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The combination of hemicellulose pre-hydrolysis by dilute acid or steam-
explosion followed by kraft pulping was one approach evaluated in this 
work to generate pulps from radiata pine wood chips amenable to 
saccharification by enzymatic hydrolysis. Dilute acid (combined severity 
factor, CS = 1.67) and steam explosion (severity factor, log Ro = 4.09) 
treatments were able to solubilize approximately 53% and 63% of the 
original hemicelluloses content in wood, respectively. Extracted wood 
chips were subjected to kraft cooking (170 °C, 16-18% active alkali, 30% 
sulfidity and 1200 H-factor) to produce pulps that were further saccharified 
by cellulases. Lignin removal increased with increasing active alkali, 
affording delignification levels 28% for dilute acid and 68% for steam 
explosion extraction pretreatment pulps. Enzymatic digestibility of P. 
radiata pulps were low, and only samples pretreated by steam explosion 
reached glucan-to-glucose conversion near to 75%; this treatment was 
31% and 37% higher than that obtained with wood chips that were 
pretreated by dilute acid extraction. 
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INTRODUCTION 
 

 The need to find alternatives to the fossil fuels has opened new opportunities for 

the use of renewable resources, such as lignocellulosic biomass (LCB), for producing 

biofuels, biomaterials, and chemicals. The current approach for the use of LCB in a 

comprehensive manner is the biorefinery, which is a facility that integrates fractionation 

and conversion processes for treating LCB and its components (van Heiningen 2006). 

  Various fractionation methods for processing LCB have been developed in the past 

decades; these include: steam, acid, or alkali treatments (Cara et al. 2006; Al-Dajani et al. 

2009; Kemppainen et al. 2012; Martin Sampedro et al. 2014); and organosolv, fungal, and 

combinations of these processes (Muñoz et al. 2007; Araque et al. 2008; Fissore et al. 

2010). Enzymatic hydrolysis of pretreated materials is used for the production of 

fermentable sugars, which can be converted into bio-based fuels and chemicals. 

  LCB pretreatments disrupt and partially open up the lignocellulose structure by 

removing lignin and hemicelluloses. This action is required to expose cellulose to increase 

its saccharification during the enzymatic hydrolysis process (Mosier et al. 2005).  

  Cellulosic bioethanol production from sugar cane bagasse, corn, wheat, and rice 

straw has been extensively studied; however, it is still a challenge to produce it from forest 
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biomass (e.g., wood chips), especially from softwood under low severity conditions.  Pinus 

radiata is the main forest species cultivated in Chile. This pine has a high growth rate. 

However, the structure of P. radiata inhibits the ability of enzymes to access the 

carbohydrates to convert them into monosaccharides. Only organosolv pretreatment has 

been successfully shown to pretreat radiata pine, so it is often suggested to use it in 

combined treatment methods. 

  To achieve biomass saccharification, a combination of different pretreatments have 

been proposed as an alternative for improving sugar production. Recently, Reyes et al. 

(2015) evaluated the hemicellulose pre-extraction associated with kraft pulping as a way 

to produce bleachable-grade pulps. The removal of 27% of the hemicelluloses was 

detrimental to the strength properties and viscosities of the pulp fibers. However, this work 

showed that this disadvantage could be useful for other applications of the pulps, such as 

biofuel conversion. In this case, it would be important to evaluate the combined process as 

a way to overcome the recalcitrance of the lignocellulose biomass for bioethanol 

production. Pre-extraction hydrolysis can promote the solubilization of hemicelluloses and 

kraft pulping can delignify the residual material. 

