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1 Glucose = 0.6 Acetate + 0.7 Butyrate + 2CO2 + 2.7H2---------------------------------(1) 

1 Glucose = 0.3 Acetone + 0.6 Butanol + 0.2 Ethanol + 2.3 CO2 + 1.2 H2------------(2) 

 

Figure 1.2 Solventogenic pathways of clostridia (modified from Gheshlaghi et al., 

2009).The names of enzymes for each numbered reaction are provided as follow: 1. 

pyruvate-ferredoxin oxidoreductase; 2. thiolase; 3. β-hydroxybutyryl-CoA dehydrogenase 

(BHBD); 4. enoyl-CoA hydratase (crotonase); 5. butyryl-CoA dehydrogenase; 6. lactate 

dehydrogenase; 7. Ferredoxin-NADP reductase/NADPH-ferredoxin oxidoreductase; 8. 

Ferredoxin-NAD reductase/NADH-ferredoxin oxidoreductase; 9. Ferredoxin 

hydrogenase; 10. Phosphotransacetylase (phosphate acetyltransferase); 11. Acetate 

kinase; 12. Acetaldehyde dehydrogenase; 13. Ethanol dehydrogenase (NADH or NADPH 

linkded); 14. Acetoacetyl-CoA: acetate: transferase; 15. Acetoacetyl-CoA: butyrate: CoA-

transferase; 16. Acetoacetate decarboxylase; 17. Phosphotransbutyrylase; 18. Butyrate 

kinase; 19. Butyraldehyde dehydrogenase; 20. Butanol dehydrogenase. 
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Xylose metabolism 

 

Figure 1.3 Xylose metabolism in solventogenic clostridia (modified from Liu et al., 

2012). Double-headed arrows represent reactions assumed to be reversible. The enzyme-

catalyzed reactions are numbered and the names of enzymes are listed below: (1), 

Ribulose 5-Phosphate 3-Epimerase; (2), Ribulose 5-Phosphate Isomerase; (3), 

Transketolase; (4), Transaldolase; (5), Transketolase; (6), Phosphoketolase. 

Xylose, as the major product of hemicellulose degradation, can be fermented by clostridia 

for solvent production. Solvent yield of 28% (g/g) from xylose was obtained with C. 

acetobutylicum close to the solvent yield of 32% from glucose (Ounine et al., 1983). 

However, when a mixture of both glucose and xylose was fermented with C. 

acetobutylicum, xylose uptake was repressed until glucose was almost exhausted (Ounine 

et al., 1985).  
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In general, there are two major xylose metabolic pathways: xylose isomerase pathway 

used by bacteria and oxidoreductase pathway used by fungi. The xylose metabolic 

pathways for clostridia has been summarized in Fig 1.3. In this pathway, xylose is first 

converted into xylulose catalyzed by xylose isomerase, however, the reverse reaction is 

actually more thermodynamically favourable; to promote the equilibrium moving toward 

the formation of xylulose, xylulose was phosphorylated by xylulokinase to form xylulose-

5-phosphate in the next reaction with the consumption of ATP. When xylose is used as 

the only carbon source, xylulose-5-phosphate is generated as mentioned above and enter 

into the non-oxidative metabolic steps of the Pentose Phosphate Pathway (PPP), where 

xylulose-5-phosphate are converted back to fructose-6-phosphates and glyceraldehyde -3-

phosphate, both of  which are intermediates of the glycolysis pathway. The reactions are 

highly reversible and at equilibrium, which result in a pool of 3- to 7-carbon sugar 

phosphates (Jeffries, 1983).  

Another possible xylose pathway is the phosphoketolase pathway, where xylulose-5-

phosphate is converted into glyceraldehyde-3-phosphate and acetyl phosphate catalyzed 

by phosphoketolase (Fig 1.3). The acetyl-phosphate generated can be further linked to the 

production of acetate and ATP by acetate kinase (Fig 1.2) (Jeffries, 1983). In a recent 

study, the activity of phosphoketolase was revealed: at low xylose concentration (10 g/L), 

85% xylose was metabolized through the pentose phosphate pathway and 15% entered 

the phosphoketolase pathway; however, at high xylose concentration (20 g/L), the 

phosphoketolase pathway contributed up to 40% of the xylose catabolic flux in C. 

acetobutylicum with an elevated xylose uptake rate (Liu et al., 2012).  

1.2.5. Starch degradation by solventogenic clostridium 

Starch is a cheap and widely available sugar polymer, and it has been used as a substrate 

for industrial productions of bio-ethanol and ABE. As shown in Fig 1.4, starch is 

composed by two components: amylose, which is linear chains of glucose connected by 

α-1,4-glycosidic bonds; and amylopectin, where glucose units are linked linearly by α-

1,4-glycosidic bonds, however, branching also take place with α-1,6-glycosidic bonds. 

The highly branched amylopectin provide more reducing ends compared to amylose for 



 

14 

 

enzymes to attach, therefore it can be degraded faster; the amylose, in contrast, is more 

compact, less amorphous and slower to hydrolyze (Byrnes et al., 1995).  

For bio-ethanol production from starch substrates, a separate saccharification stage that 

converts starch to simple sugars has to be included before the subsequent fermentation. 

However, solvent-producing clostridia have been shown to synthesize different 

amylolytic enzymes that contribute to the breakdown of starch. The enzymes that are 

responsible of hydrolysing α-1,4-glycosidic bonds include the endo-acting α-amylase (act 

in the middle of the polysaccharide chain), β-amylase and glucoamylase (which remove 

maltose and glucose units from the non-reducing end of the polymer chain, respectively). 

On the other hand, the α-1,6-glycosidic bonds in amylopectin is hydrolysed by 

pullulanase, which is widespread among saccharolytic clostridia (Mitchell, 1998).  

Starch is insoluble in cold water or alcohol. The molecules of starch arrange themselves 

in semi-crystalline structure that are resistant to enzymatic hydrolysis; however, with the 

presence of heat, starch can become soluble in water. This process is called starch 

gelatinization (Eliasson, 1986). When heated, water are absorbed and causes the granules 

to swell. The crystalline structure of starch is lost and opened up for enzyme actions. 

