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Abstract 

Sugarcane bagasse has been considered as a substrate for single cell protein, animal feed, and renewable energy 
production. Sugarcane bagasse generally contain up to 45% glucose polymer cellulose, 40% hemicelluloses, and 
20% lignin. Pure cellulose is readily depolymerised by radiation, but in biomass, the cellulose is intimately 
bonded with lignin, that protect it from radiation effects. The objective of this study is the evaluation of the 
electron beam irradiation as a pre-treatment to enzymatic hydrolysis of cellulose in order to facilitate its 
fermentation and improves the production of ethanol biofuel. Samples of sugarcane bagasse were obtained in 
sugar/ethanol Iracema Mill sited in Piracicaba, Brazil, and were irradiated using Radiation Dynamics Electron 
Beam Accelerator with 1.5 MeV energy and 37kW, in batch systems. The applied absorbed doses of the fist 
sampling, Bagasse A, were 20 kGy, 50 kGy, 100 kGy and 200 kGy.  After the evaluation the preliminary 
obtained results, it was applied lower absorbed doses in the second assay: 5 kGy, 10 kGy, 20 kGy, 30 kGy, 50 
kGy, 70 kGy, 100 kGy and 150 kGy. The electron beam processing took to changes in the sugarcane bagasse 
structure and composition, lignin and cellulose cleavage. The yield of enzymatic hydrolyzes of cellulose increase 
about 75 % with 30 kGy of absorbed dose.  

1. OBJECTIVE OF THE RESEARCH 

 
The main objective of the project is to study the cleavage of lignocellulosic material from sugarcane 
bagasse using ionizing radiation from gamma source and industrial electron beam accelerator in order 
to facilitate its hydrolysis and fermentation and improves the production of ethanol bio-fuel.  
 
Specific Objectives:  
 

1. To study the most adequate sugarcane bagasse and pre-treatments for irradiation processing; 
2. To study the better irradiation systems in order  to reach the expected results at different 

radiation sources (gamma and electron  beam) for irradiation processing optimization; 
3. To study the modification of irradiated sugarcane bagasse fibber and the degradation of the 

natural polymer cellulose, hemicelluloses and lignin in different varieties developed in Brazil 
by CTC; 

4. Enzymatic and chemical hydrolysis and fermentation studies of irradiated sugarcane bagasse 
and consequently bio-fuel ethanol production; 

5. Construction of pilot plant scale to produce cellulose ethanol bio-fuel by radiation processing 
for feasibility and economics studies of irradiated sugarcane bagasse in the bio-fuel ethanol 
production for industrial scale. 
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2. INTRODUCTION 

Sugarcane bagasse generally contain up to 45% glucose polymer cellulose, much of which is in a 
crystalline structure, 40% hemicelluloses, an amorphous polymer usually composed of xylose, 
arabinose, galactose, glucose, and mannose  and 20% lignin, which cannot be easily separated into 
readily utilizable components due to their recalcitrant nature. The remainder is lesser amounts of 
mineral, wax, and other compounds [1]. Cellulose is highly crystalline with comparatively rigid linear 
chains essentially free of side branching. The hydroxyl groups attached to the chains provide strong 
intermolecular bonding. Cellulose is a linear polymer of cellobiose repeating unit, and the degree of 
polymerization is normally 10 to 100 times greater than that of hemicelluloses. The lignin and 
hemicelluloses molecules are linked through ester linkages formed by the carboxyl groups in the lignin 
[2, 3]. 
 
The process to convert the sugarcane bagasse to ethanol biofuel consist to three steps, those are the 
delignification (liberation of cellulose and hemicelluloses from lignin named pre-treatment), 
depolymerisation of the carbohydrate polymer to produce free sugar (hydrolysis) and fermentation of 
mixed hexose and pentose sugars to produce ethanol. The Sugarcane bagasse pre-treatment’s are 
physical and chemical process that reduce the crystallinity, disrupt the hydrogen bonding of cellulose 
to more accessibility to hydrolytic depolymerisation reactions. Enzymatic hydrolysis of cellulose is a 
reaction carried out by cellulase enzymes, which are highly specific [4]. 
 
