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Abstract: 

This study investigated whether the effectiveness of pretreatment is limited by a 

size reduction of Norway spruce wood in biobutanol production. The spruce was 

milled, chipped, and mashed for hydrogen peroxide-acetic acid (HPAC) and dilute 

acid (DA) pretreatment. Sugar recoveries from chipped and mashed spruce after 

enzymatic hydrolysis were higher than from milled spruce, and the recoveries were 

not correlated with the spruce fiber length. HPAC pretreatment resulted in almost 100% 

glucose and 88% total reducing sugars recoveries from chipped spruce, which were 

apparently higher than DA pretreatment, demonstrating greater effectiveness of 
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HPAC pretreatment on sugar production. The butanol and ABE yield from chipped 

spruce were 126.5 and 201.2 g/kg pretreated spruce, respectively. The yields 

decreased with decreasing particle size due to biomass loss in the pretreatment. The 

results suggested that Norway spruce chipped to a 20 mm length is applicable to the 

production of platform sugars for butanol fermentation.  

Keywords: Norway spruce; size reduction; pretreatment; sugar recovery; biobutanol 

 

1. Introduction 

Butanol as a potential biofuel could be produced biochemically via 

acetone-butanol-ethanol (ABE) fermentation using the sugars extracted from 

lignocelluloses. Softwood such as Norway spruce is the dominant source of 

lignocellulosic materials in Nordic countries, and it would be the subject of great 

interest for biobutanol production. However, softwood is one of the hardest 

lignocellulosic feedstocks, which needs technological improvements and even new 

process configurations for conversion to fermentable sugars (Galbe and Zacchi, 

2002).  

Pretreatment could disrupt the heterogeneous structure of lignocellulose, remove 

hemicelluloses and/or lignin, and increase the surface area and porosity of biomass, 

thus enhancing the enzymatic hydrolysis of cellulose to sugars (Wyman et al., 2005; 

Mosier et al., 2005). To date, a wide range of pretreatment technologies for softwood 

has been developed by combining thermal treatments with chemicals, such as SO2, 
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acid or ammonia (Galbe and Zacchi, 2002). However, only a few of them seem to be 

promising due to the extensive energy requirement, hemicelluloses loss, and 

formation of inhibitors. A newly developed hydrogen peroxide (H2O2)-acetic acid 

(CH3COOH) (HPAC) pretreatment removes lignin from lignocellulosic cell walls, 

which results in enhanced enzymatic accessibility of the substrate and more efficient 

cellulose hydrolysis of multiple lignocellulosic materials, reducing enzyme loading 

and downstream enzymatic hydrolysis time. Moreover, this method does not need 

high temperatures or strong acid treatments (Wi et al., 2015). Therefore, it is 

hypothesized in this study that the HPAC pretreatment is a highly effective 

pretreatment to convert Nordic softwood such as Norway spruce to fermentable 

sugars for butanol fermentation.  

Prior to pretreatment, a physical treatment of lignocellulosic materials such as 

grinding, milling or chipping is recommended for particle size reduction (Sun and 

Cheng, 2002). The size reduction can eliminate mass and heat transfer limitations 

during pretreatment and enzymatic hydrolysis (Schnell and Harwood, 1994) as well as 

reduce the crystallinity of the cellulose fibers in the biomass (Keshwani and Cheng, 

2009). Nevertheless, size reduction of biomass is an energy-intensive and expensive 

process (Zhu et al., 2010). Thus, the development of efficient biomass processing 

technology with relatively larger particle sizes would be good for achieving high 

sugar conversion and low production cost (Zhu et al., 2009). In the last decade, the 

effect of particle size on the hydrolysis yield of agricultural residuals such as corn 

stover, rice straw, energy crops, and wheat straw has been extensively investigated, 
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and inconsistent results were reported (Bridgeman et al., 2007; Pedersen and Meyer, 

2009; Khullar et al., 2013; Harun et al., 2013; Li et al., 2016). This might be attributed 

to the various biomass categories, particle size definition, sugar yield definition, 

biomass treatment procedure, and particle size (Zhang et al., 2013). In regard to 

Norway spruce, the particle size used for pretreatments varied from micrometers to 

millimeters (Zhu et al., 2009；Zhao et al., 2010; Shafiei et al., 2010; Shafiei et al., 

2013; Frankó et al., 2015). It was reported that the glucose yield of steam-pretreated 

spruce after enzymatic hydrolysis was slightly higher for the smaller chips (Monavari 

et al., 2009). Shafiei et al. (2013) found that less glucose was released from the ionic 

liquid pretreated spruce wood chips compared to wood powder. However, the 

pretreatments improved the hydrolysis yield of wood chips much more than that of 

the powder.  

