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Abstract: Bioethanol is an alternative transport fuel produced mainly by the biochemical conversion of 
biomasses. This can be carried out efficiently and economically by simultaneous saccharification and 
fermentation (SSF): a process which integrates the enzymatic saccharification of the cellulose to glucose with the 
fermentative synthesis of ethanol. However, the SSF unit operation still contributes nearly 50% to the cost of 
ethanol production. For cellulosic ethanol to be cost competitive, there is the need to intensify the production 
process in smaller, more efficient and more economical bioreactors. In this work, SSF was performed in an 
intensified form of plug flow reactor, called the Oscillatory Baffled Reactor (OBR). The OBR is a continuous 
tubular reactor fitted with equally-spaced orifice plate baffles. An oscillatory component, provided by moving 
bellows in this design, is superimposed on the net flow through the reactor, generating short-lived vortices due to 
the interaction of the oscillating fluid with the baffles. This results in uniform mixing in each of the inter-baffle 
regions, with each behaving as a stirred tank reactor (STR), producing a plug flow residence time distribution 
(RTD) for the reactor as a whole, in which the mixing effects are largely decoupled from the mean flow (unlike 
conventional PFRs). The process was evaluated using 2.5% SigmaCell cellulose, 40 FPU cellulase loading/g of 
cellulose and 10% cellobiase. Saccharomyces cerevisiae was employed as the fermenting organism at 38 oC and 
pH 4.8. In the first part of this work the use of the OBR resulted in a 7% increase in glucose yield compared to a 
shake flask, after 48 h of saccharification and 8.0 g/L ethanol in the OBR. This represented 89.8 % of the 
theoretical yield, as compared to 7.7 g/L in the shake flask representing 81.29%, a difference of 9 percentage 
point. This increased glucose yield is attributable to better mixing in the OBR. 
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1. Introduction 

The need to meet the ever-increasing demand for energy is probably one of the greatest 
challenges that society has to grapple with in this new millennium. Virtually every aspect of 
life on planet earth (heating, transportation, etc.,) requires energy input in one form or 
another. Hitherto, this energy need has been met principally by the use of fossil fuel resources 
[1]. However, it has been recognised that global crude oil reserves are finite, and their 
depletion is occurring much faster than previously predicted [2, 3]. In 2008, just at the onset 
of the global economic meltdown, crude oil price rose steeply up to a record USD 145. Also, 
the combustion of fossil fuels inevitably contributes significantly to elevated levels of 
greenhouse gases (GHG) and the attendant global warming [4]. Therefore, the need for more 
environmentally sustainable energy sources and the increased concern for the security of oil 
supply has put pressure on society to find renewable fuel alternatives [5]. 
 
Currently bioethanol is the dominant global renewable transport fuel and offers GHG savings 
of up to 80% over conventional fossil fuels [6]. It is produced primarily by the fermentative 
action of microorganisms (principally yeasts) on simple sugars [7]. Simultaneous 
saccharification and fermentation (SSF) can be used to convert the cellulosic part of biomass 
efficiently and commercially [8]. SSF combines the enzymatic saccharification of polymeric 
cellulose to simple monomeric forms such as glucose and its eventual fermentation by yeast 
to ethanol in the same vessel [9, 10]. The enzymatic hydrolysis of cellulose is a complex 
reaction that depends on the synergistic action of several cellulases, which include 
endoglucanases that attack β-1,4 bonds randomly within the cellulase chains, β-1,4 
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cellobiohydrolases that remove successive cellobiose units from free chain ends, and β-
glucosidase that break cellobiose up into glucose units[11, 12]. 
 
Most bioethanol companies that employ SSF technology use traditional stirred tank reactors 
in batch or continuous modes. Technology drawbacks associated with these conventional 
bioreactors are well-documented. These include inadequate mixing resulting in inconsistent 
product qualities. Ni et al.[13] have demonstrated that consistent product quality results from 
and is inherently associated with consistent fluid mechanics in OBRs. Also, Mackley and Ni 
[14] have shown that product uniformity is determined by efficient fluid mixing which also is 
dependent on efficient heat and mass transfer. Other drawbacks include huge inventories[15], 
the prohibitive costs of large reactors, and associated downtimes which impact negatively on 
profitability. In spite of the advantages the SSF brings to bioethanol fermentation, its unit 
operation still contributes nearly 50% to the cost of ethanol production [16]. For cellulosic 
ethanol to be cost competitive, there is the need to intensify the production process in smaller, 
more efficient and more economical bioreactor. The oscillatory baffled reactor (OBR) is one 
such bioreactor. 
 