  For the first stage of combined pretreatment, steam explosion pretreatment offers 

several attractive features when compared to other fractionation technologies: lower 

environmental impact, lower capital investment, higher energy efficiency, and fewer 

hazardous process chemicals and process conditions (Jacquet et al. 2012). In steam 

explosion pretreatment, the biomass is exposed to pressurized steam followed by rapid 

depressurization. This pretreatment favors the breakdown of the lignocellulosic structure, 

the hydrolysis of hemicelluloses, and the depolymerization of the lignin. These actions 

increase the pore sizes in the fiber walls. Acid-catalyzed hemicellulose hydrolysis is 

another pretreatment that is able to break-down the long carbohydrate chains to oligomers 

and monomeric sugars, and it is effective at dissolving hemicelluloses (Lavarack et al. 

2002). During the aforementioned pretreatments, several products are formed, such as 

monosaccharides (e.g., xylose, arabinose, mannose, etc.) and dehydrated sugar products 

(e.g., furfural, hydroxymethylfurfural) while leaving lignin and cellulose as insoluble 

residues (Garrote et al. 2001). 

  Kraft delignification is used for the complete biomass fractionation. The objective 

of kraft pulping is to chemically separate the fibers in wood and dissolve most of the lignin 

contained in the fiber walls. Fiber separation is achieved by breaking down and dissolving 

the lignin in the middle lamella that holds the fibers together. The main active agents in the 

kraft process are hydroxide and hydrosulfide anions, which are present in the cooking 

liquor (Sjöström 1993). These agents cause the cleavage of structural linkages between the 

lignin monomer units, which in turn leads to an increase in the internal surface area and 

pore sizes within the fiber wall. These actions improve the accessibility of enzymes to the 

cellulose for saccharification. 

  On the basis on this literature review, it is hypothesized that the extraction of 

hemicelluloses with dilute acid (DA) and steam-explosion (SE) pretreatments could be a 

feasible alternative to combine with kraft pulping to generate a cellulosic substrate for 

enzymatic hydrolysis, especially when the raw material is P. radiata, which is difficult to 

pretreat by other methods. It is expected that the combined pretreatment may reduce the 

severity of the pretreatment process, thus improving cellulose saccharification. Changes in 

the morphology and chemical structure of the extracted wood were investigated to 

understand the enzymatic hydrolysis efficiency of the combined pretreatments. 
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EXPERIMENTAL 
 

Raw Material 
 Wood chips from an 11-year old Pinus radiata D. Don tree were provided by a pulp 

mill located in the Biobío Province, Southern Chile. The wood chips were approximately 

2.0 × 2.5 × 0.5 cm in size and were air-dried to a moisture level of 10% (w/w). The chips 

were stored in plastic bags at room temperature until use. 

 

Extraction of Hemicelluloses 
  For the extraction of hemicelluloses, two treatments were evaluated: steam 

explosion and dilute acid treatment. The experimental procedures for each are described as 

follows.  

 

Dilute acid treatment 

 Wood chips were extracted with 1.0% w/w H2SO4 in a rotary digester (model 

AU/E-27 (Regmed, Brazil)) equipped with four independent 1.5 L vessels. Each vessel was 

loaded with 100 g of wood chips (dry basis), and 400 mL aqueous solution. The mixture 

was heated to 170 ºC at a rate of 2.5 ºC/min from room temperature. The cooking time 

ranged between 5 to 45 min at the target temperature. After each reaction, the material was 

cooled to room temperature and filtered to separate liquid and solid fractions. Solids were 

air-dried and the moisture content in the dried solids was determine. For each reaction, the 

combined severity factor (CS) was calculated according to Chum et al. (1990), 

 

 𝐶𝑆 = 𝑡 ∗ exp[(𝑇𝐻 − 𝑇𝑅)/14.75] − 𝑝𝐻      (1) 

 

where t is the reaction time in minutes, 𝑇𝐻 is the hydrolysis temperature in ºC, and 𝑇𝑅 is a 

reference temperature most often 100 ºC. The value of 14.75 is an empirical parameter 

related to activation energy and temperature. The pH term in Eq. (1) is the initial pH of the 

aqueous solution used.  

