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Abstract Conifers, which are the most abundant

biomass species in Nordic countries, USA, Canada

and Russia, exhibit strong resistance towards depoly-

merization by cellulolytic enzymes. At present, it is

still not possible to isolate a single structural feature

which would govern the rate and degree of enzymatic

hydrolysis. On the other hand, the forest residues alone

represent an important potential for biochemical

production of biofuels. In this study, the effect of

substrate properties on the enzymatic hydrolysis of

softwood was studied. Stem wood spruce chips were

fractionated by SO2–ethanol–water (SEW) treatment

to produce pulps of varying composition by applying

different operating conditions. The SEW technology

efficiently fractionates different types of lignocellu-

losic biomass by rapidly dissolving hemicelluloses

and lignin. Cellulose remains fully in the solid residue

which is then treated by enzymes to release glucose.

The differences in enzymatic digestibility of the

spruce SEW pulp fibers were interpreted in terms of

their chemical and physical characteristics. A strong

correlation between the residual lignin content of

SEW pulp and enzymatic digestibility was observed

whereas cellulose degree of polymerization and

hemicellulose content of pulp were not as important.

For the pulps containing about 1.5 % (w/w) lignin,

90 % enzymatic digestibility was achieved at 10 FPU

enzyme charge and 24 h of hydrolysis time.
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Introduction

For the economical conversion of biomass into

chemicals and fuels numerous technological path-

ways are being investigated globally (Kamm et al.

2006). One of the main difficulties for the imple-

mentation of biorefineries, where lignocellulosics are

converted into liquid biofuels through biochemical

means, remains the techno-economics of enzymatic

deconstruction of lignocellulosics, especially that of

softwood (SW). It is crucial to understand and

overcome the chemical and structural barriers that

prevent the cost effective enzymatic disassembly of

biomass (Himmel et al. 2007).

Enzymatic hydrolysis is considered a key technol-

ogy for production of renewable fuels and much

research is ongoing in the field. The new findings are
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expected to notably improve the techno-economic

potential of industrial biochemical processes. On the

other hand, other hydrolysis technologies, such as

dilute-acid, are considered to be in a mature phase of

development with not much cost improvements

expected (Hamelinck et al. 2005). Also, enzyme

prices have been decreasing and more efficient

commercial mixtures are being developed. However,

the enzymatic hydrolysis of SW biomass still remains

very challenging and there are no commercial

enzyme solutions optimized for SW feedstocks. Since

SW resources in Northern hemisphere are abundant,

it is essential for these regions to gain a better

understanding of the factors determining enzymatic

hydrolysis of SWs.

Specific properties of lignocellulosic substrates

can limit both the rate and degree of enzymatic

hydrolysis. These factors include accessible surface

area, crystallinity, degree of polymerization (DP) of

cellulose, lignin content, hemicellulose content and

acetyl content (Mansfield et al. 1999; Zhang and

Lynd 2004). Some studies have summarized the

relationship between these structural features and

digestibility but there is still dispute about the relative

importance of specific features. Also, it is generally

difficult to assess the effect of individual factors since

pretreatments simultaneously alter several of them.

Enzymatic hydrolysis is a surface-dominated phe-

nomenon and cellulase enzymes must bind to the

surface of substrate to facilitate hydrolysis. There-

fore, available surface area has been identified as one

of the important factors affecting substrate digest-

ibility. Besides the external surface available, internal

surfaces and porosity of the substrate also notably

affect the overall enzyme accessibility (Leu and Zhu

2013; Arantes and Saddler 2011). Pretreatments

soften the rigid structure of biomass and increase

the porosity and accessible surface area by dissolving

lignin and hemicelluloses. In addition, cellulose

hydrolysis rates are thought to be limited by the

availability of cellulose chain ends. Thus, low DP of

cellulose is beneficial for efficient cellulose decon-

struction because the number of cellulose chain ends

available to the action of cellobiohydrolase is higher

(Hallac and Ragauskas 2011).

Hemicelluloses act as a barrier preventing the

access of cellulase to the cellulose surface and thus,

their removal during the pretreatment/fractionation

stage is beneficial. The removal of hemicelluloses

also increases the pore size of the substrate improving

cellulose accessibility (Mansfield et al. 1999). Cellu-

lases can be supplemented with accessory enzymes

for simultaneous hydrolysis of cellulose and residual

hemicelluloses (Öhgren et al. 2007; Várnai et al.