1.1 The Oscillatory Baffled Reactor 
The OBR is a continuous tubular reactor fitted with equally-spaced orifice plate baffles[15]. 
An oscillatory component, provided by moving bellows in this design, is superimposed on the 
net flow through the reactor, generating short-lived vortices due to the interaction of the 
oscillating fluid with the baffles. This results in uniform mixing in each of the inter-baffle 
regions, with each behaving as a stirred tank reactor (STR)[13], producing a plug flow 
residence time distribution (RTD), in which the mixing effects are largely decoupled from the 
mean flow (unlike conventional PFRs)[17]. It has been demonstrated by Mackley and Ni[18], 
Ni et al.[19], and Ni et al.[20] that excellent mixing conditions in a tubular reactor can be 
achieved when vigorous eddies are generated between periodically-spaced baffles as a result 
of the introduction of oscillations. A typical OBR configuration is revealed in Figures 1 while 
Figure 2 shows a typical flow pattern in a cell. 
 

                                   
Figure 1. Layout of the OBR[21] 

 
The intensity of the mixing under oscillatory flow is characterised by the oscillatory Reynolds 
number, 0Re defined as: 
 

Oscillatory Reynolds number:   oRe = 
µ
πρ dfxo2             

where d  is the internal tube diameter (m), f is the fluid oscillation frequency (s-1), ox  is the 
fluid oscillation amplitude (m) measured from centre-to-peak, and µ  and ρ  are the fluid 
viscosity (kg m-1 s-1) and density (kg m-3), respectively. 
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Figure 2 Flow patterns showing vortices and mixing in individual OBR cells[13]. 

 
The OBR has already been touted [22] to have the potential to lower costs by 50% and 
process times by 90% in the manufacture of commodities including chemicals, drugs and 
biofuels. Reis et al.[23] have demonstrated the potential of the OBR for bioreactions by 
achieving a 50% decrease in process time of the production of γ-decalactone compared to the 
stirred tank bioreactor and shake flasks. Gaidhani et al.[24] demonstrated the adaptability of 
the OBR in the cultivation of microorganisms for the synthesis of pullulan when then they 
also achieved a 50% reduction in process time in comparison with a parallel STR. They 
argued that the process time reduction is as a result of a more uniform mixing environment for 
cell growth and excellent mass transfer characteristics. 
 
In this study the OBR is used in the simultaneous saccharification and fermentation of 
cellulose to produce ethanol. 
 
2 Methodology  

2.1 Enzymatic saccharification 
The enzymatic saccharification was carried out using SigmaCell cellulose, Type 50 from 
Sigma-Aldrich following the NREL LAP, “Enzymatic saccharification of lignocellulosic 
biomass”[25]. This method measures the rate of conversion of cellulose by the synergistic 
action of cellulases. 250 mL conical flasks were used in the shake flask experiments and a 
total saccharification volume of 50 mL containing 2.5% w/v cellulose loadings. Cellulolytic 
enzymes, cellulose and β-glucosidase (both kind gifts from Novozymes, Denmark) with 
activity of 100 Filter Paper Unit (FPU)/g and 250 Cellobiose Units (CBU)/g respectively were 
employed. 10, 20, 40 70 and 100 FPU/g cellulose loadings each containing 10% β-
glucosidase were evaluated. The shake flasks were incubated at 50 oC, the optimum 
temperature of the enzymes, and a pH of 4.8 and 200 RPM agitation. The saccharification was 
also carried out at 38 oC the optimum fermentation temperature of the yeast ascertain the 
glucose available to the yeast during the fermentation. However, the saccharification medium 
contained 1% yeast extract and 2% peptone on this occasion. The experiments were run for 
168 h and replicate samples collected periodically over time. 
 
In the OBR saccharification 2.5, 5 and 10% w/v cellulose loadings were also evaluated but 
with 40 FPU/g and 10% β-glucosidase at the same temperatures and pH as the shake flasks. 
The oscillation frequency was 3 Hz, centre-to-peak amplitude 0.03m and a Reynolds number 
Reo of 1760. The OBR experimental set up is as shown in Figure 3 below. 
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Figure 3 Typical OBR experimental set up[26]. 

 
2.2 Simultaneous Saccharification and Fermentation (SSF) 
The SSF experiments were performed using 2.5% w/v cellulose and 40 FPU/g in both the 
shake flasks and OBR. YP medium (10 g/L yeast extract and 20 g/L peptone) was used. The 
pHs was 4.8 and temperature 38 oC in both systems and were also all equipped with carbon 
dioxide traps to simulate anaerobic conditions.  The same agitation conditions were 
maintained in both systems as in the saccharification experiments. The inocula were prepared 
from a pure culture of baker’s yeast Saccharomyces cerevisiae and cultivated on YPD 
medium (10 g/L yeast extract, 20 g/L peptone and 50 g/L glucose-filter-sterilised). The NREL 
LAP “SSF Experimental Protocols- Lignocellulosic Biomass Hydrolysis and 
Fermentation”[27] was followed completely in the SSF experiments in both cases. A 10% 
inoculum was used to initiate the SSF and replicate samples collected periodically. 
 