To the best of our knowledge, there is no systematic research on evaluating the 

effects of different size reduction treatments on pretreatment performance on Norway 

spruce for sugar production in the context of biobutanol fermentation. The aim of this 

study is to understand whether the effectiveness of HPAC pretreatment is limited by 

the physical treated particle sizes of Norway spruce wood. The milled, chipped, and 

mashed spruce wood with different fiber lengths were used for HPAC pretreatment. A 

dilute sulfuric acid pretreatment was also performed for comparison. The sugar 

recovery from raw materials after enzymatic hydrolysis was used to evaluate the 

pretreatment efficiency, and the effect of fiber length of spruce wood on the sugar 

recovery was clarified. The mass balance around the sugar recovery for biobutanol 
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production was calculated. In addition, the HPAC pretreatment with a relatively larger 

particle size by using lower chemical dosages was also performed.  

2. Materials and methods 

2.1 Raw materials 

The Norway spruce wood was harvested from Polvijärvi Teerivaara, Finland, in 

2016. The wood was milled and sieved to 0.25 and 1 mm by using Ultra-Centrifugal 

Mill ZM 200 (Retsch GmbH, Germany). The wood was chipped to 6 and 20 mm in 

length by using a commercial chipping machine (HJ-260GT, Junkkari Oy, Finland). 

The wood lumber with the size of 50 mm x 22 mm x 3000 mm was mashed to a size 

of 20 mm in length by a custom made machine. In this machine, there are 4 pieces 

125 mm diameter rotating blades which are 12 mm wide each and having six claws 

each of them. The blades were sharpened into 45 degree angles. There are two sets of 

blades which are interlocked each other making blade edge, and the feedstock will 

pass and get mashed. All the prepared samples were air-dried at 45 °C for 2 days and 

stored in paper bags in room temperature. 

2.2 Pretreatment 

The milled, chipped, and mashed spruce wood were pretreated with a mixture of 

hydrogen peroxide and acetic acid (volume ratio is 1:1, HPAC) and 0.15% (w/v) 

sulfuric acid, respectively. In the process of HPAC pretreatment, 5 g spruce wood was 

mixed with 50 mL HPAC solution and pretreated at 80 °C for 4 hours. In the process 

of sulfuric acid pretreatment, 10 g spruce was mixed with 100 mL sulfuric acid in a 

steel cylinder and pretreated at 190 °C for 10 minutes. The pretreatments with 
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different dosages of HPAC solution and resident times were also investigated for the 

pretreatment of chipped (20 mm) spruce wood. The dosages were designated as 1/5 

HPAC, 1/3 HPAC, 1/2 HPAC, and 2/3 HPAC. The resident times were 4 h, 6 h, and 

8 h. All pretreatments were performed in duplicate. After pretreatment, the slurry was 

cooled to room temperature and pressed through filter paper to separate the pretreated 

solid from the liquid. The pretreated solids were washed using 500 mL deionized 

water and air-dried for chemical composition analysis and enzymatic hydrolysis. 

2.3 Composition analysis 

The composition of raw and pretreated spruce wood was analyzed according to 

the standard protocol of the National Renewable Energy Laboratory (NREL) (Sluiter 

et al., 2008). 300 mg materials were weighted and treated with 72% H2SO4 at 30 °C 

for 1 hour in a 100 mL triangle-flask and then diluted to 4% H2SO4 with deionized 

water and autoclaved at 121 °C for one hour. The slurry was neutralized with solid 

CaCO3 to pH 4-5 and centrifuged at 1200 rpm for 10 minutes. The supernatant was 

collected for sugar analysis by high performance liquid chromatography (HPLC).  

2.4 Fiber length and width measurement 

The raw and pretreated materials (0.5 g) were suspended in a mixture liquid of 

50% acetic acid and 30% hydrogen peroxide and placed in the oven at 65 °C for two 

days. After that, the slurry was placed in a beaker containing 100 mL deionized water. 

The electric stirrer was applied for one minute. Then the slurry was pressed through 

filter paper to separate the liquid and solid. The solid was transferred to another 

beaker containing 200 mL deionized water and agitated with an electric stirrer again 
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for one minute. The beaker was then placed on the L&W fiber tester (model 912) in 

accordance with ISO standard 16065-2 to analyze the fiber length and width of the 

materials. 

2.5 Enzymatic hydrolysis  

The enzymes Celluclast 1.5L, Novozyme 188 and Viscozyme@L (Novozymes 

A/S, Bagsværd, Denmark) were used for enzymatic hydrolysis of pretreated solids. 

