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ABSTRACT Lignocellulosic biomass in the form of crop straw, an abundant agricultural residue, 
can be utilized as feedstock for bioethanol production. However, the complex lignocellulosic nature 
of biomass makes the process economically infeasible. This drawback necessitates the breakdown 
and disruption of the lignified matrix to enhance easy and economical access to the energy 
potentials of cellulose and hemicellulose. Barley straw was subjected to radio frequency alkaline 
pretreatment to increase the degradability, accessibility, and digestibility of the energy potentials. 
The effect of the pretreatment was assessed through chemical composition analysis using the 
National Renewable Energy Laboratory (NREL) standard method. The radio frequency alkaline 
treatment combinations that resulted to optimum yield of cellulose and hemicellulose were selected 
and then enzymatically digested with a combined mixture of cellulase and β-glucosidase enzymes 
at 50oC for 96 h on a shaking incubator at 250 rev/min. The glucose in the hydrolyzed samples was 
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subsequently quantified. The results obtained confirmed the effectiveness of the pretreatment 
process. The average available percentage glucose yield that was released during the enzymatic 
hydrolysis for bioethanol production ranged from 78-96% depending on the treatment combination. 
While the non-treated sample has available average percentage glucose yield of just below 12%. 

Keywords: bioethanol, glucose, enzymatic saccharification, pretreatment, radio frequency 
alkaline. 
 

1. INTRODUCTION Lignocellulosic agricultural and forest biomass residues have been identified 
as potential feedstock for industrial bioethanol production. Cellulose and hemicellulose are the 
major components of biomass. These are largely protected from attack by enzymes. This 
inaccessibility to enzymatic attack is mainly due to the association of these polysaccharides with 
lignin and with each other, all of these collaboratively act as great barrier shielding the 
polysaccharides from hydrolysis (Söderström et al., 2003; Fan et al., 2006a; Chandra et al., 2007; 
Mohammad and Karimi, 2008). Due to the recalcitrance and resistance to enzymatic attack, the 
lignocellulosic biomass must be pretreated to alter the structure and compositions of the substrate, 
and partially remove lignin, before it can be effectively and enzymatically hydrolyzed. A suitable 
pretreatment should result in reduction of the lignin content, an increase in surface area and 
porosity of the biomass particles, eliminate the natural resistance of cellulose towards cellulase 
activity, increase the accessibility and digestibility of cellulose and hemicellulose, limit the formation 
of inhibitors (such as furfural, 5-hydroxyl-methyl furfural, formic acid, vanillic acid, syringic acid and 
syringylaldehyde), and should be cost effective (Qi et al., 2009; Jørgensen et al., 2007; Li et al., 
2004; Jacobus, 1997). Different approaches, such as mechanical, chemical, thermochemical, and 
biological pretreatment, have been applied for the pretreatment of lignocellulosic biomass (Sun and 
Cheng, 2002). Li et al., (2004) and Mais et al., (2002) reported that pretreatment such as ball 
milling, significantly increased yield and selectivity of enzymatic saccharification, due to the 
enhancement of the accessible surface area and the average size of the capillaries within the 
biomass particles. These are two of the major factors limiting efficient hydrolysis of biomass. Iroba 
et al., (2013) investigated the application of radio frequency alkaline pretreatment on lignocellulosic 
barley straw. These researchers reported that this technique resulted in lower acid insoluble lignin 
and higher total acid soluble lignin moieties. Li et al., (2004) and Mais et al., (2002) reported that 
pretreatment of biomass (ball milling) improves the rate of saccharification and reduce the amount 
of enzyme required to attain total hydrolysis of the carbohydrate moieties.   