Several studies have shown that the irradiation of cotton cellulose deteriorated the mechanical 
parameters due to the chain scission reaction within the cellulose molecules. Literature studies have 
reported that the high-energy radiation cause a decrease in the degree of polymerization and an 
increase in the carbonyl content of cotton cellulose. Others studies have showed that, as a pre-
treatment method, ionizing irradiation is equivalent in terms of increasing the digestibility to that of 
NaOH treatment, one of the most commonly used method in upgrading foliage digestibility [5, 6, 7, 8, 
9].  

 

The cleavage of polysaccharides from sugarcane bagasse using ionizing radiation from an industrial 
electron beam accelerator was studied, in order to facilitate enzymatic hydrolysis of cellulose. The 
main obstacle of cellulose hydrolysis by irradiation is destruction of the product, in this way it were 
applied absorbed doses as low as necessary to get cleavage in the lignin, but to avoid loss of glucose 
due to indiscriminatory degradation of cellulose and hemicelluloses. 

 

3. MATERIALS AND METHODS 

 

3.1. Sampling 
Two sugarcane bagasse samples from Iracema Mill (Piracicaba-SP) were collected. The first one, 
called “assay 1” were collected in the rainfalls and the bagasse was 15 days old and presented an 
average humidity of 50% and density 0.14 g/dm3; the second one, called “assay 2” was collected just 
after the milling with a humidity average of 60% and density 0.16 g/dm3.  
 
3.2. Radiation Processing 
The electron beam irradiation was carried out using Radiation Dynamics Inc. USA Electron Beam 
Accelerator with 1.5 MeV energy and 37 kW, in batch systems. The irradiation parameters used were 
2.8 cm sample width for assay 1 and 2.4 cm width for assay 2, 112 cm (94.1%) scan, and 6.72 m/min 
conveyor stream velocity. The preliminary applied absorbed doses were 20 kGy, 50 kGy, 10 0 kGy 
and 200 kGy.  After obtained results evaluation, lower absorbed doses were applied in the second 
assay, such as 5 kGy, 10 kGy, 20 kGy, 30 kGy, 50 kGy, 70 kGy, 100 kGy, and 150 kGy (Figure 1). 
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FIG. 1. Samples irradiation at the electron beam accelerator in the IPEN. 

 

3.3. Chemical Analysis 
After irradiation, sugarcane bagasse was separated by fibber size using sieves of 1.00 mm and 0.42 
mm, this separation was important to remove the solids residues present due to sugarcane harvest 
process. After humidity rate determination, the bagasse was dried in an oven for 24 h at 60 oC and 
characterized by analysis of lignin, free sugar, and cellulose, using chemical methods adapted from 
literature [1, 5, 10]. 
   
Lignin was determinated by Klason method.  To 0.3 g of sample it was added 3.0 mL of H2SO4, and 85 
mL of destilled water and reflux for 1 h to 60oC. The preciptate was dried in an oven for 24 h at 100 
oC, and the lignin was determinated gravimetrically.  
 
The phenol content was analyzed after extractions with acetonitrile, using an ultrasonic system per 30 
minutes, and determined by gas chromatography in association with mass spectrometry, Shimadzu, 
model GC-MS QP-5000Klason Lignin were determinated by extraction of polissacarides with strong 
acids H2SO4 and determination of lignin gravimetricaly. The phenol content was analyzed after 
extraction with hexane/dichloromethane 1:1 v/v solvent, using an ultrasonic system per 30 minutes 
and determined by gas chromatography, Shimadzu, model GC-FID 17-A.  
 