 

Table 1. Dilute Acid Conditions  
 

Combined severity factor (𝐶𝑆) 1.26 1.48 1.67 1.72 1.82 

Temperature (ºC) 170 170 170 170 170 

Time (min) 5 15 25 35 45 

 

Steam Explosion 

The treatment was performed in a custom-made steam-explosion system with a 5-

L stainless steel reaction vessel. The vessel is connected to a blow tank where the material 

is discharged after the steaming reaction is completed. In each experiment, 200 g of P. 

radiata chips were treated at temperatures of 190 to 210 oC at residence times ranging from 

5 to 28 min. The severity factor was calculated according to Overend and Chornet (1987), 
 

 Log 𝑅𝑜 = 𝑡 ∗ exp[(𝑇𝐻 − 𝑇𝑅)/14.75]      (2) 
 

where t is reaction time in minutes, 𝑇𝐻 is the hydrolysis temperature in ºC, and 𝑇𝑅 is a 

reference temperature most often 100 ºC. The value of 14.75 is an empirical parameter 

related to activation energy and temperature.  



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Reyes et al. (2016). “Pretreatment for hydrolysis,” BioResources 11(1), 612-625.  615 

After each reaction, the steam-exploded material was recovered and filtered for 

liquid and solid separation. Solids were air-dried and the moisture content in the dried 

solids was determined. The mass of the wood chips used and of the recovered solids were 

used to determine the mass loss due to this pretreatment procedure. 

 

Table 2. Steam Explosion Conditions 
 

Severity factor (Log 𝑅𝑜) 3.64 3.94 3.95 4.09 4.23 

Temperature (ºC) 190 210 190 190 210 

Time (min) 10 5 20 28 10 

 

Kraft Delignification 
Kraft pulping of pretreated wood chips was performed in a rotary digester (model 

AU/E-27, Regmed, Brazil) equipped with four independent 1.5 L vessels. Each vessel was 

loaded with 100 g of wood chips (dry basis) and 400 mL of white liquor with active alkali 

(AA) of 16% or 18% and 30% sulphidity (calculated on dry wood basis and expressed as 

NaOH equivalents). The reactor heating rate was 2.1 ºC/min from room temperature, the 

cooking temperature was 170 ºC, and the H-factor was 1200. After each reaction, the black 

liquor was drained and the pulps were washed with tap water. The total yield was 

determined from the measured wet mass and moisture content of the washed solid 

substrate. Samples were stored in plastic bags at 4 °C.  

 

Characterization of Wood and Pulp Samples 
  The wood chips were milled in a knife mill and sieved through a 45/60 mesh screen. 

Milled wood was extracted with a 90% acetone solution for 16 h to determine the amount 

of extractives. Hemicellulose-extracted wood chips were also milled and sieved but not 

extracted with acetone. Milled wood samples were hydrolyzed with 72% sulfuric acid at 

30 °C for 1 h (300 mg of sample and 3 mL of sulfuric acid). The acid was diluted to 4% 

(by the addition of 84 mL of water) and the mixture heated at 121 °C (1 atm) for 1 h. The 

residual material was cooled and filtered through porous glass filter (number 4). The solids 

were dried to constant weight at 105 °C and the dried mass was determined as insoluble 

lignin (Mendonça et al. 2008). The soluble lignin concentration in the filtrate was 

determined by the measurement of the absorbance at 205 nm and using the value of 110 

L/g cm as absorption coefficient. The concentration of monomeric sugars in the soluble 

fraction was determined by high-performance liquid chromatography (HPLC) (Merck 

Hitachi, Germany). A BIO-RAD HPX-87H column was used with the HPLC, which was 

operated at 45 °C and eluted at 0.6 mL/min with 5 mM H2SO4. An IR detector was used 

(operated at 30 ºC). 
 