Polyethylene glycol 4000 (PEG) was used as an ionic surfactant for increasing the 

hydrolysis efficiency. Hydrolysis with 2% dry matter (DM) loading was performed in 

tubes with a 3 mL working volume in 50 mM sodium citrate buffer (pH 5.0). The 

hydrolysis was conducted in a shaker stirred at 200 rpm at 50 °C for 48 h. Prior to 

hydrolysis, 10 FPU/g biomass of Celluclast 1.5 L (50-70 FPU/mL), 400 nkat/g 

biomass of Novozyme 188 (6000 nkat/mL), and 20 FBG/g biomass of Viscozyme L 

(100 FBG/g) were added to the slurry for enzymatic hydrolysis. The dosage of PEG 

4000 was 0.02 g/g DM. The hydrolysis of pretreated samples for fermentation was 

conducted with 5% DM loading in a 100 mL glass bottle with 50 mL working volume 

of sodium citrate buffer. After the hydrolysis, the samples were boiled for 10 min to 

stop the enzymatic hydrolysis and then centrifuged for 10 min at 12,000 rpm. The 

supernatants of each sample were collected for the analysis of sugars. All the 

hydrolysis experiments were performed in duplicate. The average data of two 

independent experiments and standard errors calculated based on the relative 

difference of duplicate experiments were presented. 

2.6 Fermentation 
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Freeze-stored Clostridium acetobutylicum DSM 1731 culture was activated for 

14-16 h at 37 °C in 50 mL Reinforced Clostridial Medium (tryptone 10 g/L; yeast 

extract 3 g/L; beef extract 10 g/L; glucose 5 g/L; Cys-HCl 0.5 g/L; NaCl 5 g/L; 

NaAc 5 g/L; soluble starch 1 g/L). Then, 1 mL of active growing cells was inoculated 

into 50 mL of sterilized pre-fermentation P2 media prepared in a 125 mL 

screw-capped bottle. The pre-fermentation P2 media contained glucose 30 g/L and 

yeast extract 1 g/L. Before inoculation, 0.5 mL each of the filter-sterilized stock 

solutions (buffer: KH2PO4 50 g/L, K2HPO4 50 g/L, ammonium acetate 220 g/L; 

mineral: MgSO4·7H2O 20 g/L, MnSO4·H2O 1 g/L, FeSO4·7H2O 1 g/L, NaCl 1 g/L; 

and vitamin: para-aminobenzoic acid 0.1 g/L, thiamin 0.1 g/L, biotin 0.001 g/L) was 

added into the P2 media. The culture was allowed to grow for approximately 16 h at 

37 °C before inoculation into the ABE production media. All experiments were 

conducted in duplicate.  

ABE fermentation was conducted in a 125 mL screw-capped bottle containing 

50 mL medium. The pH of the medium was adjusted to 6.5 with Ca(OH)2. The 

medium was boiled for 10 minutes in the water bath and purged with N2 for 2 minutes 

to keep anaerobic conditions and then was sterilized at 121°C for 20 minutes. 

Fermentation started at 37 °C when inoculated into the C. acetobutylicum DSM 1731 

culture (10%, v/v). Prior to the inoculation, 0.5 mL each of the filter-sterilized stock 

solutions (buffer, mineral, and vitamin) was added to the hydrolysate medium.  

2.7 Chemical analysis  
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The HPLC system (Hitachi L-2000, Hitachi Ltd., Japan) for compositional sugar 

analysis was equipped with a refractive index detector (Hitachi Ltd., Japan) and an 

autosampler (Hitachi Ltd., Japan). An ion-moderated partition chromatography 

column (Aminex column HPX-87H) with a Cation H micro-guard cartridge was used. 

The column was maintained at 45 °C with 5-mM H2SO4 as the eluent at a flow rate of 

0.5 mL/min. Before injection, the samples were filtered through 0.22-μm MicroPES 

filters, and a volume of 20 μL was injected. Peaks were detected by refractive index 

and were identified and quantified by comparing the retention times of authenticated 

standards (D-glucose, D-xylose, and D-mannose). The xylose and mannose were 

quantified as hemicellulose because their peaks cannot be separated with 

chromatography column HPX-87H. Due to the presence of PEG 4000, which affects 

the sugar analysis by HPLC with column HPX-87H, the concentration of glucose in 

enzymatic hydrolysate was determined a by SBA-40 C biosensor analyzer (Institute 

of Biology, Shandong Academy of Sciences, China). The total reducing sugars in the 

enzymatic samples were analyzed with the 3,5-dinitrosalicylic acid method (Miller, 

1959). 

Fermentation samples were analyzed with Nuclear Magnetic Resonance (NMR). 

The NMR spectra for quantification of sugars, butanol, acetone and ethanol were 

recorded on a Bruker AVANCE 500 DRX NMR spectrometer equipped with a 5 mm 

QNP SB probe. The above-mentioned compounds were identified from routine 

two-dimensional proton-proton and proton-carbon correlated spectra. Quantitative 1H 

NMR spectra were collected with water presaturation (zgcppr) by using a 90° pulse 

http://www.sciencedirect.com/science/article/pii/S0960852415004915#b0100
http://www.sciencedirect.com/science/article/pii/S0960852415004915#b0100
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angle, 48 dB presaturation power, 40 s relaxation delay, and 16 scans at 300 K. Prior 

to the NMR measurements, 200 μL of sample liquid was transferred to a 5 mm NMR 

tube followed by the addition of deuterium oxide (D2O, 275 μL) and 

3-(trimethylsilyl)-propionic-d4 acid (25 μL, 20 mM) in D2O as an internal standard of 

known concentration.  

