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ABSTRACT 

To benefit from the use of a waste product such as pine sawdust from a sawmill in Michoacán, Mexico, five dif-
ferent pretreatments for the production of reducing sugars by enzymatic hydrolysis were evaluated (sodium hy-
droxide, sulfuric acid, steam explosion, organosolv and combined method nitric acid / sodium hydroxide). The 
main finding of the study was that the pretreatment with 6 % HNO3 and 1 % NaOH led to better yields than 
those obtained with sodium hydroxide, dilute sulfuric acid, steam explosion, and organosolv pretreatments. Also, 
HNO3 yields were maximized by the factorial method. With those results the maxima concentration of reducing 
sugar found was 97.83 ± 1.59, obtained after pretreatment with 7.5 % HNO3 at 120 °C for 30 minutes; followed 
by 1 % of NaOH at 90 °C for 30 minutes at pH 4.5 for 168 hours with a load enzyme of 25 FPU/g of total carbo-
hydrates. Comparing the results obtained by the authors with those reported in the literature, the combined meth-
od was found to be suitable for use in the exploitation of sawdust.  
 
Keywords: Reducing sugars, enzymatic hydrolysis, acid hydrolysis, pretreatments, pine sawdust, Pinus pseudo-
strobus 
 
 
 

INTRODUCTION 

Ethanol can be produced by fermentation 
of sugars presents in vegetables products (ce-
reals, beet, cane, sorghum, and other bio-
masses); these sugars are present in the 
forms of saccharose, starch, hemicelluloses, 

and cellulose. The product of this fermenta-
tion process is hydrated alcohol containing 
approximately 5 % of moisture. After a de-
hydration step, the alcohol can serve as a ve-
hicle fuel (SEMARNAP, 2000).  
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Forest lands, and particularly timber-
lands, have the potential to sustainably pro-
duce close to 370 million dry tons of bio-
mass annually. This estimate includes the 
residues generated in the manufacture of var-
ious forest products and the residues gener-
ated in the use of manufactured forest prod-
ucts. It also includes the harvest of wood for 
various residential and commercial space-
heating applications. With the exception of 
urban wood residues, most of these sources 
of forest biomass are currently being utilized 
and there are significant efforts under way to 
use these resources much more efficiently 
(Perlack et al., 2005). Environmentally 
speaking, biomass generated in forest indus-
trial processes, such as sawdust and crusts, is 
highly polluting. In Mexico, the sawmill in-
dustry generates around 0.35 m3 of pine saw-
dust per cubic meter of processed wood 
(SEMARNAP, 2000). This is equivalent to 
an annual average sawdust production of 206 
thousand cubic meters (INEGI, 2008). Con-
sidering an average density of 500 kg/m3, 
such annual production is equivalent to 103 
thousand tons (Valencia and López, 1999). 
On the one hand, the above mentioned by-
products reduce the available space in wood 
transformation centers and therefore, produc-
tivity. By-products can also be the cause of 
an accumulation of dust in the air, with the 
consequent health risks to sawmill workers 
and inhabitants of the nearby zones, since 
dust may bring on a number of respiratory 
diseases, such asthma, chronic bronchitis, 
and allergies (Malmström et al., 1999). In 
addition, dust might be the cause for derma-
titis and different kinds of cancer, namely 
pulmonary, gastrointestinal and nasal (Se-
guros de Texas, 2004). Moreover, dust has 
been claimed responsible for other environ-
mental problems, such as fires and spontane-
ous ignition. 

