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Abstract 

Sugarcane bagasse is a cheap and abundant raw material which can be used for biogas production. However, this 

biomass is resistant to microbial attack and must be previously pretreated. In the present work, sugarcane bagasse was 

subjected to dilute sulphuric acid treatment and enzymatic hydrolysis. The acid treatment was performed in an autoclave, at 

121ºC with 0.95% (w/w) of acid. The parameters varied were residence time, bagasse particle size and the addition of a 

supplemental post-treatment incubation period. In the enzymatic reaction were tested the role of enzyme loadings and the 

effect of some parameters of the acid treatment in the bagasse‟s enzymatic digestibility. The most relevant products resulting 

from these treatments were analyzed for their biochemical methane potential. 

The obtained saccharifications were low, possibly due to a combination of bagasse recalcitrance and weak acid 

hydrolysis. Carbohydrate recovery in the acid hydrolysate was almost 40%, mostly in the form of xylose. Less than 14% of 

the pulp‟s total carbohydrates were hydrolyzed by enzymatic action. However, this hydrolysate possessed a good 

biochemical methane potential, seeming promising for biogas production. 

 Some relevant features limiting the overall treatment effectiveness were identified, paving way for future studies to 

significantly improve this process. 

Keywords: Biogas; Sugarcane bagasse; Pretreatment; Dilute Acid; Enzymatic Hydrolysis; Biochemical methane potential. 

 

1. Introduction 

Fossil fuel resources have been for a long time 

the main energy source to supply the world‟s needs. 

These needs have kept on increasing, but oil reserves 

are limited and it‟s expected a great decline in 

worldwide production of crude oil in the near future 

(Sun et al., 2002). Furthermore, its use releases 

many greenhouse gases to the atmosphere. Those 

reasons have aroused interest in the research of 

alternative and renewable energy sources. 

Biogas is a fuel that can be produced through 

anaerobic digestion of sewage waters, industrial and 

agricultural wastes. It presents several advantages 

over fossil fuels, having gained popularity in 

countries like Sweden and Germany. In those 

countries, the current trend is an increasing biogas 

demand, which has been superior to supply. Current 

production is mainly from sewage treatment plants 

and landfills (Gasföreningen, 2008). Meeting this 

demand can only be done with the support of biogas 

generated from lignocellulosic materials, among 

which is the cheap and abundant sugarcane bagasse. 

Lignocellulosic materials are composed mainly 

of cellulose, hemicellulose and lignin. The first two 

constitute the carbohydrate content of this biomass, 

which can go up to 75% of total mass (Jørgensen et 

al, 2007). A great part of cellulose fibers are in a 

compact and organized crystalline form, providing 

little surface area for hydrolysis reactions. 

Furthermore, they form a strong cohesive matrix 

with hemicellulose and lignin, becoming highly 

protected from enzymatic and microbial attack. 

Because of this, biogas production directly from this 

type of feedstocks is slow and has a low yield. 

Several methods have been studied for pretreatment 

of bagasse for conversion to simple sugars, which 

can then be digested into biogas. Some of the most 

promising technologies are dilute acid hydrolysis 

(Aguilar et al., 2002), alkaline hydrolysis (Kurakake 
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et al., 2001), wet oxidation (Martin et al., 2007a), 

steam explosion (Martin et al., 2002) and liquid hot 

water (Laser et al., 2002). One of the main goals of 

these pretreatments is to remove hemicellulose 

and/or lignin from the raw material, creating 

cellulose fibers that are more fragile and susceptible 

to enzymatic action. Extensive saccharification of 

cellulose is then possible by an enzymatic hydrolysis 

using commercial cellulases.  

Acid treatment works primarily on 

hemicellulose, hydrolyzing it to monomeric sugars 

to a great extent. It is possible complete 

hemicellulose removal from the solids. Lignin is not 

significantly removed, since even though some part 

of it is solubilized, it recondenses forming an altered 

lignin polymer (Torget et al., 1991). Still, this 

disruption and redistribution of lignin weakens the 

carbohydrate-lignin matrix, increasing cellulose 

accessible surface area (Yang et al., 2004; Wyman, 

1996).  Several acids can be used in this process, 

such as sulphuric (Aguilar et al., 2002), hydrochloric 

(Bustos et al., 2003), nitric (Rodriguéz-Chong et al., 

2004) and phosphoric acids (Gaméz et al., 2006). In 

Aguilar‟s work with sulphuric acid, the optimal 

conditions for hemicellulose removal were 2% acid, 

122ºC and 20 min of treatment, obtaining 92% 

recovery of xylan as xylose in the hydrolysate. 

Enzymatic hydrolysis of bagasse is highly 

dependent on the effectiveness of the pretreatment. 

Weaker pretreatments result in fibers which yield 

little sugars when enzymatically hydrolyzed. Lignin 

content greatly affects the maximum extent of the 

reaction, while crystallinity influences more the 

initial reaction rate (Chang et al., 2000). Enzyme 

loading can be increased to correct some of this, but 

there are limiting enzyme concentrations over which 

no improvement in sugar recovery is observed. 

