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Abstract 
 
The effect of rice straw size on batch enzymatic hydrolysis at high solid loading for cellulosic 
ethanol production was investigated in 250 mL of Duran bottle together with mixing in 
shaking incubator in this study. It was found that there was no effect of rice straw size on 
batch enzymatic hydrolysis at 5.0% (w/v) solid loading. At 10.0% (w/v) solid loading, the 
larger rice straw of 5.0 mm in size could not be however digested by batch enzymatic 
hydrolysis. The rice straw size of 2.0-5.0 mm could not be also digested by batch enzymatic 
hydrolysis when the solid loading was over 10.0% (w/v). As rice straw size of 0-1.25 mm and 
1.25-2.0 mm could be digested in batch enzymatic hydrolysis at higher solid loading of 
10.0% (w/v). The highest solid loading of 17.5% (w/v) obtained in batch enzymatic 
hydrolysis was operated with rice straw size of 0-1.25 mm and giving the highest reducing 
sugar of 70 g/L. However, the solid loading was over 10% (w/v) leading to decrease in rice 
straw conversion. 
 
Keywords: cellulosic ethanol production, rice straw size, solid loading and batch enzymatic 
hydrolysis 
 
Introduction 
 
Ethanol from lignocelluloses biomass has become an increasingly popular alternative to 
gasoline as one option to reduce dependence on oil and mitigate global warming (Diep et al., 
2012). Because the first generation materials for ethanol production has been blamed for 
causing food insecurity (Diep et al., 2012), the switching to inedible plant material should be 
thus help to reduce pressure on the food crops (Sassner et al., 2008). In addition, 
lignocellulose, abundant feedstock, can be regenerated and given a low cost. Rice straw is a 
by-product of rice production and a great bio-resource. It is one of abundant lignocellulosic 
waste materials in the world and it is the largest form of single biomass feedstock 
(Yoswathana et al., 2010). In Thailand, rice straw is the major agriculture residue 
approximately more over 35 Mt/year. Rice straw predominantly contains cellulose 32-47%, 
hemicellulose 19-27%, and lignin 5-24%, which compositions and physical character have be 
attractive to produce ethanol. 
Successful ethanol production from lignocellulose materials in industrial scales requires high 
ethanol concentration in fermentation, which should be as high as possible, to reduce the 
energy consumption in distillation process. Larrson and Zacchi (1996) showed that costs for 
continuous distillation of ethanol do not rise significantly once an ethanol concentration 
above 40 g/kg (4%wt) has been achieved. This requires an 8.0%wt sugar solution as a 
starting point for the fermentation (Puri et al., 2013). Thus, large-scale production of ethanol 
from lignocellulosic biomass will therefore require enzyme hydrolysis at high solids loading; 
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demand not only high conversion yields but also high sugar concentration in the hydrolysate 
(Puri et al., 2013). In addition, the use of high solid loading for cellulosic ethanol production 
not only reduces the energy consumption in distillation process but also can reduce others 
cost concludes, reduce tank size for hydrolysis, reduce water usage and reduce the capital 
cost (Wingren et al., 2003; Zhu et al., 2011), etc. However, crucial problems of high solid 
loading in batch enzymatic hydrolysis were decreasing of efficiency of enzyme and 
conversion of material because of low mixing, poor heat transfer, shear inactivation of 
cellulase, low water availability and high viscosity of slurry (Puri et al., 2013; Jorgensen et 
al., 2007; Gupta et al., 2012). Many researches attempt to overcome these problems such as 
making a homogeneous slurry before entering to enzyme hydrolysis process (Zhu et al., 
2011; Srinorakutara et al., 2012), use of gravity or tumbling mixing (Puri et al., 2013) and 
fed-batch hydrolysis (Zhang et al., 2010), etc. The effect of rice straw size on batch 
enzymatic hydrolysis at high solid loading to produce high reducing sugar concentration was 
investigated in this study. 
 
Methodology 
 
Raw material 
Rice straw was harvested from Nakhon Pathom province, Central region of Thailand. Prior to 
chemical pretreatment, it was cut into small size (< 30.00 mm) by using vegetable chopper 
and chopped rice straws were sieved for size of 0.0-1.25, 1.25-2.0, 2.0-5.0, 5.0-15.0 and 15.0-
30.0 mm. The main composition of rice straw consisted of 9.9% moisture, 38.4% cellulose, 
23.2% hemicellulose and 12.0% lignin. 
 
Acid pretreatment  
Chopped rice straw with size of <1.25 mm, 1.25-2.0 mm, 2.0-5.0 mm, 5.0-15.0 mm and 15.0-
30.0 mm was suspended in 1.0% (w/v) H2SO4 in ratio of 15:100 (w/v) rice straw and H2SO4. 
After that the samples were heated in autoclave at 121 ○C, 15 lb/in2 for 15 min. They were 
then cooled and adjusted pH to 5.0 with NaOH solution. The samples were subsequently 
filtrated through filter paper (Whatman No.1) with vacuum filtration. The solid residues were 
collected at 5 ○C for batch enzymatic hydrolysis test. 
 