2011). Várnai et al. (2010) have reported that xylan

limits the cellulose hydrolyzability especially in

delignified samples. Also, the location of hemicellu-

lose with respect to cellulose and lignin is of

importance. Due to a layered structure of cellulose

and xylan chains in the cell wall simultaneous action

of cellulase and xylanase is beneficial (Zhang et al.

2011).

Lignin is considered one of the main reasons for

biomass recalcitrance. In enzymatic hydrolysis, lignin

reduces the efficiency due to unproductive adsorption

of enzymes on lignin (Kumar et al. 2012; Palonen

et al. 2004; Rahikainen et al. 2011). Secondly, lignin

forms a physical barrier preventing access of cellu-

lase on cellulose surfaces and restricts cellulose

swelling (Kumar et al. 2012). Furthermore, lignin

also causes problems in enzyme recycling. In partic-

ular, cellulases associated with SW derived residual

substrates have been reported to have less potential

for recycling (Gregg and Saddler 1996). All the

above mentioned problems are promoted at high

lignin content and therefore, efficient delignification

significantly reduces biomass recalcitrance. However,

complete delignification is costly and difficult, and

therefore also other approaches for improved enzy-

matic hydrolysis should be considered.

Softwood materials are more resistant to both

pretreatment and enzymatic hydrolysis than hardwood

(HW) (Mansfield et al. 1999) and require higher

enzyme dosages. At the same lignin content, HW is

easier to digest than SW (Yu et al. 2011). Also, SW

lignin is considered to be more harmful for hydrolytic

enzymes than the lignin derived from annual plants

(Nakagame et al. 2010). The mechanism behind the

easier hydrolysis of HW is not fully understood but it

is likely due to clear differences in lignin structure and

chemistry (Achyuthan et al. 2010) with HW lignin

consisting of mixed guaiacyl and syringyl units,

whereas SW lignin contains mostly guaiacyl units.

The lower degree of unit crosslinking of syringyl

lignin also explains the easier delignification of HW in

pretreatments. Apparently, the hemicellulose and

lignin occupy smaller spaces in SW resulting in

smaller increase in pore volume upon their removal or
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redistribution and thus, inferior digestibility (Mans-

field et al. 1999). Also, guaiacyl lignin in SW fibers

impairs swelling and accessibility of enzymes more

than syringyl lignin (Ramos et al. 1992).

Also the delignification method has been shown to

significantly affect the hydrolysis (Pan et al. 2005a). In

addition, the degree of delignification required highly

depends on the pretreatment/fractionation method.

These factors emphasize the importance of lignin

structure and distribution within substrate rather than

its absolute amount. Still, it is important to gain more

understanding on how the lignin content and compo-

sition, together with all the other structural and

chemical features of biomass, affect the digestibility.

Substrate properties are determined by the raw

material and pretreatment/fractionation method used

prior to hydrolysis. Unlike fractionation methods,

pretreatment methods (e.g., steam explosion, dilute

acid, SPORL (Zhu et al. 2009)) generally do not achieve

both extensive delignification and hemicellulose

removal (Iakovlev and van Heiningen 2012a). Pretreat-

ment methods also fail to utilize all biomass components

for conversion into valuable products. A promising

fractionation method to overcome the weaknesses of

pretreatment processes is SO2–Ethanol–Water (SEW)

fractionation which has recently been intensively stud-

ied for different types of lignocellulosics (Iakovlev et al.

2014; Iakovlev and van Heiningen 2012a, b). The

advantages of this process include rapid and selective

removal of lignin and hemicellulose. Sugar degradation

and formation of inhibitive compounds is very low. The

method is omnivorous and allows simultaneous frac-

tionation of different types of lignocellulosics. The

conversion of dissolved wood in the SEW liquor to

monomer sugars is part of a patented process termed

AVAP� by American Process Inc., a member of the

industrial consortium supporting the present research

(Retsina and Pylkkanen 2011). The process has been

demonstrated also on logging residues and it has been

developed as a part of forest biorefinery concept where

SEW fractionated biomass is converted to a mixture of

butanol, isopropanol and ethanol (Sklavounos et al.

2013; Survase et al. 2012; Yamamoto et al. 2011, 2014).

In this study, the goal was to investigate the

enzymatic digestibility of the pulps produced by

SEW fractionation and to get valuable insight into the

effect of the substrate properties on enzymatic

digestibility. The results obtained revealed a strong

correlation between the residual lignin content in

pulp and both the rate and degree of hydrolysis.