On the other hand, both sawdust and oth-
er waste products originated while working 
with coniferous woods may be raw material 
for the production of ethanol fuel and other 
chemical products (Palonen et al., 2004). 
That is to say that the use of the previously 

mentioned 103 thousand tons of sawdust 
would lead to an approximate production of 
33x106 L of ethanol fuel. However, the main 
restriction for producing ethanol fuel from 
sawdust lies in recovering the sugars that the 
latter contains. Thus, the recovery stage is 
determined by the hydrolysis procedure be-
ing used (acid or enzymatic). The most in-
vestigated pretreatment processes for woody 
biomass include dilute acid, steam explosion, 
organosolv, and sulfite pretreatment to over-
come recalcitrance of lignocellulose 
(SPORL) (Zhu et al., 2009). Sodium hydrox-
ide treatment breaks the lignin-carbohydrate 
bonds, partially removes lignin and hemicel-
luloses, opens the material structure, increas-
es interface area (Tuor et al., 1995). Ethanol 
organosolv pretreatment can effectively re-
move there calcitrance of woody biomass for 
enzymatic cellulose saccharification (Pan et 
al., 2005, 2006; Pan, 2008). Dilute acid pre-
treatment is able to mainly hydrolyze hemi-
celluloses, which turn into a porous material 
formed by cellulose and lignin (Wyman et 
al., 2005). Similarly, steam explosion breaks 
down the structure of the material in order to 
enhance enzyme access to cellulose (Gregg 
and Saddler, 1996; Shimizu et al., 1998). 
The sulfite pretreatment to overcome recalci-
trance of lignocellulose (SPORL) is an acidic 
pretreatment and is very similar to diluted 
acid pretreatment, in terms of process flow 
configuration, but with the addition of sulfite 
or bisulfite. This pretreatment, breaks down 
the structure of the material and mainly hy-
drolyze hemicelluloses (Tian et al., 2011). 
While the HNO3 process hydrolyzes and re-
moves lignin from the structure (Wyman et 
al., 2005), a HNO3 and NaOH combination 
treatments remove a great deal of lignin and 
hemicellulose and, in a smaller proportion, 
cellulose; hence a remnant of cellulose mate-
rial is obtained. 

This study reports the results of the eval-
uation of different pretreatment methods, 
seeking for the one that leads to higher yields 
and that enhances both pretreatment condi-
tions and enzymatic hydrolysis to obtain glu-
cose from pine sawdust. The analysis also 
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demonstrates that it is possible to use pine 
sawdust, considered as a potentially risky 
pollutant, for the fermentable sugars produc-
tion, which in turn might be used for produc-
ing ethanol fuel. 

 
MATERIAL AND METHODS 

Lignocellulosic material and chemical 
composition  

The sawdust used in this study came 
from Pinus pseudostrobus trees that had just 
been felled under authorization for forest 
harvesting in the Indigenous Community of 
San Juan Nuevo Parangaricutiro, in Michoa-
cán, Mexico (19°21´00´´ N. Lat., 102°08´15´´ 
W. Long.), at 1674 mamsl. The sawdust 
samples were milled and sieved using a 20-
fraction mesh (841 µm) retained on 40 mesh 
screen.  

The following chemical features were de-
termined in duplicate in this research work: 
moisture percentage (TAPPI, 2000), pH 
(Sandermann and Rothkamm, 1959), and 
ashes (TAPPI, 2000). The total amount of 
extractives was determined using a Soxhlet 
extraction sequence with cyclohexane, ace-
tone, methanol, and water. Whereas Runkel 
lignin (Runkel and Wilke, 1951), holocellu-
lose (Wise et al., 1946), and alpha cellulose 
(ASTM, 2000) were all determined in ex-
tractive-free wood meal. 

 
Pretreatments for hydrolysis 

Sawdust samples were treated according 
to five pretreatment methods at the specified 
operating conditions shown in Table 1. Sam-
ples of pure cellulose and pine sawdust, 
without any pretreatment at all, were used as 
controls. Most articles are likely to have only 
two levels of headings. All experiments were 
performed in duplicate. 

Alkaline pretreatment 
The procedure of González et al. (2011) 

was performed in this step using a 3 % 
NaOH concentration, instead of one of 0.5 % 
NaOH. 10 g samples of sawdust were mixed 
with 100 mL of sodium hydroxide, ACS 
grade, in 250-mL-Erlenmeyer flasks. The 

mixture was then heated in a sterilizer at 
121 °C for 78 minutes. The mixture was next 
set aside to cool to room temperature and af-
ter that filtered through a nylon filter cloth. 
Finally, the solid fractions were squeezed 
and dried out. 

