 mL distilled water. The pretreated wood was finally washed by hot 
distilled water to neutralize the pH to 7 and then dried at 40 °C for 48 h (Zhang et al., 2007). 

Composition analysis Carbohydrates and lignin contents of the untreated and pretreated woody 
biomass were determined using the method presented by the National Renewable Energy 
Laboratory (Sluiter et al., 2008). 

Morphological analysis All the untreated and pretreated samples were coated with a thin layer 
of gold (BAL-TEC SCD 005) and then the SEM images were captured using a Philips XL30 
scanning electron microscope at an acceleration voltage of 15 kV. 

Inoculum preparation M. hiemalis CCUG 16148 (Culture Collection University of Gothenburg, 
Sweden) was cultivated on agar slants contained (g/L): glucose, 40, agar, 20, and peptone, 10 at 
32 °C for 5 days. The agar slants were stored at 4 °C until use. The required fungus biomass for 
microbial cultivation was prepared according to (Goshadrou et al., 2011). 

Non-isothermal saccharification and fermentation Enzymatic hydrolysis of aspen wood 
was carried out in 50 mM sodium citrate buffer (pH 4.8) with 5% (w/v) substrate at 50 ºC and 150 
rpm. The reaction was started by addition of cellulase (20 FPU/g DM) and β-glucosidase (30 CBU/g 
DM). After 24 h, the mixture was supplemented with necessary nutrients for cell growth (g/l): yeast 
extract, 5.0, (NH4)2SO4, 7.5, MgSO4.7H2O, 0.75, K2HPO4, 3.5, and CaCl2.2H2O, 1.0, and the pH 
was adjusted to 5.5. The medium was then anaerobically inoculated at 32 °C using 5 g/l fungus 
biomass and simultaneously hydrolyzed and fermented to ethanol for 48 h (Shafiei et al., 2010). 
The metabolites concentrations were analyzed using an HPLC system an ion-exchange Aminex 
HPX-87H column (Bio-Rad, Richmond, CA, USA) at 60 °C with 0.6 ml/min eluent of 5 mM H2SO4. 
Ethanol yield was calculated based on the theoretical ethanol concentration as follows: 

 

( ) ( )
51.0F1.111ionconcentrat Substrate

100Lg ethanol Produced  % Yield Ethanol
×××

×
=  (1) 

 

where F in denominator is the biomass glucan fraction from composition analysis. 

 

RESULTS AND DISCUTION 

Effects of CPA-Ac pretreatment on wood composition Chemical compositions of the 
untreated and CPA-Ac pretreated materials are presented in Table 1. The wood contained 49.0% 
glucan and it was increased to about 54% after CPA-Ac pretreatment. However, the second most 
abundant carbohydrate (xylan), was decreased from 14.9% to 12.8%. Likewise, slight decrease in 
other carbohydrates (mannan, galactan, and Arabinan) as a result of pretreatment. Furthermore, 
the pretreatment was able to partially remove lignin fraction and the total lignin was reduced from 
25.6% to 17.4%. In general, the pretreatment could preserve glucan content of the woody biomass 
for further hydrolysis and bioconversion, while it was able to partially remove the lignin barrier. 
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Table 1. Chemical composition (%) of untreated and NMMO pretreated aspen wood. 

Component 
Untreated  

Wood 
CPA-Ac Pretreated  

wood 
   

Glucan 49.0 53.9 
Xylan 14.9 12.8 

Mannan 2.0 1.4 
Galactan 0.5 ND 
Arabinan 0.8 0.5 

ASL 1.0 0.6 
AIL 24.6 16.8 

 

Effects of CPA-Ac pretreatment on wood morphological structure Scanning electron 
microscopy analysis was conducted to qualitatively assess the surface morphology of the untreated 
and pretreated materials. As shown in Figure 1, it was apparent that the major microfibrous in the 
cell wall structure was highly affected by the CPA-Ac. The fibrillar pattern was completely disrupted 
and a spongier structure, with more conglomerate texture, was formed by the pretreatment.  

 

 
Figure 1. SEM images of untreated and CPA-Ac pretreated aspen wood. 

 

Effect of CPA-Ac pretreatment on ethanol production Non-isothermal saccharification and 
fermentation of aspen wood to ethanol by fungus M. hiemalis was investigated and the most 
important results are shown in Figure 2. The high ability of the fungus to ferment sweet sorghum 
bagasse hydrolysates in SHF process has been reported in a previous work (Goshadrou et al., 
2011). The results showed significant improvements in ethanol production from aspen wood after 
CPA-Ac pretreatment.  
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Figure 2. Yield of ethanol production (% theoretical yield) from the untreated and CPA-Ac 
pretreated aspen wood in NSSF process.  

 

The fungus M. hiemalis succeed to produce high ethanol yield of 72.4% from CPA-Ac pretreated 
materials after 24 h hydrolysis followed by 48 h simultaneous saccharification and fermentation. 
These should be compared with ethanol production yield from the untreated aspen which was only 
5.9%. 

 

CONCLUSION The present study examined the effects of CPA-Ac pretreatment on the yield of 
ethanol production from aspen wood using fungus M. hiemalis in NSSF process. Pretreatment of 
aspen wood with CPA-Ac significantly improved its structural properties and enhanced the ethanol 
production yield over 12-fold. Furthermore, the fungus M. hiemalis can be considered as a reliable 
microorganism and good alternative to Saccharomyces cerevisiae for fermentative ethanol 
production from lignocelluloses. 
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