 Anaerobic digestion is a complex process 

involving many microorganisms and metabolic 

pathways. A valuable tool to evaluate the potential 

of a determined substrate for biogas production is 

the biochemical methane potential (BMP) assay, 

developed by Owen et al. (1979). This assay 

quantifies the amount of organic matter passive of 

being biologically converted to methane in 

anaerobic conditions, giving important estimates 

when upscaling a process from laboratory scale. 

This work deals with the acid treatment of 

sugarcane bagasse with sulphuric acid and 

subsequent enzymatic hydrolysis with cellulases and 

xylanases. The specific methane productions of 

several of the treated materials were assayed in a 

BMP batch anaerobic digestion. 

2. Materials and Methods 

2.1 Biomass 

The raw material used, sugarcane bagasse, was 

collected from local industries in two different 

countries, India and Pakistan. Raw materials were 

screened with sieves with mesh pore sizes of 10; 4; 

1.6; 0.85 and 0.18 mm, obtaining the profiles of 

particle size distribution. The characteristics are 

summarized in Table 1.When necessary bagasse was 

milled with a AEG laboratory cutting mill, equipped 

with a 0.5mm mesh screen. 

Table 1 – Summary of bagasse characteristics (in %). 

Bagasse origin India Pakistan 
TS 91.6 82.4 

VS (dry basis) 98.1 96.6 

 Particle size distribution (mm)   

≥ 10  1.0 4.6 

[4;10[ 12.7 18.2 

[1.6;4[ 41.8 20.6 

[0.85;1.6[ 25.0 13.4 

[0.18;0.85[ 19.2 34.4 

< 0.18 0.3 3.7 

2.2 Analytical Methods 

Total solids, volatile solids and fiber analysis 

(determination of cellulose, hemicelluloses, lignin 

and extractives in bagasse) were measured using 

National Renewable Energy Laboratory (NREL) 

standard procedures. Throughout this work, the 

compositions are expressed based on the dry weight 

of biomass. 

The liquid samples were analyzed by HPLC, 

equipped with an RI detector. For fiber analysis, the 

concentrations of glucose, xylose, galactose, 

mannose and arabinose were determined using an 

Aminex HPX-87P column at 80ºC, a 125-0119 

precolumn (Biorad), and H2O as mobile phase at 

0.6ml.min−1. Determination of glucose, xylose, 

cellobiose and acetic acid concentrations on other 

liquid samples was made with an Aminex HPX-87H 

column at 55ºC, a 125-0129 precolumn, with a 5mM 

H2SO4  mobile phase at 0.6 ml.min−1. 

Quantification of reducing sugars on liquid 

samples was made using the DNS method, 

determined as glucose equivalents by 

spectrophotometric methods (Summers, 1924). The 

intensity of the created color was detected using a 

Ultraspec 1000 UV-Vis Spectrophotometer 

(Pharmacia Biotech) at a wavelength of 540 nm. 

2.3 Dilute acid hydrolysis 

Sugarcane bagasse from India was used in this 

experiment. The raw biomass, employed at a solids 

loading of 5% (w/w), was mixed with 0.1M 

sulphuric acid (0.93%, w/w) up to a final volume of 
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200mL. Control reactors using water instead of acid 

were made. They were treated in an autoclave at 

121ºC, with residence time of 15 minutes at 

maximum temperature, for a total of 3h autoclaving 

time. The liquid fraction was neutralized by NaOH 

addition and was posteriorly separated by filtration. 

Its composition was analyzed by the DNS method 

and HPLC. The unhydrolysed solid residue was 

dried at 105ºC for 6 hours and stored for further usage. 

Variations to this treatment were: incubating 

the autoclaved vessels in a shaking water bath at 

30ºC and 70 rpm for 6h, 12 and 24h; using residence 

times at 121ºC of 15, 30 and 60 minutes, with 50mL 

of working volume; using milled bagasse with 

particle size < 0.5 mm. The liquid fraction from 

these treatment variations was only analyzed for 

reducing sugar concentrations by the DNS method. 

2.4 Enzymatic Hydrolysis 

The enzymes used (GC 140 xylanase, Y5 

xylanase and AccelleraseTM 1000) were kindly 

provided by Genencor. AccelleraseTM 1000 is an 

enzymatic mixture with mainly exoglucanase, 

endoglucanase, hemi-cellulase and β-glucosidase 

activities. All reactors used in this section were 

made in triplicates. 

2.4.1 Effect of enzyme loading on untreated 

Indian bagasse hydrolysis 

Untreated Indian sugarcane bagasse, employed at 

a solids loading of 5% (w/w), was mixed with 

varying amounts of a 1:1 mixture of Accellerase 

1000 and GC 140 xylanase, in pH4.8 phosphate 

buffer, with a final volume of 10mL (Table 2). 