Acid pretreatment 
10 g sawdust samples were mixed with 

100 mL of 5 % H2SO4 in 250-mL-Erlenme-
yer flasks. After that the mixture was heated 
in a sterilizer at 121 °C for 60 minutes, set 
aside to cool to room temperature, and fil-
tered. The solid fractions were squeezed, 
dried out and weighed (Cortez, 2010). 

Steam explosion 
10 g sawdust samples were mixed with 

100 mL of distilled water in 250-mL-Erlen-
meyer flasks, which were capped and left to 
stand for 48 hours at room temperature. 
Next, the samples were heated in a sterilizer 
(at 121 °C), and a sudden decompression of 
the system was made. Flasks were allowed to 
cool to room temperature. The solid fraction 
was filtered through a nylon cloth, dried out, 
and weighed (Oliva, 2003).  

Organosolv pretreatment 
This pretreatment was performed using a 

reflux equipment in which the 10 g sawdust 
samples was treated with watery ethanol and 
acetone (60/40 w/w), with a solid-liquid ratio 
of 7:1, at 80 °C for 90 minutes. At the end of 
the treatment the samples were allowed to 
cool to room temperature and filtered 
through nylon cloth; the solid fraction was 
then squeezed, dried out, and weighed (Mar-
tinez, 2011). 

 
Combined nitric acid and sodium hydroxide 

20 g sawdust samples were mixed with 
120 mL of 6 % nitric acid in a ball flask. The 
mix was kept under reflux conditions at 
100 °C for 60 minutes in an oil bath. The 
solid fraction was washed out with distilled 
water, allowed to dry, and later mixed with 
120 mL of 1 % sodium hydroxide. The mix-
ture was heated at 90 °C for 30 minutes un-
der reflux conditions (Alhasan et al. 2010). 
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Enzymatic hydrolysis 
Pretreated materials were hydrolyzed us-

ing a commercial enzymatic complex ob-
tained from Trichoderma reesei (Celluclast 
1.5 L, a product of NOVOZYME Corp.).  
For the hydrolysis step, 1 g samples of pre-
treated material were mixed with the appro-
priate amount of enzymatic extract in 20-
mL-containers to provide 25 FPU. Mean-
while, the mix pH was adjusted to 4.5 by 
adding the required volume of 0.1 molar 
buffer acetate solutions until reaching 
10 mL. The mixture was later shaken for 72 
hours, at 80 rpm and 45 °C. The following 
step was taking samples of the hydrolyzed 
material every twelve hours, determining 
their reducing sugar content using Chaplin 
and Kennedy´s DNS method (Chaplin and 
Kennedy, 1994). 

The yield results were used to evaluate 
the pretreatments procedures. A variance 
analysis was conducted with a 95 % confi-
dence level. Both the LSD method and the 
multiple rank tests were applied. Data were 
processed with STATGRAPHICS Centurion 
XVI software, version 16.1.18. 

 
Identification of the hydrolysis variables 

Out of the evaluated pretreatments, the 
one with the greatest yield was the combined 
pretreatment. After applying a 23 factorial 
design, the factors and levels obtained were 
as following:  

factor A: time (30 and 60 min);  
factor B: nitric acid concentration (3 and 
6 %); and,  
factor C: temperature (50 and 100 °C).  

The dependent variable was the yield of 
fermentable sugars. The collected data were 
used for an analysis of variance (ANOVA), 
with a 95 % confidence level. The software 
used was STATGRAPHICS Centurion XVI, 
version 16.1.18. 

 
Maximizing reducing sugar yield 

The results from the 23 factorial design 
showed that the pretreatment that yielded to 
the highest concentration of reducing sugar 
(36.55 g/L) was the one performed with 6 % 
nitric acid at 100 °C for 30 minutes. Hence, 
to maximize the hydrolysis yield a 32 factori-
al design was used and all the experiments 
were run in duplicate. The factors and levels 
were:  

factor A: Nitric acid concentration (4.5, 6 
and 7.5 %); and,  
factor B: temperature (80, 100 and 120 °C); 
pretreatment time was kept constant at 30 
minutes.  