Scanning Electron Microscopy (SEM) Analysis 
  Scanning electron microscope (SEM) analysis was performed using a JEOL JSM-

638 LV (Joel, USA) with a voltage of 15 and 20 kV. The external morphology and 

orientation of the fibers was analyzed. Images were obtained at a magnification of 100X.  

 

FT-IR Analysis 
 Fourier transform infrared spectroscopy (FT-IR) was performed by using a Perkin 

Elmer spectrometer 2000 FT-IR (USA) equipped with a triglycine sulfate detector and KBr 
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beam splitter. The spectra (4000 to 400 cm-1) were recorded with a resolution of 4 cm-1 and 

64 scans per sample. Approximately 2.0-mg samples were prepared by mixing with 120 

mg of spectroscopic grade KBr then pressed to produce 13-mm-diameter pellets. 

 

Enzymatic Hydrolysis 
Enzymatic hydrolysis of pulps was performed using a cellulase mixture from 

Novozymes (Denmark): cellulase NS-22128 (71 FPU/mL) supplemented with β- 

glucosidase NS-22118 (370 CBU/mL). The enzyme dosage utilized was 20 FPU and 20 

CBU per gram of pretreated material (dry weight). Each hydrolysis experiment was carried 

out in 125-mL Erlenmeyer flasks containing 3 g of pulp (dry weight) and 30 mL of 50 mM 

sodium-acetate buffer at a pH of 4.8 (final consistency of 10%). The Erlenmeyer flaks were 

incubated for 96 h at 50 °C, 150 rpm in a rotatory shaker. Samples were taken for sugar 

analysis and withdrawn after 0, 24, 48, 72, and 96 h. All experiments were run in triplicates 

and the average data presented. Concentrations of sugars in the supernatants were 

determined using the HPLC method (as mentioned above). Glucans-to-glucose 

conversions were calculated using a 0.9 multiplication factor to account for the loss of 

water from the carbohydrate polymer. The glucose yield of the substrate was calculated 

according to the Eq. 3. 

 

Yield (%) =                     Sugar released (g) x 0.9                      x 100 

  Carbohydrate content in the treated material (g)                (3) 
 

 
RESULTS AND DISCUSSION 
 

Chemical Composition 
 The chemical composition of P. radiata used in this work is shown in Table 3. 

Wood chips of P. radiata were pretreated with dilute acid (DA) and steam explosion (SE) 

extraction to remove hemicelluloses prior to kraft pulping. The yield of solids obtained 

from dilute acid extraction ranged between 76.5% and 91.2%, while the yield of solids 

obtained from steam explosion extraction was even lower, with values from 66.7% to 

80.7%. In both extractions (DA and SE), the amount of material dissolved during the 

extraction increased with increasing process severity factor. The yield decrease after 

extractions was due to the solubilization of hemicelluloses and lignin (Leschinsky et al. 

2009; Borrega et al. 2011). Long pre-hydrolysis time degraded higher amounts of 

hemicelluloses, thus reducing system efficiency. 

  

Table 3. Chemical Composition of Pinus radiata Wood Chips 
 

Compounds 
Glucans 

(%) 
Hemicelluloses 

(%) 
Lignin 

(%) 
Acetone-soluble extractives 

(%) 

 42.7 20.0 29.5 3.0 

 

The compositions of pretreated materials after extraction (i.e., cellulose, 

hemicellulose, and lignin) are depicted in Fig. 1. The content of cellulose in DA-pretreated 

wood varied between 36.7 to 41.3%, representing a retention of glucans of 88% to 99%. 

The SE-pretreated material showed that there was a decrease in cellulose content during 

the process; the retention of glucans was between 80.6 to 94.6%, and decreased with 
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increasing process severity factor. The dissolution of acetyl groups from the hemicelluloses 

in the water decreased the pH of the liquor and catalyzed extraction. As a result, most of 

the amorphous hemicelluloses and part of the lignin could be dissolved in water (Saha and 

Cotta 2008). Low concentrations of hemicelluloses are observed in the residual wood when 

the severity of extraction was increased. The hemicellulose content in DA pretreated 

material varied between 3.8 to 5.3% w/w, and in SE pretreated material the hemicellulose 

content was 2.8 to 10.6% w/w. Lignin did not undergo major changes during pretreatment 

and its retention in the solids was above 92%. 