Table 2 – Experimental setup for studying the effect of 
different Accellerase 1000 and GC 140 xylanase loadings 
in the hydrolysis of sugarcane bagasse. 

Reactions 

Accellerase 1000 GC 140 Xylanase 

% (v/v) 
mL product /g 

cellulose 
% (v/v) 

Control 0 0 0 

0.95% 0.95 0.48 0.95 

1.90% 1.9 0.96 1.9 

2.85% 2.85 1.44 2.85 

3.80% 3.8 1.91 3.8 

4.75% 4.75 2.39 4.75 

5.70% 5.7 2.87 5.7 

6.65% 6.65 3.35 6.65 

7.60% 7.6 3.83 7.6 

The reaction was monitored by following the 

amount of reducing sugars in the liquid phase. 

Samples were taken at various times during a 72h 

period and analyzed by the DNS method.  

2.4.2 Effect of acid pretreatment on enzymatic 

hydrolysis 

A reaction similar to the one described 

previously was carried out using the 5.7% loading 

and acid treated solids (and respective untreated 

controls) without incubation after autoclaving 

(called 0h) and the ones incubated for 6, 12 and 24 

hours.  

The setup described in Table 3 (until Rx 2 line) 

was repeated for each type of bagasse (addressed as 

0h, 6h, 12h, 24h). The background sugar 

concentrations of untreated and acid treated bagasses 

were assayed with the reactors „Control 1‟ and 

„Control 2‟, respectively.  

An enzymatic reaction with milled bagasse was 

carried out for 48h, using reactors with the same 

compositions as Rx 1 and Rx 2 (Table 3).  

More enzymatic reactions were run, this time 

varying the enzyme combinations used. Bagasse that 

wasn‟t incubated after acid hydrolysis was mixed 

with 5.7% of Accellerase 1000 without any 

xylanase, or with a 1:1 mixture of Accellerase plus 

Y5 xylanase (Rx 3 to Rx 6 in Table 3).  These 

reactions were also followed for 48h. 

2.4.2 Effect of enzyme loading on acid treated 

Pakistanese bagasse hydrolysis 

Enzymatic hydrolysis reactions were carried out 

to study the behavior of Pakistanese bagasse upon  

acid and  enzymatic treatments and different enzyme 

loadings. The bagasse used was taken from the 

larger scale acid hydrolysis treatment carried out in 

section 2.5, during the substrate preparation for the 

anaerobic digestion. Like with the first enzyme 

loading study, it was used 5% solids loading with a 

10mL final volume, using different amounts of a 1:1 

mixture of CG 140 xylanase and Accellerase 1000 

(Table 4). 

  

Table 3 – Experimental setup used for studying the effect of dilute H2SO4 pre-treatment on the enzymatic hydrolysis of 
sugarcane bagasse, using various enzyme combinations. (% in v/v) 

Reactors untreated bagasse (g) Acid treated bagasse (g) Accellerase 1000 (%) GC 140 Xylanase (%)  Y5 Xylanase (% ) 

Control 1 0.5 
 

0 0 0 

Control 2 
 

0.5 0 0 0 

Rx 1 0.5 
 

5.7 5.7 5.7 

Rx 2 
 

0.5 5.7 5.7 5.7 

Rx 3 0.5 
 

5.7 0 0 

Rx 4 
 

0.5 5.7 0 0 

Rx 5 0.5 
 

5.7 0 5.7 

Rx 6 
 

0.5 5.7 0 5.7 
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Table 4 – Experimental setup used for for studying 

enzymatic hydrolysis of Pakistanese bagasse. (% in v/v)- 

Reactors 
Untreated 

bagasse (g) 

Acid 

treated 

bagasse (g) 

Accellerase 

1000 (%) 

GC 140 

xylanase  

(%) 

Control 1 0.5  0 0 

Control 2  0.5 0 0 

1.9% NT 0.5  1.9 1.9 

1.9% T  0.5 1.9 1.9 

3% NT 0.5  3 3 

3% T  0.5 3 3 

3.8% NT 0.5  3.8 3.8 

3.8% T  0.5 3.8 3.8 

5.7% NT 0.5  5.7 5.7 

5.7% T  0.5 5.7 5.7 

7.6% NT 0.5  7.6 7.6 

7.6% T  0.5 7.6 7.6 

2.5 Integrated Pretreatment and Anaerobic 

Digestion 

The biogas production potential of several 

fractions of bagasse was evaluated, from the original 

to the acid and enzyme treated, using both pulp and 

hydrolysates. It was used Pakistanese bagasse in a 

batch anaerobic digestion process, preceded by 

none, one or two pretreatments. The following 

scheme illustrates how the pretreatment steps are 

connected to each other and which fractions were 

used in anaerobic digestion. 

 
Figure 1 - Flow sheet presentation the pretreatment steps 
employed and the fractions used in anaerobic digestion 
(boxes with green borders). 