The sugar recoveries were calculated as follows:  

                     
                                       

                              
                

                        

 
                                                      

                                                

                                                                                                                       

3. Results and discussion 

3.1 Effect of size reduction treatments on the composition of spruce wood 

pretreated with HPAC and DA 

The raw Norway spruce wood contained 43.0% cellulose, 20.6% hemicelluloses, 

and 26.9% lignin (Table 1). After HPAC pretreatment, 49.0–63.1% of the original 

biomass was recovered as a solid. The solid recoveries from milled (0.25 and 1 mm) 

materials were apparently lower than that from chipped (6 and 20 mm) and mashed 

materials. HPAC pretreatment removed 85.1–88.4% lignin from raw material, 

retaining a low lignin level in the solid. The contents of cellulose in pretreated solids 

were not changed much compared with the raw material, whereas the hemicelluloses 

were removed by 33.5–58.8%. This is in agreement with the result of Wi et al. (2015) 

that HPAC pretreatment was highly effective in removing lignin from lignocellulosic 
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cell walls, but it also caused the loss of hemicelluloses. The lignin blocks access of 

cellulase to cellulose during enzymatic hydrolysis, and binds non-productively with 

cellulases. The removal of lignin would enhance the enzymatic hydrolysis of 

cellulose.  

After DA pretreatment, the solid recoveries increased from 55.7–67.9% with the 

increasing particle size from 0.25 mm to 20 mm in milled and chipped samples, and 

61.1% of solid was recovered from mashed spruce. The contents of cellulose in 

pretreated solids decreased to 25.7–35.6% from of the original. The hemicelluloses 

were not found in the solid, and most of the lignin remained in the pretreated material. 

This is the typical characteristic of DA pretreatment. As reported earlier, DA 

pretreatment was highly effective for removing hemicelluloses but not lignin, which 

also resulted in the further degradation of sugars to inhibitory compounds such as 

furfural, 5-hydroxymethylfurfural (HMF), and organic acids for enzymatic hydrolysis 

and fermentation (Yang et al., 2015; Jönsson and Martín, 2016). In contrast, there 

were no such inhibitors detected after HPAC pretreatment, which is in agreement with 

the study of Wi et al. (2015). This would allow conducting the enzymatic hydrolysis 

and fermentation under severe pretreatment conditions. 

The results outlined above showed that the delignification effects of HPAC and 

the removal of the hemicelluloses effects of DA pretreatments are both similar among 

different physically treated particle sizes of Norway spruce. However, the smaller 

particle size, the less solid was recovered, and the more carbohydrates loss was 

observed. This is in accordance with the study of Bridgeman et al. (2007) that 
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extensive size reduction causes significant carbohydrate losses during the 

pretreatment, which ultimately results in less reducing sugars in enzymatic hydrolysis 

and a reduction in ethanol yield. The reason was probably that the decreasing particle 

size caused the increase of surface area for the severe reaction with pretreatment 

chemicals, which would result in relatively more degradation of carbohydrates. As 

reported earlier, particle size may have an effect on mass and heat transfer during 

pretreatments (Zheng et al., 2007).   

3.2 Effect of size reduction treatments on enzymatic hydrolysis of pretreated 

spruce wood  

With HPAC pretreatment, glucose recoveries of 61.1–65.5% and total sugars 

recoveries of 46.3–50.3% were obtained from milled and chipped spruce, respectively 

(Fig. 1A). The glucose and total sugars recoveries have no significant differences 

between milled and chipped spruce. However, the highest glucose recovery (almost 

100%) and the total sugars recovery of 67.5% were obtained from mashed spruce, 

which were apparently higher than that from other treated materials. By adding PEG 

4000 during the hydrolysis, the glucose and total sugars recoveries from spruce were 

significantly increased (Fig. 1B). The glucose and total sugars recoveries from 

chipped (6 and 20 mm) spruce were somewhat higher than that from milled (0.25 and 

1 mm) spruce and were comparable with that from mashed spruce. The effect of PEG 

4000 on glucose recovery was not obvious, which is due to the cellulose being 

completely hydrolyzed even without PEG 4000; thus there was no potential for a 

further increase. After DA pretreatment, the glucose recoveries increased slightly with 
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the increasing particle sizes of milled and chipped spruce, and there were no increases 

for total sugars recoveries (Fig. 1C). The highest glucose recovery of 47.0% and total 

sugars recovery of 33.8% were obtained from mashed spruce.  

The results showed that enzymatic hydrolysis of HPAC pretreated spruce yielded 

higher sugar recoveries than from DA pretreated spruce with all particle sizes. HPAC 

pretreatment was reported as a potential pretreatment method in enhancing enzymatic 

accessibility of the substrate and more efficient cellulose hydrolysis (Wi et al., 2015). 