 

 
Fig. 1. Remaining glucans, hemicelluloses, and total lignin in the solid fraction from: (a) dilute 
acid and (b) steam explosion extraction 

 

FT-IR Spectra  
Fourier transform infrared spectroscopy (FT-IR) analysis was utilized to investigate 

the effects of DA-pretreatment and SE-pretreatment on the chemical structure of the 

biomass (Fig. 2). Characteristic assignments of hemicelluloses at 1738 cm-1, corresponding 

to the C=O linkages of acetyl groups and other carbonyl groups present in the branches of 

the hemicelluloses, decreased in intensity until disappearing when the time of extraction 

increased for both methods evaluated (DA and SE). This information correlated with the 

content of hemicelluloses determined in extracted wood (Fig. 1). 
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Fig. 2. Infrared spectra of extracted wood (top) dilute acid and (down) steam explosion  
 

The region between 1607 and 1512 cm-1 in the spectra corresponded to vibrations 

of aromatic ring and are used to identify lignin. In DA and SE extractions, there was an 

increase in the intensity of bands at 1607 cm-1 as the extraction severity factor increased. 

This may be caused by the cleavage of β-O-4 structures in lignin. Under acidic pretreatment 

conditions, the predominant acidolysis reactions with lignin are the fragmentation of aryl 

ether linkages (e.g., a-O-4 and β-O-4 linkages) and acid-catalyzed condensation (Kumar et 

al. 2009; Shuai et al. 2010). However, no observations of any displacement to higher 

wavenumber values or an increase in the intensity of the band at 1512 cm-1 that could 

indicate a higher degree of condensation in the lignin.  

The absorption bands at approximately 1430 cm-1 and 897 cm-1 are very sensitive 

to the crystalline structure of cellulose, and are often used to determine the crystallinity 

index (O'Connor et al. 1958). Moreover, the displacement of these bands also indicates 

changes to the structure of cellulose. In both methods of extraction, a displacement was 

observed from 1423 cm-1 of untreated wood to 1428 cm-1 for extracted wood. When this 

band appeared at 1420 cm-1, it was attributed to amorphous cellulose and crystalline 

cellulose II, whereas the 1430 cm-1 band is attributed to crystalline cellulose I.  

Extracted woods have been reported to show a displacement of the band at 1430 

cm-1, which indicated an increase in the ratio of crystalline-to-amorphous cellulose (Nelson 

and O’Connor 1964; Wang et al. 2009). Decreasing intensity at 1244/1232 cm-1 (which are 

attributed to C-O bending vibration in hemicelluloses) suggested that the hemicellulose 

content decreased, which was in accordance to the results observed from the chemical 

composition analyses. 
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Microscopic Characterization of Pretreated Material 
Scanning electron microscopy (SEM) images revealed how the compact and 

regular surface structure of the pretreated material changed as the combined severity factor 

(CS) of the pretreatments increased from 1.26 to 1.82 (Fig. 3). It was clear that some cell 

tissues had been destroyed during the hydrolysis process, and that the connections between 

the fibers were loosened. Changing the fiber length, width, or lumen diameter of fiber cells 

in biomass will collectively affect substrate particle size, resulting in changes of the 

substrate external surface area. Disruption of physical and chemical interactions among 

cellulose, hemicelluloses and lignin can influence layer and porous structures within fiber 

cell walls, leading to changes in substrate internal surface area (Ju et al. 2013). 