Insoluble cellulose chains can be broken down to form soluble glucan chains and sugars such as 
single glucose sugar molecules by enzymes known as cellulase (Kumar et al., 2009; Jacobus, 
1997). Cellulase refers to a class of enzymes produced chiefly by bacteria, fungi, and protozoans 
that catalyze the hydrolysis of cellulose (Kumar et al., 2009). However, there are also cellulases 
produced by animals and plants. Such reaction happens at body temperature in the stomachs of 
ruminants such as cows and sheep, where the enzymes are produced by intestinal bacteria (Kumar 
et al., 2009). Lignocellulosic materials can similarly be enzymatically hydrolyzed under relatively 
mild conditions (50°C and pH ~ 5), enabling effective cellulose breakdown without the formation of 
inhibitors or byproducts that would otherwise inhibit enzyme activity (Kumar et al., 2009). Enzymes 
work synergistically to hydrolyze cellulose by creating new accessible sites for each other, 
removing obstacles and relieving product inhibition (Jørgensen et al., 2007; Eriksson et al., 2002). 
Wen et al., (2004) reported that enzymatic process is believed to be the most promising technology 
for bioconversion of lignocellulosic biomass to monomeric sugars, because enzymatic hydrolysis is 
milder, more specific, and does not produce byproducts unlike the dilute acid conversion process. 
However, the current bioconversion process is not economically viable, because enzymatic 
hydrolysis is slow and requires high enzyme loading to effectively realize reasonable conversion 
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rates and yields, which are due to the influence of the substrate factors discussed above, as well as 
some mechanistic factors such as cellulase adsorption and synergism (Lynd et al., 2002; Mansfield 
et al., 1999; Wyman, 1999). 

 

Cellulose-based enzymatic hydrolysis (saccharification) for bioethanol production involves two 
steps, namely: 

(1) Enzymatic hydrolysis (saccharification); 

 
cellulases

n56 10 2 6 12 6
Cellulose Glucose

(C H O ) + nH O nC H O⎯⎯⎯⎯→1 44 2 4 43 1 4 2 4 3            (1) 

 

and (2) Fermentation. 

 

2
microbes

56 12 6 2
EthanolGlucose

+ 2COC H O 2C H OH⎯⎯⎯⎯⎯→
1 44 2 4 431 4 2 4 3

            (2) 

These two steps could be done separately or in a combined state, frequently called simultaneous 
saccharification and fermentation (SSF) (Wingren et al., 2003; Alfani et al., 2000). In this way 
glucose is fermented into ethanol in-situ without the need for extra separate reactor. However, the 
optimum operating conditions for enzymes and fermenting microorganism are usually not the same. 
Cellulase have an optimum condition of around 50°C whereas yeast and bacteria have growth 
optima condition of around 32-37°C (Chen and Jin, 2006; Wingren et al., 2003; Alfani et al., 2000). 
Therefore, there is a trade off between cost and optimum activity, because the operation of SSF is 
at suboptimal conditions for enzymatic hydrolysis. Ethanol and lactic acid are inhibitory to cellulase. 
Such effects of enzymatic inhibition by fermentation products should also be taken into 
consideration, and evaluated before selecting the hydrolysis and fermentation strategy for the 
biorefinery industry (Chen and Jin, 2006; Wingren et al., 2003; Alfani et al., 2000; Holtzapple et al., 
1990).   

The focus of this current investigation is on the enzymatic saccharification/hydrolysis of pretreated 
and non-treated biomass barley straw grind. In the previous findings (Iroba et al., 2013), it was 
observed that the use of radio frequency (RF) alkaline pretreatment led to higher total acid soluble 
lignin moieties, with corresponding cellulose and hemicellulose yield. If the acid soluble lignin were 
easily accessed, it therefore implies that there was disruption and deconstruction of the lignified 
cross-linking matrix.  It was predicted that this will enhance the accessibility and digestibility of the 
energy potentials (cellulose and hemicellulose) during the next stage of the process (enzymatic 
saccharification/hydrolysis), and subsequently assist in decreasing the required amount and costs 
of enzymes by up to a maximum of 64% (Iroba et al., 2013). Therefore, the objective of this 
investigation was to validate and evaluate the readily available enzyme digestible glucose 
(cellulose) in the RF alkaline pretreated and non-treated samples. Cellulose (glucose) is the major 
sugar (>40%) in barley straw, therefore; the yields of this sugar was used to evaluate the efficiency 
of the pretreatment process. 