The acid treatment was made at 5% solids, 

0.93% acid, a final volume of 2L and was 

autoclaved at 121ºC for 30 minutes (excluding 

heating and cooling times). The liquid fraction was 

analyzed for reducing sugars. The solid fraction did 

not undergo drying and was used wet for both the 

anaerobic digestion and for the enzymatic 

hydrolysis. The enzymatic reaction was carried out 

in a 1L scale, solids loading of 5%, with 3% of 

Accellerase and 3% of GC 140 xylanase, and it was 

stopped at 13h. At the start and end of the reaction, 

the liquid fraction was analyzed for reducing sugars.  

The anaerobic digestion was carried out with an 

inoculum from a local biogas plant. The inoculum-

to-substrate ratio used was 2 (VS basis) and the final 

volume was 300mL. The control substrates did not 

respect that ratio and were used in the same amount 

as their treated counterparts. Control reactors were 

also prepared with only inoculum and water, to 

measure background methane production, and a 

reactor with Avicel, which was used as a reference 

substrate. The digestion was carried out in shaking 

water baths, for 52 days, at 37ºC and 70 rpm. The 

amounts of gas produced were regularly measured 

by a gas measuring syringe and their methane 

content was determined by gas chromatography 

(GC).  

It was used a 6890 Network GC system (Agilent 

Technologies), equipped with a Haysep N 80/100, 9 

ft, 1/8 mesh column, a thermal conductivity detector, 

operated at 150ºC. Two settings were used, 

depending on the gas sample. One used a column 

temperature of 60ºC, while the other was 80ºC. In 

both cases, the carrier gas flowrate (helium) was 

28.8mL/min.  

After the digestion the reactor‟s headspace 

volume was measure and the final sludges were 

analyzed for TS and VS. The biochemical methane 

potential was calculated by dividing the accumulated 

methane production (subtracting the background 

production due to inoculum) by the initial VS 

content of the substrates. Substrate VS reduction 

was also calculated. 

3. Results and Discussion 

The chemical composition of the original Indian 

bagasse and the acid treated bagasse are summarized 

in Table 5.  

The total carbohydrate content was a little above 

50%, with glucan being the main component. The 

main polymer from hemicellulose was xylan, at 

16.6%. This bagasse had a significantly lower xylan 

content than other values found in literature (Sasaki 

et al., 2003; Rodríguez-Chong et al., 2003). Glucan 

content was within the expected range, but lignin 

was higher than observed on any of the mentioned 

Sugarcane Bagasse 

Bagasse + acid Bagasse + water 

Autoclaving and processing 

Hydrolysate  Hydrolysate 

Pulp Pulp 

Pulp + enzymes + 
buffer 

Pulp + buffer 

Liquor Liquor 

Pulp Pulp 

Acid treatment 
Control to Acid 

treatment 

Control to Enzymatic 
treatment 

Enzymatic treatment 
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works. Therefore, some recalcitrance to the 

treatments was expected. 

Table 5  – Chemical composition of untreated and acid 
treated sugarcane bagasse (Values in %). 

Component Raw bagasse Acid treated bagasse 
Total Carbohydrates: 56.3 52.1 

Cellulose (glucan) 39.7 45.3 

Total Hemicellulose: 16.6 6.8 

Xylan 14.6 6.1 

Arabinan 1.8 0.7 

Mannan 0.1 0.0 

Total Lignin: 30.4 25.7 

Acid Insoluble Lignin 22.2 21.4 

Acid Soluble Lignin 8.2 4.3 

Total Extractives: 4.9 21.8 

Water Extractives 3.1 18.2 

Ethanol Extractives 1.8 3.6 

Others 8.3 0.4 

3.1 Dilute Acid Pretreatment 

Acid treatment removed mainly xylan, but a 

significant amount was still left (6%), which fell 

short of the nearly 100% hemicellulose removal 

reported in other works (Taherzadeh et al., 2008). 

Lignin was only slightly reduced, mainly due to the 

reduction in acid soluble lignin. The higher amount 

of extractives may be explained by the acid 

weakening the structural rigidity, leaving significant 

part of the material very “loose”, more prone to be 

removed by the water and ethanol extractions. 

Acid treatment of bagasse resulted in the release 

of about 13 g/L of reducing sugars in the 

hydrolysate. The post-autoclaving incubation did 

little to improve these values. Although it was 

observed a slightly higher sugar concentration in the 

24h hydrolysate (relative percent difference (RPD) 

of 7.7% vs. 0h), its standard deviation was also 

greater (Figure 2).  

 
Figure 2 – Effect of dilute sulphuric acid treatment 

and time in shaking water bath after autoclaving in the 
sugar concentrations present in the hydrolysate. 
Hydrolysates‟ sugar concentration is read on the left axis, 
while saccharifications are read on the right axis. 

The HPLC analysis of the 0h hydrolysate 

returned 10.31g/L of xylose, 0.62g/L of both 

cellobiose and glucose, and 2.07 g/L of acetic acid. 