Meanwhile, the viscosity of the mixture is increased significantly (Uthumporn et al., 

2010). When gelatinized starch is cooled or left at lower temperature for long period of 

time, the viscosity of the mixture further increases to form a gel, this process is called 

starch retrogradation.  This is mainly because amylose and the linear parts of amylopectin 

will rearrange themselves to form a crystalline structure again through the formation of 

hydrogen bonds between parallel linear chains. During retrogradation, a small amount of 

water can be observed on top of the gel, and the starch become less digestible.  
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Figure 1.4 Compositions of starch: Amylose and amylopectin (adapted from Generalic, 

2015). 

In recent years, novel starchy substrates has been utilized for the production of bio-

butanol in aims of lowering the substrate cost. As summarized in Table 1.1, butanol 

fermentation from cassava starch, corn starch, sago starch and waste packing peanuts 

were compared with glucose fermentation. Similar butanol productions (15-16 g/L) was 

obtained from both starch-based and glucose-based substrates. However, the utilization 

rate of glucose-based substrate is much higher (>95% of the initial substrate 

concentration) compared to those with starch-based substrate (69.1 to 84.1%). From an 

economic point of view, the un-utilized starch substrate at the end of fermentation will 

result in a waste of carbohydrate resource. On the other hand, solvent productivity is also 

much slower with starch substrate compared to glucose, this is probably due to an extra 

phase of starch hydrolysis by the action of amylolytic enzymes from the strain.  
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Table 1.1 Butanol fermentation from starch-based substrates 

Substrates Strain 

Initial 

Carbohydrate 

Conc. (g/L) 

Substrate 

utilization 

(%) 

Butanol/ABE 

Conc. (g/L) 

Butanol/ 

ABE Yield 

(g/g)* 

Solvent 

Productivity 

(g/L/h) 

Ref. 

Glucose 1 65.9 a 96.4 16.2 (24.2) 0.26/0.38 0.67 

(Thang 

et al., 

2010) 

 

Cassava 

chips 

hydrolysate 

1 65.1 a 96.2 16.4 (23.1) 0.25/0.37 0.64 

Cassava 

chips 
1 60 b 78.3 15.5 (19.4) 0.30/0.38 0.40 

Cassava 

starch 
1 60 b 78.2 16.9 (21.0) 0.33/0.41 0.44 

Corn starch 1 50 b 78.6 16.2 (20.7) 0.37/0.48 0.31 

Sago starch 1 60 b 69.1 15.5 (19.6) 0.34/0.43 0.27 

Waste 

Packing 

Peanuts 

2 69.6 b 84.1 15.7 (21.7) 0.24/0.34 0.20 

(Jesse 

et al., 

2002) 

Sago 3 30 b - 8.38 (11.03) 0.25/0.33 0.26 
(Madih

ah et 

al., 

2001) 

 

Corn 3 30 b - 8.61 (11.87) 0.26/0.36 0.18 

Potato 3 30 b - 3.34 (4.62) 0.10/0.14 0.06 

Tapioca 3 30 b - 4.89 (6.74)  0.15/0.20 0.16 

1. C. saccharoperbutylaceonicum; 2. C. beijerinckii BA101; 3. C. acetobutylicum P262; 
a Glucose; b Starch; 

*. Yield was calculated as the concentrations of butanol (ABE) divided by glucose  concentrations consumed by the 

strain, starch substrates was converted into potential glucose by multiplying a factor of 1.1.  

 

1.2.6. Bio-butanol Production from Lignocellulosic Biomass 

One of the factors that severely affect the economics of ABE fermentations is high cost of 

substrate (Qureshi and Blaschek, 2001). As mentioned earlier, the once commercialized 

ABE fermentation was ceased due to the rising prices of conventional substrates such as 

corn and molasses and the competition with the more economically favourable chemical 

synthesis of butanol from cheaper fossil fuel resources. According to an economic 

analysis, the cost of feedstock accounts for 65% of the total production cost based on 
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10,000 tons butanol production/year (M. Kumar et al., 2012). Therefore, the revival of 

bio-butanol production is mostly dependent on search of cheap and widely available 

carbohydrate source.  

In recent years, successful utilization of low-cost lignocellulosic raw materials has 

motivated the development of bio-butanol production. Lignocellulosic biomass represent 

the most abundant renewable energy source on the planet (Qureshi et al., 2013). The 

annual production of lignocellulosic biomass is predicted at 1.3 billion dry tons in US, 

enough to generate biofuels to meet the current domestic demand for one-third of 

transportation fuels. Agricultural residues and wastes are common examples of 

lignocellulosic biomass. These materials are normally the non-edible parts of food-crops, 

such as corn stover, corn cobs, wheat straw, barley straw, sugarcane bagasse, which are 

readily available in agricultural-based countries. The other example is dedicated energy 

crops including woody crops such as willow and poplar and perennial grasses such as 

switchgrass and miscanthus. Recently, the cost of raw lignocellulosic biomass is in the 

range of  $33 to 61/ton compared to $1110/ton for glucose, $190/ton for corn, and 

$740/ton for sago (M. Kumar et al., 2012). It is obvious that non-cellulosic biomass are 

much more expensive compared to cellulosic biomass, however, with the exception of 

sugarcane (market price at $47/ton). Although the growth of dedicated energy crops may 

still result in competition of land and water with food crops, the maintenance and harvest 

cost for these materials are much lower compared to food crops. 

What is lignocellulose? 

In general, lignocellulose biomass are mainly composed by three different types of 

polymers, namely cellulose, hemicellulose and lignin.  

Cellulose, as depicted in Fig 1.5, is a long linear chain of glucose units. Due to the β-1,4-

linkages, every other glucose are flipped over, thus promoting the formation of hydrogen 

bonds between parallel chains and contributing to the resistance of crystalline to 

degradation (Rubin, 2008).   
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Figure 1.5 Molecular structure of cellulose  (adapted from O’sullivan, 1997)   

Hemicelluloses, in comparison, are polysaccharides that contains many different types of 

sugar monomers, such as xylose, mannose, galactose, rhamnose, and arabinose. In most 

cases, xylose is present in the biggest amount (Karimi et al., 2006). Structures and 

compositions of these polysaccharides including xyloglucan, glucuronoxylan, 

glucuronoarabinoxylan, (gluco) mannan, galactoglucomannan, and β-(1-3, 1-4)-glucan 

have been well discussed in a recent review paper (Scheller and Ulvskov, 2010). The 

suffix of these polysaccharides such as -glucan, -xylan and -mannan indicates the 

composition of the backbone of each polysaccharide, respectively. For example, 

xyloglucan has a backbone of glucose units connected by β-1,4 linkages, with xylose as 

the major component in the side chains (Scheller and Ulvskov, 2010). Compared to the 

cellulose, the polysaccharides of hemicelluloses have shorter chain length with branched 

structure, and are more vulnerable to reactions and easier to hydrolyze (Chen, 2014).   