Hemicellulose content and DP of cellulose had a

significantly smaller effect on enzymatic digestibility.

Lignin sulfonation and condensation were also spec-

ulated to affect enzymatic digestibility.

Materials and methods

Fractionation

Softwood pulps with controlled chemical composi-

tion were prepared from air-dried spruce stem wood

chips (thickness 2.0–5.9 mm) by selecting the appro-

priate fractionation conditions based on earlier SEW

kinetics studies (Iakovlev et al. 2009; Iakovlev and

van Heiningen 2012b). SEW fractionation was done

in a thermostated silicon oil bath using bombs of

220 mL each filled with 25 g (o.d. basis) spruce

chips. The experimental flow diagram (Fig. 1) shows

details on the processing of the spruce chips including

Ethanol/H2O + SO2
Feedstock:

Spruce stem wood 

Fractionation:
3-12% SO2  in 55% EtOH, L:W 6 L kg-1, 135-165°C, 

22.5-380 min

Cooling, squeezing the solids

Raw solids Spent liquors

Washing twice with 
40% EtOH at 60°C 
and twice with H2O

Enzymatic hydrolysis :
50°C, 250 rpm, pH 4.8 
0.05 M sodium citrate
1.5% substrate conc.
0.02% sodium azide

Cellic CTec2 
Sampling at 5/24/48/72 h

Washed solids

Pulp analyses: 
Yield

Carbohydrates
Lignin

Extractives 
Acetyl groups

Viscosity and DP
Crystallinity

FSP

Supernatant:
Analysis of sugar 
concentration by  

HPAEC

Fig. 1 Experimental flow diagram
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the conditions during the fractionation. Liquor-to-

wood ratio (L:W 6 L kg-1) and ethanol–water con-

centration (55 v/v %, based on the sum of the

volumes of ethanol and water) were kept constant in

the fractionation experiments whereas the SO2 con-

centration, temperature and cooking duration varied

significantly in order to produce pulps with clear

differences in the chemical composition. The

reported durations include 8–9 min of equivalent

heat-up time (Iakovlev et al. 2011).

After fractionation, the bombs were cooled in cold

water. Spent liquors were collected by squeezing the

pulp suspension contained in washing bags. Pulps

were washed twice with 40 v/v % ethanol–water at

60 �C (L:W 2 L kg-1) and twice with deionized

water at room temperature (L:W 20 L kg-1). Opti-

mized conditions of SEW treatment and pulp washing

of stem wood chips have been determined by

Iakovlev et al. (2009; 2012b, 2014).

Pulp properties characterization

Pulp intrinsic viscosity in cupriethylenediamine

(CED) solution was determined according to

SCAN-CM 15:99. Pulp no. 2 (see Table 1) was

exposed to chlorite delignification (T230 om-66)

prior to viscosity measurement due to its high lignin

content. The DP of cellulose was calculated from the

intrinsic viscosity according to da Silva Perez and

van Heiningen (2002). Cellulose DP of pulp 8 was

estimated based on the kinetics of DP decrease

(Iakovlev et al. 2014), since it could not be analyzed

due to the high content of fiber bundles.

Extractives content was analyzed gravimetrically

through acetone extraction (SCAN 49:03). Carbohy-

drates and lignin were determined according to

NREL/TP-510-42618 (Sluiter et al. 2008) which

includes double stage sulfuric acid hydrolysis fol-

lowed by HPAEC-PAD (Dionex ICS-3000, CarboPac

Table 1 Characteristics of the spruce pulps produced by SO2–ethanol–water fractionation at different fractionation conditions (SO2

concentration, temperature and total time displayed, L:W 6 L kg-1, EtOH 55 % (v/v))

Spruce pulps

Pulp number 1 2 3 4 5 6 7 8

SO2 concentration (%) 12 12 12 3.0 12 6.0 12 12

Temperature (oC) 135 165 155 135 135 135 135 135

Fractionation time (min) 160 22.5 25 380 80 140 50 30

Pulp yield (%) 46.5 44.1 47.3 46.2 51.6 50.6 59.2 67.5

Cellulose (%) 88.9 91.5 87.0 86.6 81.8 80.9 70.9 60.9

Hemicelluloses (%) 8.6 5.0 7.6 6.8 12.2 10.8 13.3 13.5

Glucan (%) 1.1 0.5 0.8 0.9 1.6 1.4 1.7 1.7

Xylan (%) 2.9 2.2 3.0 2.3 3.8 3.4 4.2 4.1

Mannan (%) 4.4 2.1 3.5 3.7 6.5 5.8 7.0 7.1

Acetyl groups (%) 0.2 0.2 0.2 n.d. 0.3 0.2 0.4 0.5

Lignin (%) 1.4 1.6 3.3 4.8 5.0 5.4 12.9 21.1

Extractives (%) 0.1 0.2 0.3 0.3 0.2 0.3 0.3 0.8

Intrinsic viscosity (mL/g) 749 476 741 509 995 911 1,131 n.d.