These results were within expectations, since the 

main component solubilized during acid treatment is 

hemicellulose, which is mostly made of xylose. The 

acetic acid present was mostly from the acetylated 

residues in xylan. 

Recovery of xylan as xylose and glucan as 

glucose and cellobiose was estimated assuming all 

reducing sugars detected in the control hydrolysate 

were xylose, since xylan is the most easily removed 

component. Xylose recovery was 115%. This 

conflicted with the xylan contents of bagasse before 

and after pretreatment. Since the values from HPLC 

seemed to be in accordance with the values from 

DNS analysis, it is more probable that the 

quantification mistake belonged to the fibre analysis, 

which, as discussed earlier, returned a significantly 

lower xylose content than expected. To support this 

hypothesis, the sugar and acetic acid concentrations 

obtained in this treatment were compared to the ones 

observed in Aguilar et al. (2002). Their treatment 

was operated at a similar temperature, but with 

double the solids loading. The concentrations 

observed in this work were about half of Aguilar‟s. 

Since linearity between solids loading and product 

concentrations is usually observed in the 5-10% 

range, this would mean that treatments in both works 

solubilized similar amounts of sugars. However, in 

their work, that corresponded to nearly 90% of xylan 

removal, while here the total xylan content went 

from 16% to 6%, which represents a clearly inferior 

removal. In order to get conclusive results, the fiber 

analysis should be repeated. 

 
Figure 3 – Effect of dilute sulphuric acid treatment 

and autoclave residence time sugar concentrations present 
in the hydrolysate. Hydrolysates‟ sugar concentration is 
read on the left axis, while conversions are read on the 
right axis. 

Increasing the residence time from 15 to 30 min 

translated into higher sugar concentrations (RPD 

between 15 and 30 min was 12.3%). The difference 

from 30 to 60 min was minimal. Therefore, 

residence times of 30 min seemed more attractive in 

terms of the hydrolysate‟s sugar concentration, when 
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weighting sugar amount against time spent in the 

treatment (Figure 3).  

The smaller scale of reaction resulted in slightly 

smaller sugar concentrations, possibly due to 

internal liquid circulation in smaller vessels being 

more limited. 

The reducing sugar concentrations of milled acid 

treated bagasse were 20.8% (in RPD) inferior to its 

respective non-milled bagasse (Figure 4). These 

results were slightly unexpected, since particle size 

reduction should increase surface area and acid 

diffusion through the fiber and should thus not 

hinder the reaction. Works have reported observed 

that particle size had a negligibly effect on the rate 

of hydrolysis (Lavarack et al., 2002). Despite this, a 

possible reason for this difference would be that, 

since no agitation was applied during treatment, 

particles may have deposited in the bottom of the 

flask, forming a wet cake. Due to their small size, 

acid penetration and diffusion on that layer of 

biomass might have been hindered. 

 
Figure 4 – Effect of milling bagasse on acid 

pretreatment. Hydrolysates‟ sugar concentration is read on 
the left axis, while conversions are read on the right axis. 

Alternatively, a less likely possibility is that the 

use of smaller particles resulted in greater sugar 

degradation. Xylan recovery is a very sensitive 

process, as xylan‟s monomeric sugar degradation is 

much more accelerated than glucan‟s. The increased 

contact between xylan and acid due to size reduction 

might have had the effect on generating more sugar 

degradation byproducts like furfural. Monitoring 

their concentrations would allow shedding more 

light on this subject. 

 

3.2 Enzymatic Hydrolysis 

3.2.1 Effect of enzyme loading on untreated 

Indian bagasse hydrolysis 

The temperature and pH used (50º and 4.8, 

respectively) were selected in order to be within 

both enzymes‟ intervals of optimal activity.  

A great dispersion of data was observed, making 

it difficult to extract information about the effect of 

changing the enzyme loading on biomass 

saccharification. The curves for the lower 

concentrations returned the most dissonant results, 

with 2.85% and 3.80% showing some unexpectedly 

high values in the 30-48h mark, exhibiting higher 

saccharification yields than with higher enzyme 

loadings. However, by the end of the 72h reaction, 

their values fell back into lower levels. Experimental 

error may have been the main cause for this, more 

specifically, the interferences during reducing sugar 

determination, caused by particles that were dragged 

out when sampling the liquid fraction. The presence 

of those solids increased the spectrophotometric 

readings. The 4.75% curve, on the other hand, 

achieved lower sugar concentrations than expected, 

but no explanation could be found for this case. 

 
Figure 5 – Saccharification yields during enzymatic 

hydrolysis of untreated sugarcane bagasse at different 

enzyme loadings. (Legend: x % = x% (v/v) of Accellerase 
1000 + x% (v/v) GC 140 xylanase). 

As expected, enzymatic hydrolysis on untreated 

bagasse yielded little sugars. With the exceptions of 

2.85, 3.8 and 4.75%, a certain stabilization of the 

curves was observed after 48h. However, it seemed 

all enzyme loadings were above the limiting value. 