Lignin is an aromatic polymer composed by three basic phenolic compounds, which are 

p-coumaryl alcohol (H), coniferyl-alcohol (G), and sinapyl alcohol (S) as shown in Fig 

1.6 (Rubin, 2008). The ratio between the building blocks within the polymer may vary 

between  plants species, for example, coniferyl-alcohol (G) accounts for 90-95% of the 

lignin components in softwoods (Chen, 2014). The basic units of lignin are linked to each 

other through ether (C-O) or carbon-carbon (C-C) bonds, with β-O-4 as the dominant 

ether bonds, and β-5 linkage as the major C-C bonds (Chen, 2014). Generally, lignin has 

two major biological functions. First, it increases the strength and rigidity of the 

lignocellulosic matrix by cross-linking with carbohydrate polymers, thus providing 

resistances to pathogens and insects (K. Ritter, 2008). Second, lignin plays a crucial part 
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in conducting water through plant stems. Lignin is hydrophobic whereas cellulose and 

hemicellulose are hydrophlic, by cross-linking with the above carbohydrate polymers, it 

stops water from permeating through cell walls, thus making the cell wall more efficient 

in conducting water (Iiyama et al., 1994).   

Table 1.2 summarized the percentage of the major components in common lignocellulosic 

biomass. The ratio of each components varies from one plant species to another, however, 

for most lignocellulosic biomass, cellulose is normally the dominant polysaccharides in 

plant cell walls, followed by hemicellulose and lignin (Mussatto and Teixeira, 2010).  

 

 

Figure 1.6 Lignin structure and three building blocks of lignin(Retrieved April 20, 

2016, from https://commons.wikimedia.org/wiki/File:Lignin.png) 
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Table 1.2 Percentage of major components of common lignocellulosic 

biomass  (Adopted from Iqbal et al., 2013) 

Lignocellulosic 

material 

Cellulose 

(%) 

Hemicellulose 

(%) 
Lignin (%) Reference 

Sugar cane bagasse 42 25 20 (Kim and Day, 2011) 

Sweet sorghum 45 27 21 (Kim and Day, 2011) 

Hardwood 40-55 24-40 18-25 (Malherbe and Cloete, 2002) 

Softwood 45-50 25-35 25-35 (Malherbe and Cloete, 2002) 

Corn cobs 30 33 13 (Syawala et al., 2013) 

Corn stover 39 28 18 (Zhu et al., 2009) 

Rice Straw 32.1 24 18 (Prasad et al., 2007) 

Nut shells 25-30 25-30 30-40 (Abbasi and Abbasi, 2010) 

Newspaper 40-55 25-40 18-30 (Howard et al., 2003) 

Grasses 25-40 25-50 10-30 (Malherbe and Cloete, 2002) 

Wheat straw 29-35 26-32 16-21 (McKendry, 2002) 

 

Factors limit the accessibility of lignocellulosic sugars 

The utilization of the carbohydrates in lignocellulosic biomass is not an easy task. 

Solventogenic clostridia cannot directly utilize cellulose or hemicellulose as substrate, 

therefore, these polysaccharides need to be hydrolysed into simple sugars either 

chemically or enzymatically prior to fermentation (Dong et al., 2014). The enzymatic 

approach is preferred by biofuel industry due to many reasons including milder 

conditions, lower energy costs, and potential for high yields and selectivity (Yang et al., 

2011). However, both chemical and enzymatic hydrolysis is limited by the recalcitrant 

structure of lignocellulosic biomass.  

Lignin is considered as a physical barrier that prevents the enzymes from accessing the 

polysaccharides of lignocellulose (Hu and Ragauskas, 2012). On the other hand, enzymes 

tend to irreversibly bind to lignin through hydrophobic interactions, which resulted in 

significant loss in enzyme activity and  led to high enzyme dosage (L. Kumar et al., 
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2012). In fact, positive relations have been found between sugar yield and lignin removal 

in a number of different types of lignceollulose materials (Han et al., 2012; Nlewem and 

Thrash, 2010; Yan et al., 2014; Zhang et al., 2016).  

Hemicelluloses, as a family of polysaccharides, also serves as another protective coat to 

cellulose. On one hand, hydrogen bonds can be formed between the unbranched part of 

hemicellulose and the surface of cellulose fibrils; on the other hand, hemicellulose can be 

covalently bonded to lignin to form cross-links which makes the enzymes difficult to 

penetrate (Chundawat et al., 2011). Since enzymes need to bind to the surface of cellulose 

before the hydrolysis takes place, lignin and hemicellulose need to be removed or 

hydrolysed without losing hemicellulose sugars (Ӧhgren et al., 2007).  

Other factors that may be influential to the deconstruction of lignocellulose include 

cellulose crystallinity, DP (degree of polymerization), particle size, pore volume and 

specific surface area of cellulose (Hu and Ragauskas, 2012). The crystallinity of cellulose 

is the result of the intra- and inter-molecular hydrogen bonds. Although generally 

cellulose with higher amorphous content tend to be digested by enzymes more easily, it is 

not recommended to use CrI (crystallinity index) as the only indicator for cellulose 

digestibility (Park et al., 2010). Degree of polymerization is also considered to play a role 

in the extent of enzymatic hydrolysis. A decrease in the degree of polymerization (DP) 

will produce more reactive ends available to the exo-cellulases (Kleman-Leyer et al., 

1994). It is a common practice to grind lignocellulose into smaller particle size for higher 

conversion efficiency. However, the concept of "the smaller, the better" has not 

necessarily been the case. Many studies showed that further reduction in particle size 

(already at the level of millimetres) does not result in any significant change in the sugar 

yield (B. Rivers and H. Emert, 1987; Ballesteros et al., 2002).  

The surface area of cellulose has been considered as a critical factor for enzymatic 

hydrolysis yield and rate since the contact between substrate and enzymes is necessary for 

hydrolysis to occur. Surface area of substrate can be divided into interior and exterior 

surface area (Wang et al., 2012). Exterior surface area is mainly determined by particles 

size, which has been discussed briefly earlier; however, interior surface area, which is 

essentially reflected by biomass porosity, has been show to contribute more than 90% of 
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the enzymatic digestibility (Wang et al., 2012). It has been found that the lower 

enzymatic digestibility of corn stover at bigger range of particles size (425–710 μm) was 

compensated to the similar level of corn stover at smaller particle size (53–75 μm) after 

both types of particles were pretreated with liquid hot water. The authors attribute this 

phenomena to the disruption of inner structure of corn stover particles due to 

pretreatment, thus potentially increasing the pore volume and the accessible surface area 

of the substrates (Zeng et al., 2007); however, the effect of lignin removal was not 

evaluated in the research, which could have contributed to the digestibility increase.  