The low molecular weight carbohydrates (hemicelluloses and degraded cellulose) were determinate 
using the standard method (ASTM D1109, 1984). To 2.0 g of sample it was added 100 mL of NaOH 
1% (p/v). The sample was filtered and the precipitate was dried for 24 h and determinate 
gravimetrically. 

 

Hot solubility that represents the total free sugars was determinate by standard method (ASTM D1110, 
1984). To 2.00 g of sample it was added 100 mL of distilled water and reflux for 3 h to 100 oC.  The 
sample was filtered and the precipitate was dried for 24 h and determinate gravimetrically. 

 

To cellulose total determination it was adopted the method described by Fengel and Wegener, 1989. 
To 5.0 g it was added a mixture of acetic acid 80% and nitric acid 70% in proportion 10:1, v/v, and 
reflux for 20 minutes at 60oC. The precipitate was filtered with the aid of suction and determinate 
gravimetrically. 
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Alpha and beta cellulose must be determinate on an extractive-free, lignin-free sugarcane bagasse 
sample, and were determinate using standard methods (ASTM D1103 and NBR14032). Alpha-
Cellulose represents high molecular mass cellulose and beta-cellulose represents the degraded 
cellulose and hemicelluloses [1, 5, 10]. 

 
3.4. Infrared Spectroscopy 
The main difficult to infrared spectroscopy analyses was the sample preparation with KBr mixture. 
The ideal mixture was 0.0500 g of KBr and  0.0010 g (m/m) of sample. The analysis were made using 
an IV Espectrofotometric interferometric, BOMEM, model MB-SERIES. 
 
3.5. Scanning Electronic Microscopy 
Electronic microcopies of the sugarcane bagasse from assay 2 were obtained using a Transmittance 
Electronic Microscopy from Phillips, to verify the material structural changes caused by the ionizing 
radiation.  

  
3.6. Enzymatic hydrolysis 
The enzymatic hydrolysis of the non irradiated and irradiated bagasse was done at the CTC 
laboratories using samples from the Assay 2, for 24 and 48 h. It was used 50 of total mass in the 
reactor with 8% of solids charge (dry base). The enzyme concentrate used was a commercial 
Trichoderma reesei cellulose preparation (Celluclast 1.5 L), kindly supplied by Novozymes 
(Bagsvaerd, Denmark), with 5FPU/g-cellulose and Beta-glycosidase 0.5% (p/p). 

 

4.  RESULTS 

 

After analysing the results of the first assay, it was evaluated that the applied radiation dose could be 
lower , because the obtained results of, e.g., free sugar,  cellulose alpha and phenol after irradiation 
demonstraded that some modifications have ocurred in the sugarcane bagasse structure with absorved 
doses lower than 20 kGy. Considering this the applied irradiation doses in the second assay began 
from 5 kGy.  

 
4.1. Chemical analysis 
The results of lignin concentration related to applied radiation dose for Assay 1 and 2 are presented in 
the Table.1. These results show that, considering the Klason method, the variations of the lignin 
concentration do not change with the applied absorbed doses in both assay. But the results of phenol, 
that is liberated by cleavage of lignin molecule, presented in the Figure 2 showed a increasing in 
phenol concentration related to absorbed doses until 100 kGy. After that it was observed a decreasing, 
that may be caused by the competition between the formation and degradation of phenol by radiation.  

The low molecular weight carbohydrates (hemicellulose) showed a increase with the applied absorbed 
dose indicating a clevage of these polyssacharide, about 20% after irradiation with 100 kGy for 
samples from both assay(Table 1), but even with the low doses (5 kGy and 10kGy) a light increase can 
be notice in samples from the second assay.    
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TABLE 1. PERCENTUAL COMPOSITION OF SUGARCANE BAGASSE FROM TWO ASSAYS BEFORE 
AND AFTER IRRADIATION IN VARIOUS ABSORVED DOSES. 