Batch enzymatic hydrolysis 
The pretreated rice straws were used to produce reducing sugar by batch enzymatic 
hydrolysis at low and high solid loading. The solids obtained were mixed with sodium citrate 
buffer pH 5 to 5.0, 7.0, 10.0, 12.5, 15.0, 17.5 and 20.0% (w/v) solid dosages and adjusted pH 
to 5 again with H2SO4 or NaOH solution. The 45 FPU/g substrate of Accellerase 1000™ 
enzyme was added for batch enzymatic hydrolysis. The mixtures were carried out at 50oC 
and 200 rpm with shaking incubator. The samples were periodically taken, centrifuged and 
measured reducing sugar in hydrolysate. 
 
Analytical methods 
The cellulose, hemicellulose and lignin contents were determined by the methods described 
by the Technical Association of Pulp and Paper Industry (TAPPI, 1993; TAPPI, 1946; 
TAPPI, 1988). The concentration of reducing sugar in the hydrolysate was analyzed by DNS 
method (Miller, 1959). The conversion of rice straw was calculated as following the equation 
below 
 
 

Rice straw conversion =    
Total reducing sugar (g) 

Dry rice straw (g) 

BB12
Typewritten text
86



 

The 26th Annual Meeting of the Thai Society for Biotechnology and International Conference 

All experiments were carried out in triplicate and the data reported are average values ± 
standard deviation (S.D.). The composition of rice straw or its hydrolysate residue was 
expressed on dry basis throughout this work. 
 
Results 

The effect of rice straw size (<1.25, 1.25-2.0, 2.0-5.0, 5.0-15.0 and 15.0-30.0 mm) on batch 
enzymatic hydrolysis at 5, and 10%w/v (DS) solid for cellulosic ethanol production was 
investigated in 250 mL of Duran bottle together with mixing in shaking incubator. The results 
showed that reducing sugar concentrations and rice straw conversions obtaining from 
hydrolysis substrate concentration 5% w/v (DS) at sizes <1.25, 1.25-2.0, 2.0-5.0, 5.0-15.0 
and 15.0-30.0 mm were not significantly different (figure 1). At 10.0% w/v (DS) solid 
loading, the larger size showed drastic effect on batch enzymatic hydrolysis. It was found that 
the rice straw size of 5.0-15.0 mm and 15.0-30.0 mm could not be digested by batch 
enzymatic hydrolysis at 10.0%solid (data not shown). While rice straw size of 0-1.25 mm, 
1.25-2.0 mm, and 2.0-5.0 mm well digested, the reducing sugar concentration and the rice 
straw conversion obtained did not significant differences (figure 1). 
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Figure 1: Reducing sugar concentration (    ) and rice straw conversion (    ) after passing 
through batch enzymatic hydrolysis at 5.0%(w/v) and 10.0% (w/v) solid loading for different 
sizes of rice straw. 
 
The rice straw size of 2.0-5.0 mm could not be digested by batch enzymatic hydrolysis at the 
solid loading over 10.0% (w/v), as the rice straw size of 0-1.25 mm and 1.25-2.0 mm could 
be processed. It was found that the reducing sugar concentration of rice straw size 1.25-2.0 
mm and 0-1.25 mm strongly dropped at solid loading over 15.0%(w/v) and 17.5%(w/v) 
(figure 2). These results was similar to Gupta et al. (2012) who found that the sugar 
concentration significantly increased only up to 15.0%(w/v) substrate and declined thereafter 
at 20% (w/v) substrate level. In addition, the rice straw conversion of both small sizes (1.25-
2.0 mm and 0.0-1.25 mm) showed decreasing at solid loading over 10.0% (w/v) (figure 2). 
This result agree with Srinorakutara et al. (2012) who found that the rice straw conversion 
decreased when water insoluble solid (WIS) was 12.0% (w/v) in the pretreated slurry. 
 
The rice straw conversion of 1.25-2.0 mm size showed stronger decreasing than 0-1.25 mm 
size. The rice straw size of 1.25-2.0 mm gave constantly sharp decreasing of rice straw 
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conversion from 341 mg/g Ds to 60 mg/g Ds when the solid loading increased from 10.0% 
(w/v) to 20.0% (w/v). At the rice straw size of 0-1.25 mm, the rice straw conversion 
gradually decreased with the increasing of solid loading up over 10.0% (w/v). It sharply 
decreased from 240 mg/g Ds to 116 mg/g Ds when the solid loading was over 17.5% (w/v) as 
shown in figure 2. 
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Figure 2: Reducing sugar concentration (A) and rice straw conversion (B) obtaining from 
batch enzymatic hydrolysis at 5.0-20.0% (w/v) solid loading for the rice straw size of 0-1.25 
mm and 1.25-2.0 mm 
 
Discussion 
 
Several researches reported that surface area of materials high effected on enzymatic 
hydrolysis (Wen et al., 2005; Moller, 2006). The small size or high surface area of materials 
would be better digest than large size or low surface area, such as a decrease in particle size 
from 840–590 to 590–350 m enhanced glucose yield by 29% (Wen et al., 2005). However, 
this study showed that there was no effect of rice straw size or surface area on batch 
enzymatic hydrolysis at 5% solid. All of size of rice straw tested in this work, it was found 
that the reducing sugar concentration and rice straw conversion were not significant different 
after batch enzymatic hydrolysis at 5% solid. This may be because of low viscosity and a lot 
of free water at 5% solid. This causes enzyme easy access to the surface of rice straw. The 

(A) 

(B) 
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results indicated that viscosity and free water gave higher effect on the batch enzymatic 
hydrolysis than the surface area of material. 
 