Pretreatment of lignocellulose for ABE Fermentation 

Due to the recalcitrant nature of lignocellulosic biomass, pretreatment is required to break 

the restriction imposed by lignin and hemicellulose structure. In the past decade, a 

number of pretreatment methods was developed and studied, including dilute sulfuric acid 

(DAP), liquid hot water (LHW), steam explosion, alkali pretreatment, and ammonia fiber 

explosion (AFEX), etc (Hendriks and Zeeman, 2009; Hu and Ragauskas, 2012).  

Dilute sulfuric acid pretreatment 

Dilute sulfuric acid pretreatment (DAP) has been applied to a wide range of biomass 

including hardwood, softwood and agricultural residues (Jensen et al., 2010; Nlewem and 

Thrash, 2010). It is normally performed at a temperature range of 120 to 210 °C, with 

acid concentration less than 4% (w/v), and residence time from seconds to hours, in 

different types of reactors (Hu and Ragauskas, 2012). During DAP, most xylan is 

hydrolyzed to xylose and accumulated in the liquor, and the resulted xylose may be 

further converted into furfural at elevated pretreatment severity (Hendriks and Zeeman, 

2009). However, the cellulose component will not be hydrolyzed unless the conditions are 

too severe, but an increase in crystallinity may be observed due to solubilisation of the 

amorphous portion of celluose (Foston and Ragauskas, 2010). Interestingly, DAP does 

not lead to significant delignification. Although the employment of DAP can improve 

enzymatic digestibility of lignocellulosic biomass, undesired by-products such as furfural, 

5-hydroxymethylfurfural (HMF), levulinic acid and formic acid may be generated. These 

compounds have been shown to be toxic in the subsequent enzymatic hydrolysis and 

fermentation stage (Larsson et al., 1999; Palmqvist and Hahn-Hägerdal, 2000).  
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Liquid hot water pretreatment 

Liquid hot water (LHW) and un-catalyzed steam explosion are the two major 

hydrothermal pretreatment technologies, where water in liquid or vapour state is used to 

pretreat lignocellulosic biomass. Compared to DAP and other pretreatment methods, no 

chemical catalyst is required, which resulted in significant reduction in both chemicals 

and the materials for construction cost (Hu and Ragauskas, 2012). In LHW, water is 

pressurized to maintain liquid state at elevated temperatures (160-240 °C) (Alvira et al., 

2010). At this temperature, water acts as a weak acid and hydrolyze hemicellulose by 

selectively breaking down the glycosidic linkages, with the formation of acetic acid and 

uronic acid (Allen et al., 2001). Since pH is maintained at a much milder range (4-7), 

much less sugar degradation product (furfural and HMF) is produced during LHW 

compared to DAP. Similar to DAP, most cellulose and lignin is preserved in solid form 

during LHW, and due to solubilisation of hemicellulose, significant increases in lignin 

content are observed among many substrates after pretreatment (Hu and Ragauskas, 2011; 

Kristensen et al., 2008; Kumar et al., 2009; Lee et al., 2010; Xiao et al., 2011).  

Steam explosion 

In steam-explosion, lignocellulosic materials is treated with high-pressure saturated steam 

from several seconds to a couple of minutes at a temperature range of 160-260 °C, and 

then the pressure is suddenly released, which causes the materials to explode and fibers to 

separate (Sun and Cheng, 2002). Addition of chemical catalyst such as SO2 and H2SO4 

can significantly increase the hemicellulose yield (Wyman et al., 2005). Similar to LHW, 

the hemicelluloses are dissolved  as oligosaccharides due to water at high temperature, 

and partially hydrolyzed into monosaccharides. An increase in lignin content (acid-

insoluble) has been observed after steam-explosion pretreatment, which is mainly due to 

the solubilisation of the hemicellulose and the very little solubilised lignin; when more 

severe conditions are employed, cellulose begin to degrade and pseudo-lignin are formed, 

which results in further increase in lignin content (Sergey M. Shevchenko and Saddler, 

1999). Another risk with steam explosion pretreatment is the production of fermentation 

inhibitors such as furfural, HMF and phenolic compounds (Hendriks and Zeeman, 2009). 

Due to less water input, steam explosion consumes less energy compared to LHW , 
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however, more toxic compounds could be generated (Hu and Ragauskas, 2012).  

Alkali pretreatment 

Alkali pretreatment is one of the major chemical pretreatment technologies that received 

extensive studies. It was found to be more effective on hardwoods, herbaceous crops and 

agricultural wastes with relatively low lignin contents compared to softwood. Alkali 

pretreatment is basically a delignification process, it utilizes various bases including 

NaOH, Ca(OH)2, and ammonia (Zheng et al., 2009). Alkali pretreatment efficiencies are 

mainly affected by three parameters, reaction temperature, pretreatment time and alkali 

loading (Hu and Ragauskas, 2012). The mechanism of alkali pretreatment is mainly 

involved with cleavage of the ester bonds (saponification) that crosslink lignin and 

hemicelluloses under base catalyst (Zheng et al., 2009). On the other hand, hemicellulose 

solubilisation, although normally at a degree lower than that of LHW, in combination 

with substantial lignin removal, contribute to the increase in enzymatic digestibility of 

cellulose (Silverstein et al., 2007). Acetyl and the various uronic acid substitutions on 

hemicellulose that lowers the accessibility of enzymes to the surface of cellulose and 

hemicelluloses are also removed during alkali pretreatment (Mosier et al., 2005). Other 

effects include the decrease of DP of cellulose, swelling of cellulose, and thus leading to 

an increase in the internal surface area (Rojo et al., 2013).   