The total sugars recoveries were always lower than glucose recoveries, which is due 

to the loss of hemicelluloses during the pretreatments. The xylose, 

xylooligosaccharides, and their degradation products such as furfural, HMF, and 

organic acids were probably formed (Jönsson and Martín, 2016). The promoting 

effect of PEG 4000 as an ionic surfactant for further increasing the sugar recoveries 

(sugar yields) has been extensively studied, and the mechanism has been described 

(Eriksson et al., 2002; Li et al., 2016; Yang et al., 2017). The surfactants could 

increase the cellulase activity and enzyme stability. The degree of increased free 

cellulase activity obtained by PEG addition is connected to the amount of phenolic 

hydroxyl groups in various substrates. The phenolic hydroxyl groups exposed on the 

lignin surface interact with PEG through hydrogen bonding, forming a layer of PEG 

on the lignin surface, which prevents unproductive binding of cellulases on lignin 

(Sipos et al., 2011). Interestingly, the mashed spruce showed the highest sugar 

recovery without the addition of PEG during the hydrolysis (Fig. 1A). This is 

probably due to the different structural characteristics that prevented the unproductive 
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adsorption of enzymes or promoted the accessibility of enzymes to substrates. In that 

sense, further study of the surface characteristics of pretreated mashed spruce would 

be interesting. 

The sugar recoveries from milled spruce were slightly lower than that from 

chipped and mashed spruce, which is due to the bigger mass loss after the 

pretreatment of smaller particle sized spruce. The results suggested that it is not 

necessary to reduce the particle size to the micrometer scale for the efficient 

enzymatic hydrolysis following HPAC pretreatment. In the context of biofuels 

production from lignocellulosic materials, the utilization of larger biomass particles 

would be more desirable to achieve the high pretreatment efficiency and hence 

improve subsequent enzymatic hydrolysis performance compared to the smaller ones. 

This is in agreement with the study of Harun et al. (2013), where the larger cut rice 

straw particles (5 cm) treated using high severity AFEX conditions significantly 

demonstrated higher sugar conversion compared to small particles during enzymatic 

hydrolysis. It was reported that the specific surface area of pretreated corn stover 

significantly increased, and the crystallinity index apparently decreased with the 

increased particle size, which promoted the enzymatic hydrolysis (Liu et al., 2013). 

During the pretreatment of corn stover with the larger particle size, the high-pressure 

steam easily penetrated the interior of the pile of corn stover due to the higher 

porosity of the pile, which resulted in the efficient auto-hydrolysis and explosion (Liu 

et al., 2013). In this study, it seems that the HPAC did not result in the higher 
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pretreatment efficiency of chipped and mashed spruce. On the contrary, it caused the 

bigger biomass loss of milled spruce. 

Nevertheless, an increasing trend in total sugar conversion of pretreated 

Miscanthus was observed with decreasing mean particle size (Khullar et al., 2013). 

The glucose release of both wet oxidized and not wet oxidized wheat straw increased 

with reduced particle size (53-149 mm compared to 2-4 cm). Liu et al. (2013) also 

reported that the highest sugar recovery reached 99.6% for glucan and 67.0% for 

xylan at the particle size of 1.0 and 0.5 cm, respectively, but the highest sugar 

conversion (100% for glucan and 83% for xylan) was observed at the particle size of 

2.5 cm. The effect of particle size on the sugar yields not only depended on the 

feedstocks, pretreatment methods, and particle size level, but also the sugar yield 

definition. Zhang et al. (2013) summarized three different definitions of sugar yield 

(glucose/pre-hydrolysis cellulose ratio, glucose/pre-hydrolysis biomass ratio, and 

glucose/pre-pretreatment cellulose ratio), which were used in the reported studies. The 

positive relationship between particle size and sugar yield defined as 

glucose/pre-pretreatment cellulose ratio was found (Ballesteros et al., 2002). This is in 

good accordance with our study, in which sugar recovery (glucose/original cellulose 

ratio) was used. The sugar recovery would be a good index to evaluate the effect of 

particle size on pretreatment efficiency because it took the biomass loss into account. 

HPAC pretreatment of chipped and mashed spruce with a relatively larger particle 

size gave high sugar recoveries after enzymatic hydrolysis; thus it would be promising 

for its application in the process of biofuel production.  
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3.3 Effect of fiber length and distribution on sugar recovery 

Gross fiber characteristics of biomass such as length, width, and size distribution 

have been shown to influence its enzymatic hydrolysis (Pan et al., 2008; Del Rio et al., 

2010; Yeh et al., 2010). However, there are a few reports about the effect of fiber 

length on the pretreatment efficiency for sugar recovery. In this study, the fiber length 

distribution of the raw and pretreated spruce was measured with a fiber-quality 

analyzer. The fibers of milled spruce were the shortest, which contained 25% of 

0.2-0.5 mm and 30% of 0.5-1.0 mm length fibers. The percentage of longer fibers 

(e.g., 1.0-2.0 mm length) in chipped and mashed spruce was higher than in milled 

spruce (Fig. 2). The average fiber length and width of the materials were presented in 

Table 2. After HPAC pretreatment, the average fiber length and width as well as the 

distribution of fiber length did not change (Fig. 2). However, after DA pretreatment, 

the average fiber length was considerably reduced (except for 0.25 mm materials), in 

which the fibers with 0.2-0.5 length accounted for 89–98%. The fiber length of 

0.25 mm spruce was higher than its original particle size, which is probably due to the 

materials being too small for fiber length analysis.  