 
2. MATERIALS AND METHOD 
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2.1.  Sample Preparation and Pretreatment Barley straw ground in a hammer mill with a 
1.6 mm screen size was pretreated using RF techniques as described in detail by Iroba et al., 
(2013). The samples were dried and adjusted to 10% moisture (w.b.) using the forced-air 
convection dryer (Shaw et al., 2007) set at 40oC. The chemical compositions (structural 
carbohydrates and the complex phenolic polymer (lignin)) of the pretreated and non-treated 
samples were analyzed using the Ultra Performance Liquid Chromatography (UPLC- Acquity 2004-
2010, Waters Corp., Milford, MA) based on National Renewable Energy Laboratory standard 
(NREL- Sluiter et al., 2007). The NREL standard uses a two-step acid hydrolysis to fractionate the 
biomass into forms that are more easily quantified. The RF treatment combinations that resulted to 
the optimum yield of the total acid soluble lignin, cellulose, and hemicellulose were selected (table 
1) for enzymatic saccharification, and subsequently subjected to glucose analysis using the 
National Renewable Energy Laboratory Standard (NREL- Selig et al., 2008). This procedure is 
used for the enzymatic saccharification of cellulose from native or pretreated lignocellulosic 
biomass to glucose, in order to determine the maximum extent of digestibility possible. This 
standard is also used to measure the efficacy of a given pretreatment based on a maximum 
enzyme loading. The screen size of the selected chemically and thermally altered samples (with 
changed structural composition) and some selected pretreated densified samples (table 1) were 
further reduced to 0.8 mm using the precision grinder (Falling Number, Model No. 111739, S-141 
05 Huddinge, Sweden).  
 
Table 1. Selected optimum RF alkaline pretreated samples  

Temperature (oC) Biomass: 
NaOH solution ratio 

NaOH concentration 
(%) 

24 1:6 1 

24d 1:6 1 

70 1:6 1 

80 1:6 1 

80d 1:6 1 

90 1:6 1 

d = pretreated densified samples. The RF selected treatment combination was ratio 1:6 
(100 g biomass and 600 g NaOH solution) 

 
2.2. Washing of the RF alkaline pretreated and pretreated densified samples According to 
National Renewable Energy Laboratory Standard (NREL- Selig et al., 2008), this method of 
enzymatic saccharification of lignocellulosic biomass is not suitable for acid- and alkaline-pretreated 
biomass samples that have not been washed. Unwashed pretreated biomass samples containing 
free acid or alkali may change solution pH to values outside the range of enzymatic activity; and the 
unwashed glucose in the biomass may influence the final result. Therefore, to get rid of the NaOH 
solution in the RF alkaline pretreated and densified pretreated samples, a vacuum filter consisting 
of a perforated porcelain funnel 200 mL with Whatman filter paper (size 40) was used. Tap water 
(approximately 1 L) was repeatedly used for the washing until the pH reached around 7.0. The 
washed samples were again dried to 10% moisture (w.b.) using the forced-air convection dryer 
(Shaw et al., 2007) set at 40oC. Prior to the enzymatic saccharification, the biomass straw at 10% 
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(w.b.) was bone-dried at 105oC in an air oven (Shel-Lab model No. 1350F; Sheldon Manufacturing 
Inc., Cornelius, OR) for 24 h.  
 
2.3. Enzymatic saccharification/hydrolysis of lignocellulosic biomass barley straw grind 
Approximately 150 ± 0.5 mg of the oven bone-dried total biomass sample on a 105oC dry weight 
basis was weighed and added to a 26 mL (7 dram) clear scintillation vial. To each vial, 5.0 mL of 
0.1 M, pH 4.8 sodium citrate buffer and 100 µL of a 2% sodium azide solution were added. The 
biomass materials were completely mixed with buffer solution ensuring it to be fully moist at all 
times. It allows water to penetrate into capillary spaces breaking hydrogen bonds inside cellulose 
molecules and forcing apart microcrystallites (Jacobus, 1997; Klyosov, 1990). The sodium azide 
helps prevent the growth of organisms during digestion. Cellulase (C2730-50 mL, cellulase from 
Trichoderma reesei ATTC 26921, Sigma-Aldrich Co., St. Louis, MO) and β-glucosidase (C6105-50 
mL, Novozyme® 188, Sigma-Aldrich Co., St. Louis, MO) enzymes of known activity/concentration, 
189 FPU/mL and 483 pNPGU/mL (CBU/mL), respectively, were used for the digestion. The 
expected cellulase and β-glucosidase enzymes activity approximately equals 60 FPU/g and 64 
pNPGU/g cellulose, respectively. The volume of the cellulase and β-glucosidase enzymes of known 
activity to be added to the substrate (biomass sample) were calculated based on the following 
factors: the theoretical cellulose content (X%) in the substrate, which have already been 
determined by cell wall analysis by Iroba et al., (2013) using the National Renewable Energy 
Laboratory Standard (NREL- Sluiter et al., 2007), dry weight of the oven bone-dried total biomass 
sample (Y g), and the expected enzymes activity of cellulase and β-glucosidase (Z FPU/g). 
 