2.4.2 Effect of acid pretreatment on enzymatic 

hydrolysis 

Acid treatment of bagasse improved the 

enzymatic saccharification of biomass, with 

saccharifications at 72h being up to 6% when no 

incubation was used after autoclaving, and 8.6% 

with 24h incubation (Figure 6). However, there was 

a greater variability with the bagasses from 0h and 

6h, due to a possible microbial contamination in one 

of the triplicates, which shed some uncertainty over 

whether the incubation period actually improved 

digestion. In the very least, for smaller reaction 

times the differences in conversion are much 

smaller. Furthermore, long reaction times are 

disadvantageous for economical scale processes, 

especially when the gain in sugars after 13h 
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becomes much smaller. For these reasons, post-

incubation period wasn‟t further considered in this 

work. 

 
 Figure 6 – Saccharification yields (TS basis) of untreated 
and acid treated sugarcane bagasse. (Legend: Rx 1 – 
untreated bagasse with enzymes; Rx 2 – acid treated 
bagasse with enzymes; 0h, 6h, 12h and 24h – time the 
reactors were incubated post autoclaving.) 

* error occurred during DNS method. 

The use of untreated milled bagasse resulted in 

higher saccharification extents than when using non-

milled bagasse, quite likely due to a great 

crystallinity decrease. After 16h of reaction, 

saccharification of untreated milled bagasse was 

much higher than its non-milled counterpart and was 

on par with non-milled acid treated bagasse. Since 

even after 48h it did not look that the yield had 

stopped increasing, it would have been interesting to 

let this reaction run for a longer time to observe a 

stabilization of the sugar release, thus drawing some 

more conclusions. However, the initial reaction rate 

was lower. From 0 to 13h, the sugar concentrations 

were significantly below the non-milled acid treated 

bagasse, only catching up at 16h (Figure 7). 

 
Figure 7 – Enzymatic hydrolysis of acid treated and 

untreated milled and non-milled bagasse. (Legend: Rx 1, 
0h – untreated non-milled bagasse (0h in water bath); Rx 
2, 0h – acid treated non-milled bagasse (0h in water bath). 
* error occurred during DNS method. 

Acid treated milled bagasse didn‟t return such 

good results as it was expected. The initial reaction 

rate was on par with the non-milled acid treated 

bagasse, but other than that it did not seem that the 

final reaction extents were superior to milled 

untreated bagasse. Therefore, for the treatment 

conditions employed, milling combined with dilute 

acid pretreatment did not appear to be a good choice 

for bagasse treatment.  

The reaction extents were lower in the reactors 

without any xylanase (Figure 8). This meant that 

there was still an appreciable amount of xylan in the 

acid treated bagasse. Without any xylanase, not only 

is the xylan not converted to reducing sugars, but it 

also lowers the area accessible for enzymatic attack. 

On one hand, this was in agreement with the results 

from the fiber analysis, which indicated the presence 

6.1% of xylan in the solids after acid treatment. On 

the other hand, it conflicted with the nearly total 

xylan removal suggested by the sugar concentrations 

present in the acid treated hydrolysates. 

 
Figure 8 – Enzymatic hydrolysis of acid treated and 

untreated bagasse when using Accellerase 1000 and not 
employing any xylanase, and when using Accellerase 
1000 plus Y5 xylanase. (Legend: Rx 1, 0h – untreated 
bagasse with GC 140 xylanase (0h in water bath); Rx 2, 0h 
– acid treated bagasse with GC 140 xylanase (0h in water 
bath); Rx 3 – untreated bagasse withou any xylanase; Rx 4 
– acid treated bagasse withouth any xylanase; Rx 5 – 

untreated bagasse with Y5 xylanase; Rx 6 – acid treated 
bagasse with Y5 xylanase). 
* error occurred during DNS method. 

When using Y5 xylanase, the saccharification 

profiles up to the 20h mark were equivalent to when 

it was used GC 140 xylanase. After that, higher 

saccharifications were obtained with Y5, whether 

the bagasse was acid treated or not. The real 

improvement over GC 140 may be overestimated 

due to the possible contamination of the reactors 

containing the later.  However, since Y5 xylanase 

did not seem advantageous for lower reaction times 

and little reliable product information was available, 

this enzyme wasn‟t used in other parts of this work. 

Overall, in all reactions carried out, carbohydrate 

conversions never reached very high values, with the 

highest being 16%, which was achieved with Y5 

xylanase (Figure 9). 
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Figure 9 - Enzymatic saccharification of untreated and 

acid treated bagasse to reducing sugars (carbohydrate 
basis), for the various reactions carried out, at 13h and 
48h.. Legend: 0h, 6h, 12h, 24h – used bagasse incubated 

after autoclaving for 0h, 6h, 12 and 24h, respectively; w/o 
x. – reaction carried out without any xylanase; Y5 – used 
Y5 xylanase; Milled – bagasse was milled before acid 
treatment and enzymatic hydrolysis. 