Collected data were used for an analysis 
of variance (ANOVA), with a 95 % confi-
dence level. The software used was STAT-
GRAPHICS Centurion XVI, version 16.1.18. 

 
Calculations 

The yield obtained for each pretreatments 
procedure was expressed in terms of weight 
by means of Eq. 1, 

RP = [(Wi-Wf) / Wi ] x 100  [1] 

where: Wi (g) is the weight of lignocellu-
losic material subjected to pretreatment, Wf 
(g) is the weight of pretreated material, and 
RP is the pretreatment yield (% on a mass 
basis). 

 
 

Table 1: Pretreatments and specified conditions 

Pretreatment Catalyst 
Temperature 

(°C) 
Time 
(min) 

Concen-
tration (%) 

Sample 
(g) 

Ratio 
L/W 

Alkaline NaOH 121 78 3 10 10:1 

Acid H2SO4 121 60 5 10 10:1 

Steam explosion H2O 121 30 100 10 10:1 

Organosolv Methanol/Acetone 80 90 60/40 10 7:1 

Combined 
HNO3 100 60 6 20 6:1 

NaOH 90 30 1 - 6:1 
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The production of reducing sugars ob-
tained by means of enzymatic hydrolysis of 
pretreated materials was quantified by Eq. 2. 

% RA = [(A x W1 x 0,9) / B ] x 100 [2] 

where: A (g) is the amount of reducing 
sugars in the hydrolyzed material, W1 (g) is 
the initial weight of the sample that under-
went hydrolysis, B (g) is the amount of cel-
lulose on untreated wood, and RA is the cel-
lulose hydrolysis yield (%). 
 

RESULTS AND DISCUSSION 

Chemical composition  
Table 2 shows the results of the chemical 

composition of pine sawdust. The observed 
results match those data reported by other 
authors for the same wood species (Rutiaga-
Quiñones, 2001; Lima-Rojas, 2013). 

 
Pretreatments for hydrolysis 

Table 3 shows different yields obtained 
in each pretreatment tested. The reducing 
sugars yield in the liquor produced during 
the acid pretratment was low (18.2 % or 
18.2 g/L). The results displayed in Table 3 
on column “Reducing sugar yield (%)” are 
based on the 6 carbon carbohydrates on un-
treated wood (Equation 2) and clearly show 
that the pretreatment with the highest hy-
drolysis yield of reducing sugars was the 
combined pretreatment, performed with 6 % 
nitric acid at 100 °C, for 60 minutes. There 
was some considerable weight loss of mate-
rial (59.16 %), though. 

Data collected for the alkaline pretreat-
ment in this work were similar to those ob-
tained by Saha and Cotta (2006) for pretreat-
ed wheat straw (8.6 % w/v) with alkaline 
peroxide (2.15 % of H2O2 v/v, pH 11.5, 35 
°C, 24 h) and for an enzymatic saccharifica-
tion (45 ºC, pH 5.0, 120 h) with three com-
mercial enzyme preparations (cellulase, beta-
glucosidase, and xylanase). 

Sugar yields obtained by hydrolysis with 
sulfuric acid were lower than those reported 
by Saha et al. (2005), who used rice husk 
pretreated with sulfuric acid (7.83 % w/v, 
0.75 % of H2SO4 v/v, 60 min, 121°C) prior 
to hydrolysis with a mixture of cellulase and 
glucosidase (Celluclast, Novozyme 188), for 
72 h at 121 °C. However, the results ob-
tained in this work were higher to the ones 
reported by Awasthi et al. (2013), who treat-
ed water lilies with sulfuric acid (4 % v/v, 
121 °C, 15 minutes) and reported 12.63 mg 
of reducing sugars per gram of water (carbo-
hydrates in watery solution). 
 

Table 3: Sugar yields in studied pretreatments 
and controls (w/v) 

Pretreatments and 
controls 

Reducing sugar yield 
(%) 

Alkaline 27.78 ± 0.19 

Acid 3.60 ± 0.63 

Steam explosion 22.24 ± 0.99 

Organosolv 20.04 ± 1.46 

Combined 77.32 ± 2.07 

Control 1: Sawdust 22.64 ± 1.79 

Control 2: Cellulose 22.40 ± 0.80 

Results are mean values ± SD (n=2). 