 

 
 

Fig. 3. Surface images obtained by SEM of P. radiata extracted with dilute acid (DA) at different 
combined severity factors (CS) 
 

  Figure 4 showed that SE extraction produced more noticeable physical changes in 

the structure of the fibers than DA, with the presence of cracks and small debris on the 

fiber surfaces. The sudden depressurization led to an “explosion” of the steam inside the 

lignocellulosic matrix, which promotes breakdown and defibrillation of its structure, 

hydrolysis of the hemicelluloses, and depolymerisation/repolymerization of lignin (Ruiz et 

al. 2008). As the severity factor of steam extraction was further increased, the SEM 

micrographs of the wood showed that any residual fiber structure had been lost and now 

had the form of an amorphous cellulosic material, which is similar to that observed by 

Gourlay et al. (2012). The decompression forces the fibrous material to explode into 

separated fibers and fiber bundles, generating a solid fraction with a more open structure 

(Martín-Sampedro et al. 2011), which may enhance the efficient diffusion of cooking 

liquor into the fibers. At low severity, the surface area shows a compact structure and the 

fibers are arranged in bundles and debris. With increasing treatment severity, apparent 

changes to the surfaces were observed (Log Ro = 4.23), which included the presence of 
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cracks and ridges, exposure of internal cell walls, and disappearance of cohesion within the 

fibers.  
 

 
 

Fig. 4. Surface images of P. radiata pretreated with steam explosion (SE) obtained by SEM. Arrows 
indicate splits, delamination, cracks, and changes in the structure of the fibers  

 

Kraft Delignification 
One of the reaction conditions was selected to evaluate how the pre-extracted 

material performs under kraft delignification. P. radiata wood chips were extracted with 

dilute acid (DA) at 170 ºC for 25 min (CS = 1.67) and steam explosion (SE) at 190 ºC for 

28 min (Log Ro 4.09). These conditions were selected because the amount of cellulose 

removed was low and the amounts of hemicelluloses solubilized were similar. Kraft pulp 

from pre-extracted chips were obtained in yields between 56% and 59% depending on the 

AA used and the pretreatment method used to extract the hemicelluloses (Table 4). The 

pulp mass balance of dilute acid/kraft (DA1.67/kp) and steam explosion/kraft (SE4.09/kp) 

indicated that cellulose was primarily retained in control and SE4.09/kp combined 

treatments. Only the DA1.67/kp combined treatment exhibited a noteworthy loss of cellulose 

of around 25% for both AA levels examined. Hemicelluloses were not detected in pulps 

generated, which indicated that the residual hemicelluloses and part of the cellulose were 

dissolved/degraded during the kraft pulping of the extracted chips. Lignin presented 

variations in the content depending of the combined pretreatment, SE4.09/kp showed 

delignification degrees of 47% for AA 16 and 68% for AA 18. DA1.67/kp for both AA 

levels showed the least amount of delignification versus SE4.09/kp, with amounts of 

delignification of 15% and 28% for AA16 and 18, respectively. The lower percentage of 

delignification for DA1.67/kp and SE4.09/kp pretreatments could indicate that lignin 

condensation occurred along with the acid degradation of carbohydrates in the extraction 

pretreatment. The condensed lignin precipitated onto the fiber and resisted delignification 

from wood (Borrega et al. 2011). 
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Table 4. Chemical Composition of Kraft Pulp after Dilute Acid and Steam 
Explosion Extraction on Original Wood Dry Basis 
 

Compounds 
Dilute acid/Kraft 

(DA1.67/kp) 
Steam explosion /Kraft 

(SE4.09/kp) 

Active alkali (%) 16 18 16 18 

Yield of solid (%) 59.4 57.3 59.5 56.0 

Cellulose (%) 32.4 31.5 40.4 38.8 

Hemicellulose (%) 0 0 0.4 0 

Lignin (%) 24.8 21.5 15.5 9.5 

 
The higher degree of delignification for the SE4.09/kp also was facilitated by the 

greater diffusion of cooking liquor into the fibers, a consequence of the more open structure 

of the extracted wood of SE-pretreated. Leschinsky et al. (2008) indicate that the removal 

of hemicelluloses results in the loss of biomass structural integrity, improved diffusion of 

pulping chemicals, and faster delignification under milder conditions. The reagents 

penetrate the cell wall through the lumen, degrading the most accessible lignin in the 

secondary cell wall first and leaving the remaining lignin in the middle lamella, which is 

more recalcitrant (Siqueira et al. 2011).  