Sample calculation using the non-treated biomass (control), with 42.51% theoretical cellulose:  
 
The filter paper unit (FPU) of the cellulase enzyme: 
 
0.4251 (X) x 0.15004 g (Y) x 60 FPU/g (Z) = 3.8269 FPU             (3) 
 
Therefore, the volume (mL) of cellulase enzyme to be added to the substrate: 
 

=  
 3.8269 FPU x 1 mL

189 FPU
                          (4) 

In the same manner, the volume of β-glucosidase enzyme to be added was determined based on 
the above approach. Thereafter, the amount of distilled water needed to bring the total volume in 
each vial to 10.00 mL was calculated and added appropriately to each vial. Marsden and Gray, 
(1985) reported that moisture has three functions in enzymatic hydrolysis: (1) it swells the fiber and 
opens up the fine structure; (2) water molecules are added to the glucosidic bonds during hydrolytic 
cleavage; and (3) it provides a medium for the diffusion of enzymes and products. Based on the 
NREL method standard, all solutions and the biomass are assumed to have a specific gravity of 
1.000 g/mL. Thus, with the example given above where 0.15004 g of control biomass was added to 
the vial, it was assumed to occupy 0.15004 mL. The enzymes are always added last since the 
reaction is initiated by the addition of enzyme. The reaction blank for the substrate (using non-
treated biomass) was prepared with the buffer, water, and identical amount of substrate in 10.00 
mL volume. Cellulase blank (no cellulase but contains β-glucosidase) and β-glucosidase blank (no 
β-glucosidase but contains cellulase) were prepared with buffer, water, and the identical amount of 
the enzyme. The vials were tightly closed, placed in a scintillation vial rack, and placed in a shaking 
incubator (Classic C24, serial No. 790860283, New Brunswick Scientific Co. Inc., Edison, NJ). The 
temperature was set to 50o ± 1oC, which is the optimum operating condition for the enzymes. The 
incubation was done for 96 h with shaking/rotation at 250 rev/min, which is sufficient to keep solids 
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in constant suspension throughout the incubation period for the release of soluble sugars from the 
samples. At the end of the incubation, the sample was allowed to cool at room temperature. 
Samples were centrifuged at 14 rev/min for 5 min using a microcentrifuge (Bio-Rad Labs, Model 
16K, Serial No. B812473, Hercules, CA). The supernatants were used for sugar measurement. A 1 
mL plastic syringe was used to draw a representative sample from the vial.  The representative 
sample was filtered through a 0.45 µm filter into a 1 mL vial for glucose analysis. Three replicates of 
each sample were performed. 

 
2.4. YSI glucose biochemistry analyzer The D-Glucose (Dextrose) in the hydrolyzed samples 
was subsequently analyzed using the YSI biochemistry analyzer (YSI 2700 Select, Serial No. 
06E0116, YSI Inc., Yellow Springs, OH). To ascertain the effectiveness and performance of the 
instrument, 5 mg/mL of cellulose (type 20, Sigmacell®, S3504-1KG, Batch No. 107K0150, Sigma-
Aldrich Co., St. Louis, MO) and α-D-glucose (Anhydrous 96%, 158968-3KG, Batch No. MKBB8469, 
Aldrich Chemistry Co., St. Louis, MO) were separately prepared and measured. YSI Select 2700 
employs a steady state measurement methodology and is equipped with automatic self-calibration 
with a frequency of every five sample measurement. A substrate (dextrose) enters the sample 
chamber, stirred and diluted. The substrate then diffuses through a thin polycarbonate membrane 
material. The rate of the chemical reaction in YSI which is shown below is limited primarily by 
diffusion. It is based on the principle of immobilized oxidase enzymes that employs enzyme 
catalyzed reactions to ultimately produce hydrogen peroxide, which electrochemically oxidized at 
the platinum anode of an electrochemical probe. The following reaction occurs: 

 

2 2 2oxidaseSubstrate+O H O +Byproduct⎯⎯⎯⎯→                         (5) 

 

 
Fig. 1. YSI 2700 Select glucose biochemistry analyzer 

 
This produces a probe signal current that subsequently translate into concentration of the glucose 
present in the sample. For each run of the analysis, the black and white membranes generate 
corresponding dextrose readings. Three replicates of each sample were performed.  
 