In addition, at 10% solid and up over, the rice straw size showed drastic effect on batch 
enzymatic hydrolysis. The rice straw with the size of >5.00 mm could not be digested at 10% 
solid and the rice straw size of >2.00 mm could not be also digested at solid up over 10%. 
Although the smaller size of rice straw could be well digested, the reducing sugars obtained 
was no significant differences. These may affect from the viscosity and the available free 
water of slurry. The large size of rice straw especially at >5.00 mm showed high viscosity 
and lacking available free water. The small size of rice straw showed low viscosity and a lot 
of available free water (figure 3). It has been known that enzyme requires free water for 
diffusion to the surface area of material. Cao and Tan (2002) reported that there were three 
processes occurring before onset of the enzymatic hydrolysis of cellulose: (1) the diffusion of 
cellulase in the liquid; (2) the transfer of cellulase from the liquid to the surface of substrate; 
and (3) the enzyme absorption of cellulose onto the enzyme with the formation of an 
enzyme–cellulose complex. The large size of rice straw not only creates high viscosity but 
also creates the lacking of available free water of slurry. The lack of free water of slurry 
resulted to stop the first step of enzymatic hydrolysis, the diffusion of cellulase in the liquid, 
and enzymatic hydrolysis in overall. In addition, high concentration of substrate hinders the 
transfer of cellulase so that the enzyme does not sufficiently touch the substrate, which 
affects the hydrolysis of cellulose in the last step (Cao and Tan, 2002). Matsakas and 
Chistakopoulos (2013) reported that the initial dry matter (DM) loading up over 15% creates 
no free water existing in the slurry of batch hydrolysis, and the slurry becomes difficult to 
handle. Puri et al., (2013) Jorgensen et al. (2007) and Gupta et al. (2012) reported that many 
crucial problems of high solid loading in batch enzymatic hydrolysis decreased in efficiency 
of enzyme and conversion of material because of low mixing, poor heat transfer, shear 
inactivation of cellulase, low water availability and high viscosity of slurry.  
 
To overcome these problems (high viscosity and low water availability), the batch enzymatic 
hydrolysis at low substrate level, the use of the small rice straw size might be a solution. 
However, at the low level of substrate such as 5% and 10% solid, it still gave low 
concentration of reducing sugar (figure 1). It is not also suitable for large scale production. 
For the small size of rice straw, only a little help obtained in this study it increased the 
reducing sugar concentration as the rice straw size was between 0-1.25 mm and 1.25-2.5 mm 
giving the highest reducing sugar of only 69.86 and 54.32 g/L. In addition, the rice straw 
conversion sharply decreased when solid loading was over 10% as shown in figure. It is not 
suitable for large scale production. Puri et al. (2013) reported that an 8.0%wt sugar solution 
requires as a starting point for the fermentation. 
 
From this work, it is suggested that large scale production of cellulosic ethanol should require 
the high solid loading leading to high concentration of reducing sugar and high ethanol 
production. Matsakas and Chistakopoulos (2013) and Fan et al. (2003) also reported that the 
initial dry matter (DM) loading has to be over 15%, which unavoidable to be found high 
viscosity and lack free water available of slurry. 
 
If the high reducing sugar or ethanol concentration production at high solid loading requires, 
problems of the high viscosity and the low free water availability of slurry would be 
necessary to solve for the first priority. There were many attempts of researches try to 
overcome these problems such as homogenizing the slurry before entering to the enzyme 
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hydrolysis process (Zhu et al., 2011; Srinorakutara et al., 2012), the use of gravity or 
tumbling mixing (Puri et al., 2013) and fed-batch hydrolysis (Zhang et al., 2010), etc. 

 
 
 

 

 
Figure 3: The batch slurry of 10.0% (w/v) solid loading in batch enzymatic hydrolysis with 
different sizes of rice straw. 
 
Conclusion 
 
The size or surface area of rice straw was no effect on batch enzymatic hydrolysis at low 
substrate level (5%solid). However, it was drastic effected at high substrate level (10%solid 
and up over). The large size of rice straw was harder to digest than the small size because the 
large size of rice straw not only created high viscosity but also created low free water 
availability. The lack of free water available of slurry resulted to stop first step of enzyme 
hydrolysis, the diffusion of cellulase in the liquid, and it will then stop enzymatic hydrolysis 
in overall. 
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