 

Table 2: Chemical composition of pine sawdust (w/w) 

Component (%) Experimental values (%) 
Lima (2013)

(P. pseudostrobus) 
Rutiaga (2001)

(P. pseudostrobus) 

Ash 0.19 ± 0.06 0.35 ± 0.08 0.16 ± 0.02 

Lignin 28.94 ± 0.17 25.39 ± 1.09 26.6 ± 0.22 

Holocellulose 66.53 ± 0.85 71.02 ± 0.27 67.8 ± 0.17 

Hemicellulose 23.55 ± 0.85 17.85 ± 0.27  

α-cellulose 42.98 ± 4.96 53.17 ± 1.35 

Extractives 5.11 ± 0.32 11.35 ± 5.93 4.4 ± 0.20 

Total 100.77 ± 1.40 108.11 ± 7.37 98.96 ± 0.61 

Data represented as means ± SD (n=2) 



EXCLI Journal 2015;14:430-438 – ISSN 1611-2156 
Received: September 27, 2014, accepted: February 11, 2015, published: March 13, 2015 

 

 

435 

Pretreatment using steam explosion led 
to lower yields than those obtained by 
López-Miranda et al. (2009), who reported 
an 8.15 % of reducing sugars after pretreat-
ing sawdust pine with steam explosion for 30 
minutes 120 °C, at hydrolysis pH of 4.5, for 
240 h, with an enzymatic load of 25 FPU/g 
of total carbohydrates and lower than Shuai 
et al. (2010) who reported 77.7 % at 180 °C 
for 30 min using steam explosion and sulfu-
ric acid loading of 5 % on oven-dry wood 
and a 5:1 liquor to-wood ratio whit spruce 
wood and enzyme loading of 15 FPU. 

Regarding organosolv pretreatment, Me-
sa et al. (2011) reported higher yield than 
those obtained in this study. They treated 
sugarcane bagasse (29.1 % glucose) with 
30 % (v/v) ethanol at 195 °C, for 60 minutes. 
The difference is due to: 1) this process was 
previously pretreated with diluted acid; 2) 
there was a later addition of NaOH; and 3) 
the difference in temperature at which the 
process was carried out. 

Finally, the yields obtained with com-
bined pretreatment were a little lower than 
those obtained by Alhasan et al. (2010) with 
rubber tree wood pretreated with 6 % HNO3 
at 100 °C for 60 minutes, followed by 1 % 
NaOH plus cellulase along with β-glucosida-
se with 25 FPU and 60 UBC, respectively. 
Our sugar yields obtained with combined 
pretreatment was also a little lower than 
those obtained by Luo et al. (2010), who 
used the SPORL treatment with the follow-
ing experimental conditions: a chemical 
charges sulfuric acid (2.21 %) and sodium 
bisulfite (8 %) on oven dry pine wood, en-
zimatic charge of Celluclast 1.5 L (15 FPU/g 
substrate) and Novozyme 188 (22.5 CBU/g 
substrate).  

On the other hand, sugars yield at the 
specified conditions using the sodium hy-
droxide pretreatment was 24.76 % higher 
than the sawdust control sample without pre-
treatment. The sulfuric acid pretreatment led 
to the second lowest reducing sugars results 
after enzymatic hydrolysis (Table 3). Never-
theless, while performing this pretreatment, 
the amount of reducing sugars in the aqueous 

solution was 18.2 %, which was 87.05 % 
greater than the yield of the sawdust control 
sample in the solution at the start of the pre-
treatment. As can be seen from Table 3, or-
ganosolv and steam explosion pretreatments, 
as well as the sawdust sample without pre-
treating (control sample) exhibited very 
close results in their corresponding yields of 
reducing sugars. Therefore, steam explosion 
and organosolv were not effective pretreat-
ment methods for pine sawdust prior to an 
enzymatic hydrolysis. The combined pre-
treatment led to the highest production of re-
ducing sugars after hydrolysis (Table 3), 
341.5 % greater than the sawdust sample pat-
tern and 47.8 % greater than the cellulose 
control sample. 