2.3 Analyses 
In both the saccharification and fermentation experiments, samples were collected 
periodically, spun in a microcentrifuge (Sanyo) at 13000 RPM. The supernatants were 
analysed for glucose using the dinitrosalicylic acid (DNS) method [28] and absorbance 
measured with a Jenway 6105 UV/VIS spectrophotometer. Ethanol was analysed using gas 
chromatograph (Hewlett-Packard 5890 Series II) with column packed with porapak 50/80 
mesh as instructed in the NREL LAP[29]. 
 
3 Results 

Enzymatic saccharification experiments in both the shake flasks and OBR were carried out 
under identical conditions and the degree of cellulose conversion- representing the 
concentration of glucose produced were monitored (Figure 4). 78.3% saccharification of 
cellulose was observed in the shake flasks at 100 FPU/g cellulose and 71% at 40 FPU/g 
cellulose after 144 h of hydrolysis at 50 oC. Hence 40 FPU/g cellulose was used in the OBR 
experiment which represented a trade-off between cellulase efficiency and enzyme cost. 78% 
saccharification was recorded in the OBR at the end of 144 h of hydrolysis at 50 oC. 
 
The 5 and 10% cellulose loadings exhibited various degrees of reduced saccharification (data 
not shown). Figure 5 represents the results of the saccharification experiment at 38 oC, the 
fermentation temperature of the yeast. The OBR also showed at least 10 percentage point 
more conversion than the shake flask at 40 FPU/g of cellulose. 
 
Samples were taken periodically during the SSF and analysed for glucose and ethanol as 
described above. Figure 6 shows the time-course of the ethanol production and glucose 
production/utilisation during the SSF of 2.5% cellulose at 40 FPU/g cellulose in both shake 
flasks and OBR. Whereas ethanol fermentation peaked at 45 h in the OBR it was at 70 h in 
the shake flasks. Glucose production peaked at 20 h and then began to drop steeply until it 
was almost completely used up by the yeast by the end of the fermentation. Ethanol yield 
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Figure 4. Time-course for the saccharification of 2.5% cellulose with cellulase and β-glucosidase @ 

50 oC in shake flasks and OBR. 
 

          
Figure 5. Time-course for the saccharification of 2.5% cellulose at 38 oC in shake flasks and OBR. 

 

             
Figure 6. Time-course of ethanol production and glucose utilization in the OBR and shake flask. 

 
increased steadily in both systems but in the OBR it peaked at 8 g/L (89.8% of theoretical 
yield) after 45 h fermentation and then began to decline. However, in the shake flasks it 
peaked at 7.7 g/L (81.29% theoretical yield) after 70 h fermentation and began to decline. 
 

4 Discussion and conclusion 

The saccharification experiments exhibited classical cellulosic hydrolysis characteristics: an 
initial rapid saccharification phase within the first 24 h and a much slower later phase (Figure 
4 and 5) [30, 31]. The initial rapid phase may be as a result of the easily digestible amorphous 
part of the cellulose which is more readily available to the cellulases [32]. The later slower 
phase may be as a result of the crystalline, more recalcitrant part of the cellulose which limits 
accessibility to the enzymes [9]. The OBR and shake flask experiments exhibited a similar 
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SSF pattern. 2.5% cellulose loading was chosen for the SSF as it registered the highest 
percent saccharification as compared to the 5 and 10% (data not shown). The probable reason 
may be mixing problems and substrate inhibition as the substrate concentration increases [30, 
31]. However using the OBR resulted in 7% more saccharification over the shake flask at the 
end of 168 h of saccharification is possibly as a result of a better mixed hydrolysis 
environment.  
 
During the first phase of the SSF glucose accumulated within the first 22 h of the process 
(Figure 6) indicating the yeast cells could not cope with the rate of glucose generation by the 
enzymes[9]. But as cell mass continued to increase there was also a corresponding uptake of 
glucose which resulted in a steady rise in ethanol concentration up to the 45 h in the OBR and 
70 h in the shake flasks. However, as the generated glucose was used up, the cells began to 
use ethanol as a carbon source corresponding to the gradual decline in the concentration of 
ethanol. This probably happened during sampling as air entered the systems to enable a switch 
of carbon source to ethanol by the cells. A similar phenomenon was also observed by 
Philippidis and Smith[9].   
 
Although the concentration of ethanol from the two systems were similar (8 g/L OBR vs. 7.7 
g/L shake flask), the OBR attained this concentration 25 h earlier than the shake flask. This 
would lead to a ~30% higher productivity for the same size of reactor. Furthermore it should 
be noted that OBRs are scaleable: what can be achieved at this scale, can probably also be 
achieved at industrial scale [33]. The same cannot be said of conventional stirred vessels, in 
which reaction times increase with scale, as good mixing becomes increasingly difficult to 
achieve. This also is possibly due to a better mixed SSF environment in the OBR which 
promoted better mass transfer characteristics. It agrees with the findings of Gaidhani et al.[34] 
who showed that it took 52 h for the cells to reach the stationary phase in the OBR compared 
to128 h in the STR. 
 
These results provide a platform for further investigation into the applicability of the OBR in 
continuous SSF. 
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