The results indicated that HPAC pretreatment removed lignin without destroying 

the cellulose chain. The delignification exposed the cellulose fibrils in cell walls and 

resulted in enhanced enzymatic accessibility of the substrate, leading to more efficient 

cellulose hydrolysis (Wi et al., 2015). However, the fiber characteristics had no 

relationship with sugar recoveries from spruce after both pretreatments. The same as 

sugar recovery, the enzymatic hydrolysis yield of milled spruce was no higher than 
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chipped and mashed spruce even though it had a shorter fiber length after HPAC 

pretreatment (data not shown). It was reported that substrates with the lower average 

fiber size were hydrolyzed both at a faster rate and more completely due to the 

increased specific surface area of small and fine fibers (Mooney et al., 1999). 

However, Del Rio et al. (2012) reported that the fiber size (ranging in size from 0.2 

mm to approximately 4.5 mm) had little influence on enzymatic hydrolysis, which is 

likely due to the similarities in the substrates’ chemical composition, accessible 

surface area, cellulose crystallinity, and degree of polymerization. The relationships 

between fiber length and enzymatic hydrolysis probably depended on the pretreatment 

method. It is likely that the overall accessibility of cellulose to cellulases is the most 

important substrate characteristic rather than any single component such as fiber 

length.  

3.4 Overall mass balance for butanol production 

Due to low sugar recovery obtained with DA pretreatment and enzymatic 

hydrolysis, the fermentation using HPAC pretreated spruce as substrate was 

conducted. The fermentation of enzymatic hydrolysate derived from HPAC pretreated 

spruce chips (20 mm) produced 10.6 g/L ABE, in which 6.4 g/L was butanol. The 

butanol and ABE yields were 0.22 and 0.35 g/g sugars, respectively. The production 

yields were comparable to our previous study where barley straw was used as 

substrate (Yang et al., 2015). According to the sugar recoveries and the yields of ABE 

products, the mass balance of butanol production from HPAC pretreated spruce with 

different particle sizes was calculated and presented in Fig. 3. When 1 kg of 20 mm 
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particle size spruce wood was used as the substrate, 620 g solids were recovered by 

HPAC pretreatment. After enzymatic hydrolysis, 575 g fermentable sugars were 

obtained, which could produce 201.2 g ABE containing 126.5 g butanol. The ABE 

yield (201.2 g/kg pretreated spruce), calculated based on the raw material, was higher 

than that from dilute sulfuric acid pretreated barley straw (Yang et al., 2015). With 

decreasing particle sizes, the butanol and ABE yields decreased. The yields from 

mashed spruce were similar to that from 6 mm particle size spruce. However, it is 

worth emphasizing that the mashed spruce could be efficiently hydrolyzed without 

using PEG as the surfactant to increase the enzyme performance during the hydrolysis, 

which can reduce the butanol production cost. The results showed that larger particles 

could be utilized during the pretreatment more efficiently than smaller particles, as the 

pretreatment of smaller particles resulted in more biomass loss. From the biorefinery 

and economy point of view, the utilization of larger biomass particles producing more 

sugars and reducing the electric energy consumption during the biomass size 

reduction process would be preferred (Liu et al., 2013). 

3.5 HPAC pretreatment with lower chemical dosages  

The HPAC pretreatment resulted in high sugar recovery from chipped spruce (20 

mm). Moreover, further investigation of the pretreatment with lower dosages of 

HPAC to reduce the chemicals cost would be of interest for its upscale application. 

Thus, different dosages of HPAC with a different pretreatment time were investigated 

(Fig. 4). For 4 h, with 1/5 and 1/3 dosage of HPAC (diluted by water), the glucose and 

total sugars recoveries were only about 22.8% and 17.9%, respectively (Fig. 4A). 
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When the dosage increased to 1/2 HPAC, the glucose and total sugars recoveries 

increased to 69.4% and 79.1%, respectively, and the 2/3 HPAC resulted in a sugar 

recovery of 100% from the following enzymatic hydrolysis. For 6 h, with 1/2 dosage 

of HPAC in pretreatment, the glucose and total sugars recoveries increased to 100% 

(Fig. 4B). There were no further increases for the sugar recoveries with longer 

pretreatment time because the complete hydrolysis was achieved (Fig. 4C). In the 

previous study, HPAC was used as pretreatment for rice straw, pine wood, and oak 

wood, and the optimized ratio of hydrogen peroxide/acetic acid (1:1) was obtained. 