When comparing the saccharification 
yield obtained with the combined pretreat-
ment and the other methods used in this 
study, it was found that such production was 
higher in all the cases. With sodium hydrox-
ide it was 273.7 % higher, with sulfuric acid 
pretreatment is was 182.6 % higher, and with 
steam explosion it was 385.5 % higher.  

This seems to suggest that a consecutive 
pretreatment with nitric acid and sodium hy-
droxide facilitates enzymatic hydrolysis of 
the pretreated material, since nitric acid helps 
to partially hydrolyze lignin and hemicellu-
loses, and sodium hydroxide favors the re-
lease of lignin and an increasing amount of 
amorphous cellulose content in the material. 
All of the above contribute to a higher reduc-
ing sugar concentration in the final product.  

 
Identification of hydrolysis variables 

It follows from the factorial design 23 re-
sults that factor A, time, did not have any 
significant statistical effect over sugars yield 
(p=0.1345), whereas factors B and C, con-
centration of nitric acid and temperature, did 
have an effect (p=0.0000). These results 
show that the highest sugars yield (91.26 %) 
was obtained using the 6 % nitric acid pre-
treatment, at 100 °C for 30 minutes (7th run) 
(Table 4). As observed, acid concentration 
and operating temperature were the same as 
those reported in Table 1 (before actually 
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beginning the experiments), but in this case 
time was reduced to 30 minutes, which 
means a 50 % saving in processing time. 
Hence, an operating cost reduction oppor-
tunity can be spotted when processing this 
raw material.  

 

Maximization 3k 
The factorial design 32 results indicate 

that the maximum reducing sugars yield was 
obtained pretreating sawdust with 7.5 % ni-
tric acid, at 120 °C for 30 minutes (Table 5). 
Such yield is even higher than that obtained 
with the pure cellulose control sample (Table 
1).  

 
 

 
Table 4: Design matrix (23) of hydrolysis and results 

Run HNO3 (%) Temperature (°C) Time (min) 
Reducing sugar 
yield (%) (w/v) 

1 

3 

50 
30 17.98 ± 0.44 

2 60 18.63 ± 0.73 

3 
100 

30 56.05 ± 1.17 

4 60 51.14 ± 2.04 

5 

6 

50 
30 21.05 ± 1.23 

6 60 27.6 ± 0.94 

7 
100 

30 91.26 ± 1.41 

8 60 93.87 ± 0.07 

Control 1 (Sawdust)  - - 23.37 ± 0.46 

Control 2 (Cellulose)  - - 45.15 ± 0.04 

The results have been expressed as means ± SD (n=2). 
 

 

Table 5: Design matrix (32) of hydrolysis and results 

Run HNO3 (%) Temperature (°C) Time (min) 
Reducing sugar yield 

(%) (w/v) 

1 

4.5 

80 30 23.24 ± 0.72 

2 100 30 42.93 ± 0.74 

3 120 30 67.86 ± 0.38 

4 

6 

80 30 55.08 ± 2.27 

5 100 30 64.34 ± 1.85 

6 120 30 73.95 ± 0.91 

7 

7.5 

80 30 49.93 ± 0.85 

8 100 30 81.86 ± 2.12 

9 120 30 97.83 ± 1.59 

Control 1 (Sawdust)  - - 21.26 ± 0.58 

Control 2 (Cellulose)  - - 46.39 ± 0.56 

The results have been expressed as means ± SD (n=2) 
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CONCLUSIONS 

After comparing the pretreatment meth-
ods evaluated in this study, the combined 
method (with nitric acid and sodium hydrox-
ide) yielded to the best results and it went up 
to the maximization of getting to pretreat-
ment, the second finding was that the maxi-
mum reducing sugars yield (97.83 ± 1.59 %) 
from raw material was obtained when per-
forming the 7.5 % nitric acid pretreatment, at 
120 °C, followed by the 1 % sodium hydrox-
ide at 90 °C, according to the 32 factorial de-
sign applied.  
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