These saccharification values were far inferior to 

all the literature works consulted with either dilute 

acid or other pretreatments, especially when taking 

into consideration that the sugars obtained in this 

work were hydrolyzed from both cellulose and 

hemicellulose. The most direct comparisons can be 

made with the results presented Accellerase 1000 

technical bulletin #1 (Genencor). In the later, with 

an Accellerase loading inferior to the ones used in 

this work (0.24 mL/g cellulose), it was obtained 

60% of cellulose digestibility after 24 hours of 

reaction, which went up to 70% after 72h. However, 

the bagasse had been treated with 1.44% of acid at 

165ºC. This means that the causes for the low 

enzymatic hydrolysis obtained here were not in the 

enzymes and reactional conditions employed, but in 

the original material and in the acid pretreatment. 

The results for the percentage of hemicellulose 

removal were not conclusive, but it‟s likely that the 

acid treatment was not severe enough to ensure very 

reactive fibers. This would result in the weaker 

enzymatic hydrolysis observed. 

The raw bagasse itself can also be of importance. 

In the work of Martin et al. (2007b), enzymatic 

hydrolysis of untreated bagasse returned a cellulose 

conversion of 5% after 48h, which is somewhat 

comparable to what was obtained in this work. 

However, Kuo et al. (2009) obtained ~20% of 

untreated bagasse conversion (TS basis) into 

reducing sugars. As it was suggested by the high 

lignin content, the bagasse used here is most likely 

more recalcitrant to degradation than the average 

bagasse, which further emphasizes the need for 

harsher conditions in the acid treatment. 

2.4.2 Effect of enzyme loading on acid treated 

Pakistanese bagasse hydrolysis 

With untreated Pakistanese bagasse lower 

saccharifications were achieved than with untreated 

Indian bagasse. Like it was mentioned previously, 

raw material can have a significant effect on its 

enzymatic digestibility, and the plant strain, harvest 

methods and sugarcane processing used to obtain the 

Pakistanese bagasse resulted in biomass more 

recalcitrant to enzymatic hydrolysis. The acid 

treatment bagasse suffered a slightly different 

treatment from the Indian bagasse. Still, while a 

direct comparison cannot be made, the curves 

obtained for both acid treated bagasses were 

relatively on par with each other, though the initial 

reaction rate was greater with the Indian bagasse. 

 
Figure 10 – Enzymatic hydrolysis of untreated and 

acid treated Pakistanese bagasse, at various loadings of a 

1:1 mixture of Accellerase 1000 and GC 140 xylanase. 

(Legend: x % = x% (working vol.) of Accellerase 1000 + 

x% (working vol.) GC 140 xylanase; NT – untreated 

bagasse; T – acid treated bagasse). 

One of the objectives of this experiment was 

finding a suitable loading to use in the enzymatic 

reaction that preceded the anaerobic digestion. But 

from the results obtained, no limiting enzyme 

concentration was found. The higher values with 

3.8% loading were not considered very reliable, 

since they were probably derived from an 

experimental error.  The 3% loading was chosen, 

while keeping in mind that more loading 

optimization studies using lesser amounts of 

enzymes should be made in future. 

3.5 Integrated Pretreatment and Anaerobic 

Digestion 

The dilute sulphuric acid treatment for this 

section was carried out in a scale four times larger 

than the main pretreatment process used with the 

Indian bagasse, since there were needed larger 

quantities of acid treated bagasse for both the 
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downstream enzymatic hydrolysis and for the 

anaerobic digestion. 

The sugar concentrations achieved in the acid 

treated hydrolysate were about 11 g/L, which were 

lower values than those observed with Indian 

bagasse. It remains to be determined if the cause for 

this value was because of the scale or due to the raw 

material. Considering the behavior of Pakistanese 

bagasse during enzymatic hydrolysis, it was most 

likely the later. 

The results from the enzymatic reaction in the 1L 

scale showed much higher reducing sugar 

concentrations than expected. The reaction was 

stopped at 13h, when it was detected over 10% 

saccharification (against ~4% in the small scale 

reaction of Figure 10) (Figure 11). 

 
Figure 11 – Reducing sugar concentrations of the 

liquid fractions during enzymatic hydrolysis of acid 
treated Pakistanese bagasse, carried out with a 1L scale 
and in a 10mL (scintillation vial) scale. 

Since most of the processing was similar to the 

small scale reactions, this great difference could 

originate from two different factors, or maybe a 

combination of the two. One was the upscaling. 