Ammonia fiber explosion pretreatment 

Ammonia is a desirable chemical agent for pretreatment of lignocellulosic biomass due to 

the following reasons: a) it effectively causes the lignocellulosic materials to swell; b) it 

selectively reacts with lignin over carbohydrates and cleaves the linkages in the 

lignocellulose complex (LCCs); c) it is a non-corrosive and easy to recover and reuse 

(Kim et al., 2003). During ammonia pretreatment, lignocellulosic materials is treated with 

liquid ammonia at temperatures between 60 to 100 °C at high pressure for a period of 

time (such as 30 min), and then the pressure is swiftly released (Hu and Ragauskas, 

2012). The effect of ammonia treatment or ammonia fiber explosion pretreatment 

(AFEX) can be considered as a combination of steam explosion and alkali pretreatment, 

which leads to disruption of complex cell wall structure and partial solubilisation of 

hemicellulose (Carvalheiro et al., 2008). Similar to alkali pretreatment, ammonia is able 
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to cleave the linkages between lignin and hemicellulose, thus facilitating the 

solubilisation and removal of lignin and hemicellulose, which makes the embedded 

cellulose microfibrils more accessible to enzymes (Bals et al., 2010). Furthermore, the 

sudden pressure release may lead to the formation of large pores at the middle lamella, 

which makes the cellulose much more accessible to enzymes (Chundawat et al., 2010).  

 

Ionic liquid pretreatment 

During the past two decades, Ionic liquids (ILs) have received increasing popularity in 

many fields of research (Hallett and Welton, 2011). Ionic liquids are families of salts that 

are liquid at room temperature or melt at slightly elevated temperatures, with negligible 

vapour pressure and high thermal stability (Blokhin et al., 2006; Brandt et al., 2011; 

Domańska and Bogel-Łukasik, 2005). One of its applications is as a pretreatment solvent 

to solubilise the lignocellulosic biomass, of which the solubilised cellulose can be 

precipitated by adding an anti-solvent such as water or alcohols with reduced crytallinity, 

thus making the cellulose more accessible compared to those without pretreatment by 

ionic liquids (Brandt et al., 2011). Another factor that could contribute to the enhanced 

glucose release from the precipitated cellulose has a correlation with lignin and 

hemicellulose removal (Doherty et al., 2010; Lee et al., 2009). The major disadvantage of 

ILs as pretreatment solvents are their relatively high cost, compared to conventional 

molecular solvents, the prices of ILs are normally 5-20 times higher (Lee et al., 2009; 

Plechkova and Seddon, 2008), and most of ILs are developed only at lab scale (Li et al., 

2013). Although many processes have been developed to lower the production cost, 

typical ILs remain expensive. 

Effects of different pretreatment methods 

As summerized in the Table 1.3, the major effects of most pretreatment methods include 

increase in accessible surface area, cellulose decrystalization, removal of lignin and/or 

hemicellulose, and alteration in lignin structure, which contribute to the increased 

enzymatic digestibility of lignocellulosic biomass (Mosier et al., 2005). As mentioned 

above, the ability to utilize a wide range of substrates (including both hexose and pentose) 
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provides solventogenic clostridia the potential to fully convert lignocellulosic 

carbohydrates into desired products compared to glucose-restricted ethanol-producing 

yeast. Therefore, pretreatment methods that resulted in significant removal of 

hemicellulose are not optimal for ABE fermentation due to possible loss of five-carbon 

sugar stream. 

Table 1.3 Effect of various pretreatment methods  (Modified from Mosier et al., 2005)  

  

Increases 

accessible surface 

area 

Decrystalizes 

cellulose 

Removes 

hemicellulose 

Removes 

lignin 

Alters 

lignin 

structure 

Uncatalyzed 

steam explosion 
█ 

 
█ 

 
█ 

Liquid hot water █ ND █ 
 

█ 

pH controlled 

hot water 
█ ND █ 

 
ND 

Flow-through 

liquid hot water 
█ ND █ █ █ 

Dilute acid █ 
 

█ 
 

█ 

Flow-through 

acid 
█ 

 
█ █ █ 

AFEX █ █ █ █ █ 

ARP █ █ █ █ █ 

Lime █ ND █ █ █ 

Ionic liquid █ █ █ █ █ 

█: major effect;  
█: minor effect; 

ND: not determined 
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Inhibitors generated during pretreatment 

 Table 1.4 Comparison of major inhibitor concentrations obtained after different 

pretreatment methods  (adapted from Du et al., 2010) 

Compounds 

Concentration (mg/L) 

0.7 % 

H2SO4 

0.07 % 

H2SO4 
LHW 

Wet 

oxidation 
Buffer NH3 Lime 

Oxidative 

lime 

Levulinic acid 41 1.5 0.48 1.9 1.5 1.7 1.1 1.6 

Formic acid 120 76 55 79 110 250 43 92 

Syringic acid 2 1.5 1.8 2.17 2.3 1.54 1.7 1.4 

Benzoic acid 1.5 1.3 0.16 0.31 0.36 1.3 1.7 1.3 

4-

Hydroxycoumaric 

acid 

5.6 14 11 11 14 11 17 8.1 

Ferulic acid 6.6 2.6 2.2 1 5.1 4.2 6.6 0.76 

5-HMF 44 11 2.3 2.8 4.3 0.89 2.3 3.8 

Furfural 220 26 8 6.5 3.8 0.4 1.5 3.2 

Syringaldehyde 1.8 0.6 1 2 1.7 0.31 1 0.084 

The other factor that cannot be ignored during evaluation of pretreament methods is the 

generation of fermentation inhibitors as shown in Table 1.4. Treatment of lignocellulose 

at high termperature and acidic conditions often results in formation and release of a 

range of inhibitors, which can be separated into two categories based on their origins, 

namely furan aldehydes and aliphatic acids from the degradation of carbohydrates, and 

phenolic compounds from lignin (Jönsson et al., 2013). As shown in Fig 1.7, xylose, one 

of the major components of hemicellulose, can be further degraded into furfural; 

similarly, HMF is formed from hexose (such as mannose, galactose and glucose) 

degradation. Further degradation of furfural or HMF will result in the formation of formic 

acid. Another degradation product of HMF is levulinic acid (Palmqvist and Hahn-

Hägerdal, 2000).  
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Figure 1.7 Inhibitors generated and their origins during pretreatment (Adapted from 

Palmqvist and Hahn-Hägerdal, 2000). 