 
Enzymatic Hydrolysis 

The enzymatic digestibility of the various P. radiata pulps were evaluated. The 

conversion of glucans to glucose was monitored for 96 h of enzymatic hydrolysis (Fig. 5). 

The enzymatic digestibility of the SE4.09/kp treated with AA 16 and 18 showed yields of 

58.4% and 75.1%, respectively, which corresponded to the low levels of lignin in these 

pulps. Conversely, the enzymatic digestibility of pulps produced by DA1.67/kp was very 

low for both AA evaluated. The conversion values varied between 38% and 44.2% for 

these pulps. This low percentage of conversion is probably due to the new structural 

features of the pretreated material, which had a higher content of residual lignin. It is known 

that lignin can act as a barrier and/or as an inhibitor for enzymes, making saccharification 

more difficult in the samples (Rahikainen et al. 2011). 
 

 
 

Fig. 5. Enzymatic hydrolysis yield obtained for P. radiata after dilute acid/kraft and steam 
explosion/kraft treatment after 96 h 
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Several studies showed that the lignin content negatively affects enzymatic 

digestibility (Alvira et al. 2010; Soares and Gouveia 2013), possibly acting as a physical 

barrier to restrict the access of cellulases to cellulose chains (Chang and Holtzapple 2000; 

Laureano-Perez et al. 2005). This is particularly true when the residual lignin remains 

homogeneously distributed in the fibers than when heterogeneously redistributed as 

droplets, which allows a better enzymatic access to the cellulose (Araya et al. 2015). The 

sudden depressurization applied in the reaction performed at SE4.09/kp can favor this 

redistribution of the lignin in the fibers in comparison with DA1.67/kp. Recently, Nakagame 

et al. (2010) tested the inhibitory effect of softwood, hardwood, and grass lignins in the 

hydrolysis of microcrystalline cellulose (Avicel) and observed that the lignin-rich 

hydrolysis residue from softwood had a stronger inhibitory effect on the hydrolysis than 

the lignins from other sources. Consequently, the inhibitory effect of lignin appears to be 

a major challenge in the utilization of softwood materials via enzymatic hydrolysis. 

 

 

CONCLUSIONS 
 

1. Part of the labile hemicelluloses from P. radiata wood chips was extracted using dilute 

acid and steam explosion pretreatment methods. Mass balance data for cellulose 

retained in the extracted wood chips showed that both hemicelluloses extraction 

treatments solubilized a marginal fraction of the cellulose present, which enabled 

subsequent kraft pulping.  

2. Low delignification at the same AA was observed in pulps from wood chips extracted 

with dilutes acid versus steam explosion. This may be due to the consumption of part 

of the original alkali added during the cooking step by polysaccharide and lignin 

degradation products formed during the dilute acid extraction. The degradation of 

polysaccharide and lignin is a critical phenomenon. It was possible that lignin 

condensation occurred during the extraction pretreatments when the severities levels 

were high, and especially with the acidic conditions. Throughout fractionation, the first 

stage was considered the key process for determining the yields of biomass 

components. 

3. Glucan-to-glucose conversion in the majority of pulps was low. Only wood extracted 

with steam explosion carried out at AA 18 showed a percentage of conversion near to 

75%; this value was 31% higher that pulp from extracted wood chips with dilute acid. 

4. The combination of steam explosion with kraft pulping was an effective method to 

remove hemicelluloses and lignin, leaving more accessible material for bioconversion 

to ethanol. 
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