DP of cellulose 3,080 1,800 3,120 2,060 4,620 4,240 5,120 *8,000c

FSP (g/g) 1.08 1.07 1.11 1.08 1.15 1.15 1.11 1.15

Crystallinity (%) 46 48 n.d. n.d. n.d. n.d. n.d. 33

24 h glucose yield, 10 FPU (%a) 90.7 88.0 71.8 63.1 65.5 63.3 57.1 48.5

Lignin sulfonation degree, S/C9b 0.07 0.09 0.08

n.d. not determined
a Based on total glucose in pulp
b Estimated based on Iakovlev and van Heiningen (2012b)
c Estimated based on Iakovlev et al. (2014)
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PA20 column) analysis. Cellulose content of feed-

stock and pulps was calculated by subtracting the

glucose present in hemicelluloses from the total

glucose. Glucose in hemicellulose was calculated

based on the mannose-to-glucose ratio of 4.15

reported for SW glucomannan (Janson 1974). An

exception to the standard was the determination of

acid soluble lignin by measuring the absorbance at

205 nm (Shimadzu UV-2550 spectrophotometer).

The absorptivity value used was 128 L g-1 cm-1.

Acetyl groups were measured as acetic acid accord-

ing to the same standard by HPLC (Dionex UltiMate

3000 with diode array detector, Acclaim OA

column).

Fiber saturation point (FSP) of the pulps was

analyzed by solute exclusion technique (Maloney

2000; Stone et al. 1968) with dextran according to the

internal method of Aalto University. For the analysis

of cellulose crystallinity, the ground pulp samples

(Wiley mill, 20 mesh) were pressed in metal rings of

1 mm thickness and measured in perpendicular

transmission geometry. The X-ray setup consisted

of a Seifert ID 3003 X-ray generator (voltage 36 kV,

current 25 mA) equipped with a Cu tube (wavelength

1.54 Å), a Montel multilayer monochromator and a

MAR345 (Marresearch) image plate detector. The

data treatment and the calculation of cellulose crystal

size and crystallinity are described by Penttilä et al.

(2013). Margin of error was ±3 %.

Enzymatic hydrolysis

The commercial state-of-the-art enzyme mixture used

in the hydrolysis experiments was Cellic CTec2

kindly provided by Novozymes. The filter paper

activity (FPU = 161 FPU/mL) of the enzyme solu-

tion was measured according to the IUPAC method

(Ghose 1987). Enzymatic hydrolysis was carried out

according to NREL/TP-510-42629 (Selig et al. 2008)

and the conditions are shown in Fig. 1. Constant

temperature aluminum blocks on top of a heating

plate with magnetic stirring function were used to

hold several hydrolysis tubes. Sample volume was

10 mL in 40 mL tubes. At each sampling time 1 mL

sample was taken from the hydrolysis tubes. The

hydrolysis was terminated by boiling for 10 min to

inactivate the enzymes. Hydrolysis references

included substrate blanks obtained by incubating the

substrates without enzymes, and enzyme blanks

prepared by boiling the enzymes without substrates.

Samples were centrifuged and the concentration of

dissolved sugars in the supernatant was analyzed by

HPAEC (Dionex ICS-3000, CarboPac PA20 column

and pulsed amperometric detection (PAD)). For the

determination of total sugars in the 72 h samples,

supernatants were hydrolyzed in an autoclave at

121 �C for 60 min. The acid concentration of the

samples was set to 4 % with 72 % (w/w) sulfuric acid

according to NREL/TP-510-42623 (Sluiter et al.

2006). Reported results are the average of duplicate

hydrolysis measurements, showing the percentage of

theoretical maximum yield and the error bars repre-

sent the standard deviation. For clarity, the error bars

were not included in all figures.