Mechanisms of inhibitors 

The mechanism of inhibition by different degradation products has been previously 

reviewed in detail (Palmqvist and Hahn-Hägerdal, 2000). Briefly, weak acids have been 

shown to inhibit the growth of microorganisms and are used widely as food preservatives 

(Lambert and Stratford, 1999). Two theories have been proposed to explain the 

mechanisms of inhibition induced by weak acids. In undissociated form, acids are 

liposoluble and can cross the plasma membrane into cytosol; dissociation of the weak 

acids takes place under neutral intracellular pH, thus decreasing the cytosolic pH 

(Pampulha and Loureiro-Dias, 1989). According to the uncoupling theory, the decrease in 

intracellular pH is compensated by the action of plasma membrane ATPase, which pumps 

protons outside of the cell at the expense of ATP (Verduyn et al., 1992). To maintain the 

intracellular pH, additional ATP must be generated, and in the case of yeast, this is 

achieved by increased ethanol production under anaerobic condition at the expense of 

Spruce wood

Hemicellulose Cellulose Lignin

CH3COOH
Acetic acid
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compouds
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biomass formation (Carmelo and Bogaerts, 1996). However, when exposed to high acid 

concentration, the proton pumping capacity of cells is exhausted, which resulted in 

depletion of intracellular ATP, dissipation of proton driving force, and acidified 

cytoplasm (Imai and Ohno, 1995). In comparison, the anion accumulation theory 

attributes the toxicity of weak acids to intracellular anion accumulation since only one 

proton is imported into the cell with each molecule of undissociated acid, which will 

diffuse into the cell until an equilibrium is reached (Palmqvist and Hahn-Hägerdal, 2000).  

Both furfural and HMF have been reported to inhibit the growth of yeast at high 

concentrations (Larsson et al., 1999; Navarro, 1994). However, both compounds can be 

metabolized to less toxic forms and adapted by yeast (Banerjee et al., 1981; Taherzadeh et 

al., 2000), and their toxic effects can be mitigated by increased inoculum size (Navarro, 

1994). Interestingly, furfural and HMF concentrations up to 3 g/L do not introduce 

significant negative effect on the growth and solvent production by clostridium, hence the 

concentrations of these two compounds in most lignocellulosic hydrolysates are within or 

around this range, thus making furfural and HMF less concerning as fermentation 

inhibitors (Cavka and Jönsson, 2013; Chandel et al., 2011; Ezeji et al., 2007).  

The inhibitory effect of phenolic compounds on fermentation of lignocellulosic 

hydrolysates are much stronger compared to furfural and HMF at the similar levels (Ezeji 

et al., 2007; Lin et al., 2015).  Phenolic compounds can partition into the cell membrane, 

increase the membrane fluidity, and cause leakage of cellular content, thereby destroying 

membrane as selective barriers and its structural integrity (Heipieper et al., 1994). 

However, the mechanism of inhibition have not been elucidated. During a fermentation 

test by Clostridium beijerinckii BA101 with glucose as substrate, ferulic acid was found 

to be the most toxic compound, with solvent production completely shut down  and weak 

cell growth at a concentration as low as 0.3 g/L; followed by p-coumaric acid that 

resulted in 30% reduction in ABE production at 0.5 g/L; furthermore, syringealdehyde (as 

low as 0.3 g/L) has been found to selectively inhibit ABE production pathways rather 

than the growth of clostridial cells (Ezeji et al., 2007). A synergistic effect have been 

found when multiple inhibitors are present in the same lignocellulosic hydrolysates 

(Chandel et al., 2011).  
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Methods for inhibitor removal (Detoxification) 

To overcome the issue of fermentation inhibitors resulted from lignocellulosic hydrolysis, 

a number of detoxification methods have been developed to remove inhibitors from the 

hdyrolysates, which include physical (evaporation, membrane mediated detoxification), 

chemical (neutralization, calcium hydroxide overliming, activated charcoal treatment, 

ion-exchange resins, and extraction with ethyl acetate) and biological detoxifications 

(enzymatic mediated using laccase, lignin peroxidase) (Chandel et al., 2011).  

Treatment of lignocellulosic hydrolysates with calcium hydroxide (overliming) has 

become one of the most effective detoxification methods and has been studied extensively 

with different types of hydrolysates (Jönsson et al., 2013). The mechanism of 

detoxification by overliming is still unclear, one possible explanation could be due to the 

precipitation of inhibitors (Zyl et al., 1988), however, chemical conversion of toxic 

compounds under alkali conditions was suggested to be the major reason (Persson et al., 

2002). Although employment of overliming can result in significantly improved 

fermentability in lignocellulosic hydrolysate, it results in excessive sugar loss at harsher 

conditions (from 30% to 60%), which further deteriorate the economics of biofuel 

production (Martinez et al., 2001; Millati et al., 2002). On the other hand, overliming 

seems to be not effective when it comes to removal of phenolic compounds, which as 

mentioned above has been considered as the most toxic fermentation inhibitors. As was 

summarized recently, phenol decrease is commonly around 10-20% after the treatment 

(Jönsson et al., 2013), which is not satisfactory when trace amount of these toxic 

compounds can still exert considerable inhibitions on fermentation.   

Solid-liquid detoxification methods have also been studied extensively for detoxification 

of lignocellulose hydrolysates, such as the application of activated carbon and ion 

exchange resin (Jönsson et al., 2013), which can effectively remove inhibitors and lead to 

hydrolysates that show a fermentation performance similar to that of an inhibitor-free 

model substrate (Larsson et al., 1999; Ranjan et al., 2009; Weil et al., 2002). Unlike 

overliming, no significant decrease in fermentable sugars was observed after the 

treatment with most ion-exchange resins (Nilvebrant et al., 2001). Furthermore, both 

anion exchanger resin and neutral resin have been proven to be efficient in removal of 
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phenolic compounds, which resulted in more than 90% reduction in the content of 

vanillin (the most abundant phenols) compared to the untreated hydrolysates (Nilvebrant 

et al., 2001). Another attractive feature of using resins for detoxification is that they can 

be regenerated after treatment, and the desorbed inhibitors can be used as valuable 

compounds (Ranjan et al., 2009; Weil et al., 2002). Although activated carbon was also 

shown to be effective in removal of inhibitors from hyhdrolysates without interfering with 

fermentable sugars, it is considered expensive since powdered activated charcoal cannot 

be regenerated and granular activated charcoal always incurs a 10% loss during each 

thermal reactivation cycle (Ranjan et al., 2009).  