2.5. Percentage glucose digestion/proportional glucose The enzymes used (cellulase and β-
glucosidase) are concentrations of the supernatant of the crude prepared enzymes. This implies 
that the enzymes are not hundred percent pure, therefore, the enzyme blanks will contain traces of 
glucose concentration in the cellulase and β-glucosidase enzymes.  Therefore, this trace of glucose 
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concentrations in the centrifuged supernatant must be determined using the YSI by preparing 
enzyme blanks, and subsequently corrected/subtracted from the glucose concentrations of the 
substrates. To calculate the percent digestibility of the cellulose added to the scintillation vial, first 
the grams cellulose digested (D) was computed using equation 6: 
 
D = YSI glucose reading, g/L (corrected with blanks) x V (mL) x C                 (6) 
 
Where C is equal to 0.9, the correction for hydration (to correct for the water molecule added upon 
hydrolysis of the cellulose polymer). V is equal to 10 mL (0.01 L), which is the total volume of 
assay, because the YSI Select 2700 uses only a representative quantity of about 25 µL for the 
glucose analysis.  
 
The %digestion or proportional glucose was calculated using equation 7: 
 

grams cellulose digested%glucose digestion  =  100
grams cellulose added

×             (7) 

 
The grams cellulose added is the theoretical glucose (cellulose) obtained from the cell wall analysis 
using the UPLC based on the National Renewable Energy Laboratory standard (NREL- Sluiter et 
al., 2007).  
 
The %digestion increase was computed based on equation 8:            
 

%digestion increase = 
average %glucose digestion of treated sample x 100

average %glucose digestion of non treated sample−
           (8) 

 
Assumption made:  In the calculations using equations 3 and 7, it was assumed that the pretreated 
densified samples have the same amount of cellulose as the pretreated samples. This is because 
the chemical compositions of the densified samples were not analyzed using the UPLC after the 
densification process. This assumption will not affect the overall yield, but may influence the yield of 
the enzymatic hydrolysis, especially if more of the energy potentials have been further released 
during the densification process.  
 
3. RESULTS AND DISCUSSIONS To determine and further investigate the suitability of RF 
alkaline pretreatment of lignocellulosic biomass, the optimum treatment combinations with higher 
total acid soluble lignin, cellulose, and hemicellulose were selected. These were subjected to 
cellulose-based enzymatic hydrolysis to further breakdown the complex carbohydrate (cellulose) to 
simple sugar (glucose). The percentage glucose digestion or the proportional glucose as shown in 
table 2 below validates the accessibility and digestibility of cellulose (glucose) in the RF alkaline 
pretreated and non-treated samples. The obtained data reflects the efficiency and suitability of the 
pretreatment process. The average glucose concentration (impurity) present in the cellulase and β-
glucosidase enzymes which was determined using the YSI was 0.01 g/l and 0.04 g/l, respectively. 
These were used for the correction of the substrate glucose concentration. 
The average available glucose yield (%) that was released during enzymatic hydrolysis which is 
available for bioethanol production ranged from 78 – 96% for the RF alkaline pretreated samples 
depending on the treatment combination. The RF alkaline pretreated samples have higher acid 
soluble lignin and cellulose compared to the non-treated samples. In the same trend, the non-
treated sample has average available glucose yield of just below 12% due to the lignified nature of 
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non-treated lignocellulosic biomass. Such low rate and extent of conversion inhibit the development 
of economically viable bioethanol production. Fan and co-workers, (2006b) reported that the 
limitations of available sites for enzymatic attack arises from the fact that the average size of the 
capillaries in native/non-treated biomass is too small to allow the entrance of large enzyme 
molecules, as such enzymatic attack is confined to the external surface. 
 

Table 2. Chemical composition and YSI glucose digestion of RF alkaline and non-treated barley 
straw grind  

Radio frequency pretreatment 

Pretreated 
temperature 

(oC) 

Moisture 
content 

(%) 

Retention 
time (min.) 