Even though the vessels in the two experiments were 

submitted to the same shaking speed (50rpm), it 

could have happened that the shaking was more 

effective in the large Erlenmeyer than in the 

scintillation vials, which favored the reaction. The 

second difference in the processing lay in the fact 

the acid treated bagasse was not dried after acid 

treatment, instead being used wet for the enzymatic 

reaction. It has already been discussed that the act of 

drying the bagasse could cause structural damage 

and decrease its accessible surface area. While that 

wasn‟t observed with untreated Indian bagasse, it is 

quite plausible that acid treated bagasse, whose 

structure is in a more fragile state, might be more 

prone to structural collapse upon drying, limiting not 

only the enzymatic hydrolysis of cellulose, but also 

imprisoning the simple sugars which were formed 

during acid treatment and that remained associated 

with the solids. It could prove interesting to execute 

future treatments without drying the bagasse. 

The methane content of biogas for most 

substrates used was 50-60%, although Avicel and 

the enzymatic liquor registered values above 70% 

from day 20 to day 30. Their biochemical methane 

potential was calculated by unit of mass of VS, 

subtracting the background production of the 

inoculum (Figure 12). 

 
Figure 12 – Evolution of the bio-methane potential of 

the various substrates during anaerobic digestion. Legend: 
Or. bagasse – Original pulp (bagasse); hydr – hydrolysate; 
liq - liquor; AT – acid treated; C.AT – control to acid 
treated; ET –enzyme treated; C. ET – control to enzyme 
treated. 

From the analysis of the BMP profiles it‟s 

possible to observe the existence of lag phases for 

the cellulose-rich substrates (pulps and Avicel), 

whereas substrates based on simple sugars began 

methane production immediately. This was an 

indication that the inoculum was not well adapted to 

digestion of cellulosic materials. The anaerobic 

digester from which the inoculum was taken was fed 

partially with animal manure and mostly with food 

industry wastes. Therefore cellulose wouldn‟t be a 

significant component present in the wastes. 

Avicel was the substrate with the second highest 

final BMP. The value for Avicel obtained here 

(0.318 L/g VS) was a little lower than what was 

found in literature works (Chynoweth et al., 2001). 

This was most likely related to the lack of inoculum 

adaptation to cellulose, which did not allow 

extracting the full potential of Avicel. 

The enzyme treated liquor and its control had 

BMPs similar to Avicel. This was because they 

possessed mostly simple (reducing) sugars, which 

were easy to metabolize. Furthermore, no microbial 

inhibitory products were formed. The acid treated 

hydrolysate and its control exhibited low 

productions, even though (in the treated substrate) 

had high reducing sugar concentrations. This seemed 

to be a clear indication of the presence of toxic 
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compounds that hindered biomass digestion. There 

was little difference in performance between all the 

pulps used. This was not entirely unexpected, as 

both acid and enzymatic treatments didn‟t hydrolyze 

cellulose to a great extent, therefore not causing 

great alterations in the bagasse chemical 

composition. The main factor limiting the 

accessibility of cellulose to microorganisms during 

digestion is the lignin content (Stinson et al., 1995). 

Since the treatments applied are not particularly 

effective at removing lignin, bagasse digestibility 

was not greatly affected.  

There was a relation between methane potential 

and VS reduction, as enzyme treated liquors and 

Avicel had near 100% reduction, acid hydrolysate 

had 56% and pulps had below 40%.  

 
Figure 13 – Final bio-methane potential of the various 
substrates. Legend: Or. Bagasse – Original pulp (bagasse); 
AT Pulp – acid treated pulp; AT Hydr – acid treated 
hydrolysate; ET Pulp – enzyme treated pulp; ET Liq – 

enzyme treated liquor; C – control; T – treated. Their 
standard deviation is represented by the vertical error bars. 

 

4. Conclusions 

The overall saccharifications in both types of 

treatments were much lower than expected, but 

some valuable lessons were learned. This work 

allowed identifying several important parameters 

and other minor protocol alterations which can 

easily be improved upon. The greatest limitation to 

the whole process was the mild conditions used in 

acid pretreatment. The bagasse used here was more 

recalcitrant than average, demanding the use of 

higher temperatures and/or acid concentrations. This 

alone is expected to produce significant 

improvements on the subsequent treatment. 

Alternatively, it could mean the dilute acid 

hydrolysis may not have been the most adequate 

treatment for this biomass. The enzyme loadings 

could be drastically cut, especially if a good 

pretreatment is made. Not drying the pulp after acid 

hydrolysis may also bring great benefits to the 

enzymatic reaction. 

As for the biochemical methane potential, the 

liquors from the enzymatic treatment returned the 

most positive results, having obtained high specific 

methane productions and total reduction of volatile 

solids. The hydrolysate from the acid treatment 

suffered from a comparatively lower methane 

production and incomplete volatile solids 

consumption, most likely due to the formation of 

inhibitory and toxic compounds to microorganism 

growth. This means that the former is suitable for 

biogas production, while the later needs some 

detoxification treatment before its full potential can 

be unleashed. 

Dilute acid followed by enzymatic hydrolysis 

could have potential to be a good method for 

saccharifying bagasse, yielding sugary liquors that 

are easily and extensively converted to biogas. 

However, much optimization is still required, 

particularly on the acid treatment, in order to 

maximize the amount of sugars released from 

biomass. 
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