Dose Hemicellulose Lignin Free sugar Alpha cellulose Beta cellulose 

(kGy) Assay 1 Assay 2 Assay 1 Assay 2 
Assay 

1 
Assay 

2 
Assay 

1 
Assay 

2 Assay 1
Assay 

2 
0 31.27 36.70 25.99 29.54 11.31 8.19 90.88 71.52 22.72 24.06 
5 n.a. 40.06 n.a. 33.61 n.a. 10.51 n.a. 56.49 n.a. 37.91 

10 n.a. 40.67 n.a. 31.16 n.a. 10.80 n.a. 59.27 n.a. 37.57 
20 34.75 40.63 23.64 33.96 9.32 11.08 47.68 20.96 60.32 74.17 
30 n.a. 45.41 n.a. 35.96 n.a. 12.13 n.a. 18.25 n.a. 79.75 
50 55.45 46.98 26.53 34.76 9.14 13.29 35.86 5.16 84.90 92.09 
70 n.a. 50.49 n.a. 36.74 n.a. 13.66 n.a. 2.38 n.a. 94.43 

100 55.45 54.42 22.41 37.17 11.84 14.32 2.70 0.00 99.55 96.43 
150 63.95 60.38 21.70 34.30 15.51 17.49 0.24 0.00 147.76 94.45 
200 71.42 n.a. 19.00 n.a. 21.51 n.a. n.a. n.a. 114.88 n.a. 

Na= not applied 

An increasing of the free sugar can be observed when absorbed doses higher than 100 kGy were 
applied in samples from both assay.  These sugars are liberated by the total cleavage of cellulose and 
hemicellulose and  are represented mainly by glicose and xylose, respectively.    

 
 

 
 

FIG. 2. Phenol liberation after irradiation of sugarcane bagasse in various absorbed doses.    
 

The sugarcane bagasse from Assay1 presented 46.9±0.6% of total cellulose and the bagasse from 
Assay 2 presented 49.8±0.8%. Cellulose presented higher sensibility to radiation than the other 
lignocelluloses, this can be observed by the results of alpha cellulose showed in the Table 1 for assay 1 
(sample “A”) and the assay 2 (sample “B”). In both assays the alpha-Cellulose   that is the portion 
insoluble in Noah 17.5% and represent high molecular mass cellulose, reduces about 99% with 100 
key of absorbed doses. 
 
The radiation effect on the beta cellulose that is the solubilizated in NAOH 17.5% and precipitated in 
acid and represents the degraded cellulose and hemicellulose are presented in the Fig. 2.  The 
behaviour of beta cellulose were similar in the two assays, showing a increasing of the degradation 
with dose until 100 kGy, and a decreasing after that suggesting that in higher absorved doses the 
molecules can recombine.  
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4.2. Infrared Spectroscopy 
Figure 3 presents the transmittance spectra of the samples from Assay 2. After irradiation the 
absorbance’s peak at the 3350 cm-1, 2927 cm-1, 1732 cm-1, 1592 cm-1, 1045 cm-1 and 896cm-1   are 
more evident and they are in the reference interview to cellulose characterization according to 
literature [9, 19, 23, and 25]. The absorption peak at 3350 cm-1 represents the hydroxyls in the 
molecule. The C-H is represented by the absorbance at 2927 cm-1,  the carbonyl group (C=O) by the 
absorbance at 1732 cm-1, and the C-O-C by the absorbance at 1045 cm-1.  
 
 

 

FIG. 3. Infrared spectra of sugarcane bagasse related to absorbed doses, with the identification of main organic function of 
cellulose structure. 

 
4.3. Scanning Electronic Microscopy 
Electronic microscopy of the sugarcane bagasse from Assay 2 samples was obtained to verify the 
material structural changes caused by the ionizing radiation. The non irradiated sample exhibited rigid 
and highly ordered fibrils (Fig. 4).  After irradiation some cleavage in the external layer can be 
observed, the material structure was modified resulting some free particles.  
 