% 

cellulose 
in 

substrate 

Acid 
soluble 
lignin in 

substrate 
(ng/mg) 

Average 
YSI 

glucose 
reading 

(g/L) 

Average 
%glucose  
digestion 

% 

digestion 
increase 
over non-

treated 
sample 

Non-treated 8 - 42.51 286.82 0.86 (0.01) 11.34 (0.24) - 

24* 87 20 30.93 471.61 4.11 (0.07) 78.38 (1.26) 690.85 

24D* 87d 20d 30.93 - 5.00 (0.18) 95.76 (4.27) 844.07 

70 87 20 28.25 419.45 4.79 (0.09) 96.64 (2.19) 851.85 

80** 87 20 31.94 440.00 4.46 (0.09) 82.44 (1.90) 726.71 

80D** 87d 20d 31.94 - 4.89 (0.35) 96.44 (3.71) 850.10 

90 87 20 30.37 375.68 4.71 (0.14) 91.91 (3.42) 810.16 

Blank 8 - 42.51 286.82 0.12 (0.01) 0.97 (0.18) - 

d = pretreated densified sample; Value in parentheses is standard error; n = 2 for RF pretreatment 
and chemical composition, n = 18 for YSI glucose digestion; Blank = substrate (non-treated 
biomass), buffer, and water with no enzymes; * and ** are samples assumed to have the same 
amount of cellulose.   

 

In this investigation, the applied RF alkaline pretreatment enhanced the degree of hydrolysis and 
increased the glucose yield of barley straw grind 6.9-8.5 times relative to the control (non-treated), 
There is usually low yield when non-treated/native lignocellulosic biomass is subjected to enzymatic 
hydrolysis due to the high stability of the material to enzymatic or bacterial attacks (Söderström et 
al., 2003). Fan and co-workers, (2006b) reported that most often, biodegradation of non-treated 
lignocellulosic biomass results in low yield of sugar from enzymatic hydrolysis, generally below 20% 
of the theoretical maximum. This value (<20%) is comparable with the value of glucose yield 
(<12%) obtained from the non-treated biomass in this recent investigation. However, it is very 
difficult to compare such yield because of differences in feedstocks (chemical compositions), 
environmental effects, method of pretreatment, and data analysis approach. Kumar et al., (2009) 
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investigated the enzymatic digestibility of corn stover that was pretreated with ammonia fiber 
explosion (AFEX) at different ratios of ammonia to biomass. The optimal pretreatment conditions 
for corn stover were found to be at temperature of 90°C, an ammonia/dry corn stover mass ratio of 
1:1, moisture content of corn stover of 60% (dry weight basis), and residence time (holding at target 
temperature) of 5 min. These researchers reported that approximately 98% of the theoretical 
glucose yield was obtained during enzymatic hydrolysis of the optimally treated corn stover. The 
ethanol yield from the pretreated corn stover increased up to 2.2 times over that of the non-treated 
sample. 

Sun and Cheng, (2002) and Feist et al., (1970) reported that the mechanism of the interaction of 
alkaline and lignocellulosic biomass causes saponification of intermolecular ester bonds linkages 
within the biomass thus promoting the swelling of lignocellulosic biomass beyond water-swollen 
dimensions and favoring increased enzymatic and microbiological penetration into the cell-wall fine 
structure. Millett et al., (1975) using alkali-treated hardwood and Fan et al. (1981c) with wheat straw 
pretreated by different methods including both acid and alkali, reported that hydrolysis of the 
cellulose increased rapidly with the removal of lignin. Chosdu et al., (1993) used a combination of 
irradiation and 2% NaOH for pretreatment of corn stalk, cassava bark, and peanut husk. The 
glucose yield of corn stalk was 20% in non-treated samples compared to 43% after treatment with 
electron beam irradiation at a dose of 500 kGy and 2% NaOH, but the glucose yields of cassava 
bark and peanut husk were only 3.5% and 2.5%, respectively. Azzam, (1989) investigated the 
pretreatment of cane bagasse with hydrogen peroxide. This researcher reported that hydrogen 
peroxide greatly enhanced its susceptibility to enzymatic hydrolysis. About 50% of the lignin and 
most of the hemicellulose were solubilized by 2% H2O2 at 30°C within 8 h, and 95% efficiency of 
glucose production from cellulose was achieved in the subsequent saccharification by cellulase at 
45°C for 24 h. Bjerre et al., (1996) used wet oxidation and alkaline hydrolysis of wheat straw (20 g 
of straw/L, 170°C, 5-10 min) and achieved an 85% conversion yield of cellulose to glucose.  