Other detoxification methods also include ethyl acetate extraction and biotechnological 

detoxification. Although ethyl acetate extraction is an efficient method for removal of a 

wide range of inhibitors including phenolic compounds, the residual ethyl acetate could 

impose certain degree of toxicity to the fermenting organism; on the other hand, 

regeneration of ethyl acetate is necessary to make this process more economically 

competitive, which, unavoidably, results in more energy input due to distillation. Some 

microorganisms have proved to be able to use fermentation inhibitors as substrates for 

growth, thereby significantly decreasing the inhibitor levels when the acid hydrolysates 

was pre-cultivated with these microorganisms prior to subsequent fermentation (López et 

al., 2004; Okuda et al., 2008). However, biological detoxification normally requires a 

much longer reaction time (> 1 day) and sometimes consumes the fermentable sugars 

present in the hydrolysates (Bin and Charles E, 2008).  

One of the major objection against the detoxification in general is that it introduces an 

extra step in the process, which further increases the complexity of biofuel production 

(Jönsson et al., 2013). One strategy to avoid this is to use pretreatment that generates less 

inhibitors or at milder conditions. As was shown in Table 1.4, alkali pretreatment 

produces the least amount of formic acid among other pretreatment methods, the levels of 

other inhibitors are also maintained relatively low. Meanwhile, as was shown in Table 

1.5, a sugar yield of 33 g sugars/100 g switchgrass was obtained with 0.5% NaOH, which 

was considerably higher than the results with dilute sulfuric acid or hot water under 

similar conditions. Although similar sugar yields were obtained from pretreatment 
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methods such as ionic liquid and AFEX, the relatively low solid loading and the 

expensive cost of chemicals still remain the major obstacle for the industrial application 

of these methods. 

 

Table 1.5 Sugar yields from switchgrass pretreated by various pretreatment methods  

Pretreatment 

method 

Biomass 

Loading 

(w/w 

%) 

Initial 

quantity of 

biomass (g) 

Remaining mass 

of switchgrass 

after 

pretreatment (g) 

Sugar yield  

(grams of 

sugars/100 grams 

of initial quantity 

of biomass)  

References 

0.5% NaOH 15 10 6.5 33 

 

Nlewem and 

Thrash, 2010 

2% NaOH 15 10 5.3 21 

5% NaOH 15 10 4.2 14 

10% NaOH 15 10 3.9 12 

0.5% H2SO4 15 10 9.5 17 

2% H2SO4 15 10 9.5 10 

4% H2SO4 15 10 9.6 8.6 

6% H2SO4 15 10 9.6 8.6 

100 °C 

Water 
15 10 9.8 8.8 

Ionic liquid 3 0.3 0.148 58 
Li et al., 

2010 
1.2% H2SO4 3 0.3 0.178 46 

Ionic liquid 15 900 497.5 ~400 
Li et al., 

2013 

AFEX 3 3 NA 28.0-38.5 
Bals et al., 

2010 

NA, not available 
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Butanol fermentation from lignocellulosic substrates 

Table 1.6 summarized the recently reported fermentation results from a variety of 

lignocellulosic materials pretreated by different methods. Among these results, DAP was 

the most studied pretreatment methods for the purpose of lignocellulosic butanol 

production; however, direct fermentations of hydrolysates resulted from DAP have been 

shown to have limited success, and a strong inhibition on the following fermentation is 

observed with a number of agricultural residues (with the exception of wheat straw), 

which could be alleviated at different extent by complicated detoxification methods such 

as overliming and resin adsorption or combined (Ezeji and Blaschek, 2008; Qureshi et al., 

2010a, 2010b, 2008). Similarly, lignocellulosic hydrolysates resulted from steam-

explosion pretreatment also contains significant amount of potent inhibitors to the 

fermenting organisms, which need to be removed by detoxfication methods such as 

activated charcoal or alkali peroxide treatment in combination with washing (Wang and 

Chen, 2011).  

The other approach to circumvent the issue of inhibition introduced by pretreatment is to 

reduce the severity of pretreatment, such as the use of milder chemicals in liquid hot 

water and AFEX, both of which produced hydrolysates that resulted in decent solvent 

yields from corn fiber and DDGS; however, the sugar yields were significantly lower than 

their counterparts with higher pretreatment severity, thus preventing the full utilization of 

lignocelulosic substrates (Ezeji and Blaschek, 2008; Qureshi et al., 2008). Alkali 

pretreatment, on the other hand, has been shown to be effective on different types of 

lignocellulosic materials, and only requires a simple washing step to remove degradation 

products and generate a highly fermentable sugar stream for fermentation (Cho et al., 

2013; Ibrahim et al., 2015; Marchal et al., 1984).  
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Table 1.6 Comparisons of ABE fermentation from lignocellulosic 

materials(Adapted from Jurgens et al., 2012) 

Substrate Pretreatment Saccharification Detoxification 
Total initial 

sugars (g/L) 

Butanol 

yield 

(g/g) 

Butanol/ABE 

(g/L) 

Solvent 

productivity 

(g/L/h) 

References 

Wheat 

straw 

1% H2SO4 Enzymes - ~60 0.24 12.0/25.0 0.6 (Qureshi et 

al., 2007) 

Corn fiber 0.5% H2SO4 - - 29.8 0.05 1.4/1.7 0.03  

(Qureshi et 

al., 2008) 

Corn fiber 0.5% H2SO4 Enzymes - 54.3 NA NA/1.6 NA 

Corn fiber 0.5% H2SO4 Enzymes Overliming + 

XAD4 (resin) 

46.3 0.14 6.4/9.3 0.1 

DDGS Dilute 

H2SO4 

Enzymes - 52.6 NA NA NA (Ezeji and 

Blaschek, 

2008) 

DDGS Dilute 

H2SO4 

Enzymes Overliming ~52.6 0.14 7.3/12.1 0.1 

DDGS Liquid Hot 

Water 

Enzymes - 48.8 0.18 8.9/12.9 0.18 

DDGS AFEX Enzymes - 41.4 0.17 7.0/11.6 NA 

Barley 

straw 

1% H2SO4 Enzymes - 58.8 0.06 4/7.09 0.1 (Qureshi et 

al., 2010a) 

Barley 

straw 

1% H2SO4 Enzymes Overliming 63.4 0.28 18.01/26.64 0.39 

Corn stover 1% H2SO4, 

160 °C 

Enzymes - ~60 NA NA NA (Qureshi et 

al., 2010b) 

Corn stover 1% H2SO4, 

160 °C 

Enzymes Overliming 60.3 0.24 14.50/26.27 0.31 

Switchgrass 1% H2SO4 Enzymes - 60.0 0.02 0.97/1.48 0.02 

Switchgrass 1% H2SO4 Enzymes Overliming ~60 NA NA NA 

Yellow 

poplar 

0.145 g 

NaOH/g 

biomass, 

170°C 

Enzymes Washing 49 0.22 10.9/18.1 0.38 (Cho et al., 

2013) 