This partial delaminating of the cell wall of the irradiated samples enhances the substrate accessibility 
to the enzymes because enzymatic hydrolysis requires direct physical contact  between enzyme and 
substrate, the enzymes must diffuse from the bulk aqueous solution to the particle surface, diffuse 
through physical barriers such as lignin, adsorb on the substrate surface, and then catalyze the 
hydrolysis.  
 

60 
 

Working Material

Working Document



 

 

 
 

FIG. 4. Eletronic micrography of sugarcane bagasse non irradiated and irradiated with 10 kGy and 50 kGy. 
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4.4. Enzymatic hydrolyze 
The enzymatic hydrolyze were applied to samples from de second collect, and evaluate the convertion 
of cellulose to glucose by action of enzyme complex. After irradiation the glucose concentration 
increased after 24 h and also after 48h with absorbed doses from 5 to 30 kGy, then for higher doses 
there were a decreasing in the glucose concentration (Fig. 5). 
 
During the saccharification of lignocelluloses polysaccharides, aliphatic acids, e.g. acetic, formic and 
levulinic acid, furan derivatives, e.g. furfural and 5-hydroxyl-methyl-furfural (HMF), and phenolic 
compounds are formed in addition to the released sugars. These compounds might seriously inhibit the 
subsequent enzyme decreasing the hydrolyze yield [4, 11]. That can be investigated in next step of 
studies.  
 
With 20 kGy the conversion yield of cellulose to glucose increases from 8% to 14%, which represent 
75% of efficiency. Even with higher doses the yield after irradiation was higher than the non irradiated 
sample, and the minimal were 10% for 150 kGy. 
 
In the Figure 6 is showed the results of humidity test wich accomplish the incubation for enzymatic 
hydrolysis. The difference among the non irradiated and the irradiated samples in all doses were not 
significative, that is an advantage because the maintenance of humidity is very important to the 
enzymatic process (Fig. 7).  

  
 

 

FIG. 5. Convertion of cellulose to glicose by the enzymatic complex (CELUCLAST) related to absorbed doses. 
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FIG. 6. Humidity variation during the enzymatic process  related to absorbed dose. 

 

5.  CONCLUSION 

The obtained results from present work showed that the lignin did not degrade even in high absorbed 
doses (200kGy), but the increase of phenol compounds sugest a partial cleavage of the molecules.  
 
The liberation of free sugars have occurred after radiation processing. The decreasing of alpha-
cellulose and the increasing of beta-cellulose means that a cleavage of cellulose occurred in relatively 
very low absorbed doses (lower than 20 kGy) considering other investigations in the literature. 
 
These results reflect that the ionizing radiation with low doses can cleavage the external structure of 
sugarcane bagasse without destroy the cellulose or lost the sugar, that is desirable as pretreatment to 
enzymatic attack.  
 
The stoked for 20 days and the just squeezed bagasse  showed no significant variations on the results. 
 
The yield of enzymatic hydrolyzes of cellulose increased until 75 % with absorbed dose, and the 
decreasing after 20 kGy have to be investigated in future studies. 
 
 

6. FUTURE PLAN OF PROJECT 

• CHEMICAL ANALYSIS OF SUGARS 

The HPLC/ELSD system now installed has very good specificity and linearity to carachterization and 
quantification of sugars and it will be useful to further experiments, to better understanding the action 
mechanism of ionizing radiation in the sugarcane bagasse structure. 

• COMBINATION OF IRRADIATION WITH ENZYMATIC   AND CHEMICAL 
HYDROLYSIS OF CELLULOSE FROM SUGARCANE BAGASSE   

• COMPARISION AND COMBINATION OF IRRADIATION WITH  THE 
PRETREATMENT PROCESS OF TEAM EXPLOSION 

• FERMENTATION OF THE SUGARCANE BAGASSE AFTER IRRADIATION AND 
AFTER CELLULOSE HIDROLYSIS.   
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