Based on equations 3 and 4, the non-treated biomass consumed higher amount of enzymes than 
the RF pretreated samples (table 3). Even with the higher amount of enzymes added to the non-
treated biomass, the available glucose yield was still lower than the RF pretreated samples. This 
implies that more enzymes are required in order to increase the available glucose yield of the non-
treated biomass. More enzymes imply more cost for the biofuel industry. Cost is one of the major 
challenges that the biofuel industry is experiencing today. Li et al., (2004) and Mais et al., (2002) 
reported that pretreatment of biomass (ball milling) improves the rate of saccharification and reduce 
the amount of enzyme required to attain total hydrolysis of the carbohydrate moieties. 
 
 
Table 3. Amount of cellulase and β-glucosidase enzymes used for the enzymatic saccharification of 
RF alkaline pretreated and non-treated lignocellulosic biomass barley straw grind. 
Radio frequency pretreatment 
Pretreated 
temperature (oC) 

Moisture content 
(%) 

Retention time 
(min.) 

Amount of 
cellulase used 
(µL) 

Amount of β-
glucosidase 
used (µL) 

Non-treated 8 - 20.24 8.45 
24* 87 20 14.73 6.15 
24d* 87d 20d 14.73 6.15 
70 87 20 13.45 5.62 
80** 87 20 15.21 6.35 
80d** 87d 20d 15.21 6.35 
90 87 20 14.46 6.04 
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d = pretreated densified sample; * and ** are samples assumed to have the same amount of 
cellulose.   

 

This present investigation confirms that the pretreatment of biomass subsequently assist in 
decreasing the required amount and costs of enzymes for the bioethanol industry. Vega et al., 
(1991) and Li et al., (2004) reported that high enzyme loading will significantly increase cost and 
use of high enzyme concentrations may not be economically justified. 

 

The reaction blank for the substrate as shown in table 2 depicts the effectiveness of the enzymes 
used. There was a significance decrease in the available glucose yield of the reaction blank relative 
to the non-treated enzymes hydrolyzed sample. The densification of biomass seems to be a further 
pretreatment process. The densified biomass seems to have higher available average percentage 
glucose yield that was released during the enzymatic hydrolysis. This might be due to the 
compaction/compression of the biomass at the preset densification temperature, which seems to 
cause further deconstruction/disruption of the biomass matrix. From this investigation, it is being 
hypothesized that compression/densification/pressing alters the biomass physical and chemical 
structures and further melt and caused re-distribution of alkaline within the cell cavities of the 
biomass, leading to further breaking down of the biomass bonds during the densification process. 
Consequently, higher hydrolysis yield of soluble sugar (glucose) results. However, the 
information/data obtained from this current investigation is not a sufficient evidence to conclude this 
trend; as such further investigation is required in future to ascertain this preliminary 
finding/investigation.   

 
4. CONCLUSION In this investigation, enzymatic hydrolysis of RF alkaline exploded pretreated and 
non-treated lignocellulosic biomass barley straw grind was performed. Based on the data collected, 
it is evident that pretreatment fractionate lignin and hemicellulose, leaving a low molecular mass 
cellulose. RF alkaline pretreatment techniques create reaction sites for enzymatic hydrolysis with a 
corresponding higher glucose yield relative to the non-treated sample. The RF alkaline pretreated 
samples have higher acid soluble lignin and glucose digestion yield compared to the non-treated 
samples. The pretreated samples required low enzyme loading with a corresponding higher 
glucose yield unlike the non-treated sample. The glucose yield shows the amount of readily 
available glucose in the RF alkaline pretreated and non-treated biomass that can be released 
during the enzymatic hydrolysis, which will be available for bioethanol production. The yield in RF 
alkaline pretreatment was better correlated with the ratio of biomass to NaOH solution followed by 
the RF temperature. Based on the data collected from this present investigation, the most favorable 
pretreatment condition from the RF alkaline technique is ratio 1:6 (biomass to NaOH solution), 
70oC, 20 min retention time, 1% NaOH, with a hammer screen size of 1.6 mm. Therefore, it can be 
concluded that to improve the yield of lignocellulosic biomass for bioethanol production, it is 
necessary to perform pretreatment prior to the enzymatic hydrolysis step.  

 

Recommendation for future research Densification seems to be another form of pretreatment; 
further investigation should be done in future, to collect enough data to ascertain the effect of 
densification on glucose yield. 
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