Corn stover Steam 

explosion 

Enzymes Washing 53.52 0.01 0.36/3.71 0.05 (Wang and 

Chen, 

2011) 

Corn stover Steam 

explosion 

Enzymes Washing + 

Activated 

charcoal 

~49 0.17 8.5/12.38 0.17 

Corn stover Steam 

explosion 

Enzymes Washing + 

Alkali peroxide 

treatment 

~49 0.17 8.5/12.38 0.17 

Oil palm 

empty fruit 

bunch 

0.2 g NaOH 

/g biomass 

Enzymes Washing 25 0.08 1.94/2.61 0.04 (Ibrahim et 

al., 2015) 

-, step omitted in this process; 
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NA, no significant results is reported due to poor fermentation performance. 

 

1.2.7. Product inhibition/butanol toxicity 

Butanol toxicity is another major issue associated with the ABE fermentation. In a 

conventional batch fermentation, butanol concentration rarely exceeds 13 g/L, thus 

resulting in high energy cost for product separation through distillation and limited 

utilization of substrates. It was proposed that the production cost would be cut in half if 

the final butanol titer is raised to 19 g/L (Papoutsakis, 2008). However, when exposed to 

7-13 g/L butanol, clostridia cells showed a 50% reduction in growth and sugar uptake; 

interestingly, unlike butanol, it would take up to 40 g/L acetone and ethanol to achieve 

similar inhibition effect, which makes butanol the most toxic solvent product in the ABE 

fermentation (Jones and Woods, 1986).  

Mechanism of butanol toxicity 

Butanol is more toxic compared to other solvent products mainly due to its hydrophobic 

nature. By disruption of the phospho-lipid component of cell membrane, long-chain 

alcohols such as butanol (in a concentration of 10 g/L) increases the membrane fluidity by 

20-30% (Vollherbstschneck et al., 1984). The increase in membrane fluidity may result in 

destablizatiion of the membrane and disruption of membrane-linked functions (Jones and 

Woods, 1986). For example, after addition of butanol, membrane-bounded ATPase 

activity was found to be inhibited instantly (Moreira et al., 1981), the ability of cells to 

maintain its internal pH was weakened, and the membrane pH gradient was abolished 

(Bowles and Ellefson, 1985). Furthermore, buttanol is also inhibitory to the uptake of 

sugars and amino acids, a 50% reduction in glucose uptake was observed in the presence 

of 7.4 g/L butanol (Moreira et al., 1981).  

One approach to solve the problem of butanol toxicity is to enhance the cell's tolerance 

against butanol, which could be achieved by manipulation of fermentation conditions 

such as addition of saturated fatty acids and decreased fermentation temperature 

(Brosseau et al., 1985; Jones and Woods, 1986). Efforts have also been made to obtain 

strains that can tolerate and produce higher concentrations of butanol, however, limited 

success have been achieved to date. This is mainly due to the multiple toxic effects 
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induced by butanol toxicity and the development of butanol-tolerant strains may not 

necessarily lead to higher butanol titers (Papoutsakis, 2008).  

In-situ butanol recovery 

In-situ butanol removal techniques are considered as efficient methods to solve the 

problem of butanol toxicity and the low solvent titer that leads to high separation cost at 

the same time (Lee et al., 2008). So far, different types of butanol recovery processes 

including pervaporation, adsorption, liquid-liquid extraction, gas stripping, and reverse 

osmosis have been integrated with the ABE fermentation to obtain more concentrated 

solvent stream and better fermentation performance (Dürre, 1998).  

Gas stripping 

Gas stripping is a simple but efficient way to recover butanol from fermentation broth 

(Lee et al., 2008). Basically, the fermentation gas is collected and sparged through the 

fermentation; the vapour that contains volatile solvents is then passed through a 

condenser, and recycled back to the fermentor to strip more solvents (N. Qureshi and 

Blaschek, 2000). The application of gas stripping results in less butanol inhibition and 

thus enabling the clostridia to utilize higher concentration of sugars. More importantly, a 

solvent stream with higher butanol concentrations compared to the fermentation broth is 

obtained, which will significantly reduce the cost of downstream processing such as 

distillation. It has been observed that the butanol concentration in the condensate is 

largely dependent on the butanol concentration in the fermentation broth, for example, 

butanol concentration in the condensate was increased from ~100 g/L to ~150 g/L when 

its concentration in fermentation broth was increased from 8 to 10 g/L; however, gas 

stripping is shown to be ineffective when butanol concentrations is below 5 g/L, and the 

cells in the fermentation broth could have a negative effect on the performance of gas 

stripping. Therefore, cell concentration should be controlled as low as possible in the 

fermentation broth, which can be achieved by cell immobilization such as the use of a 

fibrous bed bioreactor (FBB), and the butanol concentrations in the fermentation broth 

should be controlled at a reasonable range depending on the procedure (such as 8 g/L to 

10 g/L) (Xue et al., 2012).  
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Pervaporation 

 

Figure 1.8 Pervaporation of butanol using a membrane module (Retrieved April 15, 

2016, from https://www.permselect.com/Platform_Technology/Butanol_Pervaporation) 

Similarly, the pervaporation process employs a membrane module to separate volatile 

solvents (mainly butanol) from the fermentation broth as shown in Fig 1.8.  The 

fermentation broth is pumped through one side of the membrane and vacuum or a 

sweeping gas is applied to the other side. Since the permeability of butanol through the 

membrane is much higher compared to that of water, the vapour resulted from the 

vacuum side can be condensed into a highly concentrated butanol solution, which could 

automatically separate into two layers (> 8% v/v butanol). A pervapouration experiment 

was conducted with cell-free ABE fermentation broth from 60 g/L glucose, the initial 

acetone and butanol concentration were 6.10 g/L and 12.00 g/L; after starting the 

pervapouration process for 6 hours, the acetone and butanol concentration on the retentate 

side was reduced to 2.53 g/L and 2.00 g/L, respectively, and their concentrations in the 

condensate side were 105.86 g/L and 233.00 g/L, respectively (Qureshi et al., 2001). A 

continuous operation of pervapouration process to completely remove solvents from the 

fermentation broth is not considered necessary due to longer running time, lower butnaol 