However, the dosage of HPAC was not optimized (Wi et al., 2015). Tan et al. (2010) 

reported that being treated with 69.1% peroxide-HAc at 80 °C for 26.5 h, 97.1% of 

the lignin could be removed while keeping 68.2% of the hemicelluloses intact. Over 

93.6% of carbohydrate in treated bagasse could be hydrolyzed with exoglucanase in a 

dosage of 138 FPU/g carbohydrates (Tan et al., 2010). Alkaline hydrogen peroxide 

pretreatment was also studied for the hydrolysis of sugarcane bagasse, but only a 

glucose recovery of 41.7% was obtained (Yu et al., 2015). In this study, 1/2 dosage of 

HPAC could be used for pretreatment of spruce in 6 h, which would be more 

environmental friendly and cost-effective. Compared with the results of using one 

dosage of HPAC, 1/2 HPAC achieved the higher total sugars recovery from 

enzymatic hydrolysis, which suggested the lower hemicelluloses loss during the 

pretreatment.  

3.6 Comparison to other studies  
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Softwoods such as Norway spruce are generally more refractory than hardwoods 

or agricultural residues for hydrolysis to fermentable sugars. This is because 

softwoods contain more lignin. Also, the content of acetylated groups in softwoods is 

lower than in hardwoods, and autohydrolysis during pretreatment cannot occur to the 

same extent (Galbe and Zacchi, 2002). For the pretreatment of softwood, the most 

investigated method is steam explosion with and without addition of acid or SO2 

catalyst (Söderström et al., 2003; Söderström et al.,2004; Monavari et al., 2009; 

Wiman et al., 2012; Frankó et al., 2015). The results from steam-explosion 

pretreatment of softwood species are not encouraging. Pretreatments of spruce with 

alkaline, N-methylmorpholine-N-oxide, and sulfite were also investigated, and the 

range of sugar yield varied from 66–92% (Zhao et al., 2010; Shafiei et al., 2010; 

Shafiei et al., 2013).  

In this study, an excellent sugar recovery was obtained by HPAC pretreatment. 

The previous study demonstrated the potential of HPAC pretreatment for multiple 

materials; therein the biomass was chipped into small pieces of 2 cm in length with a 

cutter and grounded with a wet-disk mill to a particle size of 0.7 cm (Wi et al., 2015). 

The spruce used in pretreatment are usually milled and sieved with a size from 2 to 

10 mm (Söderström et al., 2003; Söderström et al., 2004; Monavari et al., 2009; 

Wiman et al., 2012; Frankó et al., 2015). Biomass particle size obviously impacts the 

design of handling, transportation, and conversion facilities (Obernberger and Thek, 

2004). A suitable size reduction will significantly improve the efficiency of 

pretreatment due to the high efficient mass and heat transfer. The materials used for 
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pretreatment with an industrially relevant size would be cost-effective. The results of 

this study suggested that chipped spruce 20 mm in length could be used for HPAC 

pretreatment, and lower dosages of HPAC (2/3 HPAC for 4 h or 1/2 HPAC for 6 h) 

achieved high sugar recoveries.  

In recent years, various lignocellulosic feedstocks have been investigated for 

butanol production via ABE fermentation (Jurgens et al., 2012; Bankar et al., 2013). 

The concentrations of ABE and the production yields differ with different feedstocks, 

pretreatments, hydrolysis methods, fermentation technologies, and Clostridium 

species. A typical butanol yield in ABE fermentation is 0.20 to 0.25 g/g sugars (Lu et 

al., 2013). The butanol production from spruce has not been studied previously. 

However, the yields were comparable with the studies of butanol fermentation from 

other lignocellulosic materials, for example, sugar maple wood, rice straw, and wheat 

straw (Sun and Liu, 2012; Gottumukkala et al., 2013; Bellido et al., 2014). 

Consequently, HPAC pretreatment for Norway spruce chipping to 20 mm in length 

would be promising for the application in biofuels production. 

4. Conclusions 

Norway spruce wood was milled (0.25 and 1 mm), chipped (6 and 20 mm), and 

mashed (20 mm) for HPAC and DA pretreatment and enzymatic hydrolysis. For all 

samples, enzymatic hydrolysis of HPAC pretreated spruce gave higher sugar 

recoveries compared to DA pretreated spruce, showing the greater effect of HPAC 

pretreatment on sugar production. After HPAC pretreatment, the sugar recoveries 
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from chipped and mashed spruce were higher than from milled spruce, which resulted 

in a higher butanol production yield. The results suggested that the effectiveness of 

pretreatment of Norway spruce is not limited by a size reduction in biobutanol 

production. 
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Figure captions 

Figure 1. Glucose and total sugars recoveries from milled (0.25 mm and 1 mm), 

chipped (6 mm and 20 mm), and mashed (20 mm) spruce wood. A: The spruce was 

pretreated with HPAC and followed by enzymatic hydrolysis. B: The spruce was 

pretreated with HPAC and followed by enzymatic hydrolysis, in which PEG 4000 

was added. C: The spruce was pretreated with DA and followed by enzymatic 

hydrolysis, in which PEG 4000 was added. HPAC: hydrogen peroxide-acetic acid; 

DA: dilute acid. 

Figure 2. The distribution of fiber length in milled (1 mm), chipped (20 mm), and 

mashed (20 mm) spruce wood before and after HPAC and DA pretreatment. HPAC: 

hydrogen peroxide-acetic acid; DA: Dilute acid. 

Figure 3. Mass balance for butanol production from milled (0.25 mm and 1 mm), 

chipped (6 mm and 20 mm), and mashed (20 mm) spruce wood pretreated with 

HPAC. HPAC: hydrogen peroxide-acetic acid.  

Figure 4. Glucose and total sugars recoveries from chipped spruce wood (20 mm) 

pretreated using different dosages of HPAC and pretreatment times. HPAC: hydrogen 

peroxide-acetic acid.  
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Raw materials     Solids      Fermentable  Solvents  

 （1 KG）                   Sugars 

Acetone 48.8 g 
Butanol 107.4 g 
Ethanol 14.6 g 
ABE 170.9 g 
 
Acetone 51.9 g 
Butanol 114.1 g 
Ethanol 15.5 g 
ABE 181.5 g 
 
Acetone 55.2 g 
Butanol 121.5 g 
Ethanol 16.6 g 
ABE 193.4 g 
 
Acetone 57.5 g 
Butanol 126.5 g 
Ethanol 17.3 g 
ABE 201.2 g 
 
Acetone 53.8 g 
Butanol 118.5 g 
Ethanol 16.2 g 
ABE 188.5 g 
 

610 g 

Cellulose 457 g 
Hemicellulose 116 g 
Lignin 32 g 

 

620 g 

Cellulose 388 g 
Hemicellulose 131 g 
Lignin 40 g 

 

630 g 

Cellulose 424 g 
Hemicellulose 137 g 
Lignin 38 g 

 

560 g 

Cellulose 414 g 
Hemicellulose 111 g 
Lignin 31 g 

 

490 g 

Cellulose 381 g 
Hemicellulose 85 g 
Lignin 33 g 

 

519 g 

488 g 

552 g 

575 g 

538 g 

Milled 0.25 mm 

 

Milled 1 mm 

 

Chipped 6 mm 

 

Chipped 20 mm 

 

Mashed 20 mm 
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Table 1 The contents of cellulose, hemicellulose and lignin in milled, chipped, and 

mashed spruce wood before and after HPAC and DA pretreatment. HPAC: hydrogen 

peroxide-acetic acid; DA: dilute acid. Standard errors of two independent experiments 

were presented. 

 

Phy

sical 

treatment 

Pretreatment 

Particle 

size 

(mm) 

Solid recovery 

(%) 

Composition (% of original material) 

Cellulose Hemicellulosea Ligninb 

Chi

pping 

Non 

pretreatment 
20 100 43.0±0.3 20.6±0.1 26.9±0.1 

Mill

ing 

HPAC 

0.25 49.0 38.1±0.6 8.5±1.2 3.3±1.2 

1 56.1 41.4±0.7 11.1±1.6 3.1±0.3 

Chi

pping 

6 63.1 42.4±1.6 13.7±0.2 3.8±0.4 

20 62.0 38.8±1.8 13.1±1.2 4.0±0.1 

Mas

hing 
20 61.0 45.7±0.3 11.6±0.3 3.2±0.1 

Mill

ing 

DA 

0.25 55.7 25.7±0.9 0 27.7±0.5 

1 56.9 28.6±2.8 0 28.8±4.0 

Chi

pping 

6 62.7 34.6±0.0 0 30.6±1.2 

20 67.9 35.4±0.4 0 34.8±0.0 

Mas

hing 
20 61.1 26.2±1.0 0 23.8±0.2 

a Hemicellulose contains xylan and mannan. 
b Lignin contains acid soluble and insoluble lignin.  
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Table 2 Average fiber length and width in milled, chipped, and mashed spruce wood 

before and after HPAC and DA pretreatment. HPAC: hydrogen peroxide-acetic acid; 

DA: dilute acid. 

 
Treatment 

Particle size 

(mm) 

Length (mm) Width (μm) 

Raw HPAC DA Raw HPAC DA 

Milling 
0.25 0.4 0.4 1.5 35.3 33.4 32.8 

1.0 1.0 0.8 0.4 32.5 29.5 34.9 

Chipping 
6 1.8 1.6 0.3 30.9 30.1 31.3 

20 2.1 1.6 0.4 30.7 26.0 30.7 

Mashing 20 1.6 1.7 0.3 31.5 30.5 34.0 