Results and discussion

Characteristics of the pulps

The eight spruce pulps produced at different SEW

fractionation conditions (Table 1) had a wide range

of lignin content (1.4–21.1 %), cellulose DP

(1,800–8,000) and hemicellulose content

(5.0–13.5 %). High SO2 concentration combined

with either high temperature or long fractionation

time were required to reach the lowest residual lignin

content. The conditions applied had also a significant

effect on the hemicellulose content, crystallinity,

viscosity and cellulose DP of the pulps. However, the

extractives content and the amount of acetyl groups

were mostly the same except for the least delignified

pulp which had higher contents. Table 1 also lists the

24 h glucose yields after enzymatic hydrolysis (at

10 FPU/g cellulose). The pulps are organized in order

of increasing lignin content, and clearly show that

enzymatic digestibility is strongly affected by the

lignin content. This will be discussed in more detail

in the following sections.

The FSP data represents the total amount of water

in the cell wall and it is considered the most well-

defined and best measure of fiber swelling (Maloney

et al. 1999). It indicates the level of hornification,

which is an important factor especially for the

hydrolysis of waste fibers, and is shown to reduce

substrate enzymatic digestibility (Luo and Zhu 2011).

The differences observed in the present FSP are too

small to draw any distinct conclusion. Crystallinity

Cellulose (2014) 21:3395–3407 3399
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values analyzed for three pulps indicates that the

crystallinity increases through SEW fractionation,

most likely due to the selective removal of amor-

phous hemicelluloses and lignin. Pulps exhibiting the

best performance in enzymatic hydrolysis have gone

through extensive fractionation and thus, have some-

what higher crystallinity. However, it should be noted

that cellulose crystallinity is an important factor for

enzymatic hydrolysis of pure cellulose whereas for

lignocelluloses other factors, such as cellulose acces-

sibility, are more important (Agarwal et al. 2013).

Optimizing enzyme dosage

The enzyme dosage was optimized by determining

the dosage curves (Fig. 2) for two pulps, with high

(12.9 %, pulp 7) and very low (1.6 %, pulp 2) lignin

content. It was obvious that the pulp 7 required

notably higher enzyme dosage (30 FPU) to reach

90 % glucose yield in 72 h. On the other hand, for

pulp 2 almost 90 % yield was reached within 24 h at

a dosage of 10 FPU/g cellulose. In the latter case,

initial hydrolysis rate was improved by higher

enzyme dosage but the final yield was the same for

the three dosages tested. For further experiments

comparing the digestibility of all the pulps produced,

10 FPU/g cellulose dosage (equal to 4.5–6.8 % (w/w)

enzyme preparation on substrate) was selected in

order to observe clear differences in glucose yields.

This dosage is also commonly used in laboratory

studies since it provides a hydrolysis profile with

relatively high glucose yields in reasonable time

(48–72 h) and at reasonable enzyme cost (Gregg and

Saddler 1996).
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Fig. 2 Enzyme dosage curves on a high lignin content (12.9 %, pulp 7) and b low lignin content (1.6 %, pulp 2) spruce pulps.

Enzyme dosage was 10-30 FPU/g cellulose. Glucose yield is based on total glucose in pulp
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Softwood lignocellulosics are known to require

higher enzyme charges compared to HW lignocell-

ulosics. Also, the higher the lignin content the more

enzymes are usually required to reach sufficient

cellulose conversion to glucose. The enzyme dosage

required for the high lignin SEW pulps is well in

accordance with the values reported for SW materials

at similar lignin content. To reach about 90 %

conversion within 48 h for partially delignified SW,

around 15–20 FPU/g cellulose dosage is often

required (Iakovlev and van Heiningen 2012a; Pan

et al. 2005a; Yu et al. 2011). However, each

pretreatment or fractionation method causes different

types of changes in the biomass and therefore, the

comparison is complicated.

The fact that over 90 % yield on pulp no. 7 can be

achieved by increasing enzyme loading indicates that

cellulose in SEW pulps is accessible but that the

enzymes are adsorbed on lignin thereby reducing its

efficiency, and enzyme overdose is required. This

suggests that non-productive enzyme binding sites on

lignin surfaces have to be saturated for yield

improvement. Proteins or surfactants added to pulp

prior to the hydrolysis could be used to improve the

yields for the higher lignin content pulps. Several

attempts have been reported to overcome the non-

productive binding of enzymes by lignin. Exogenous

proteins (e.g., bovine serum albumin (BSA)) (Bret-

hauer et al. 2011; Yang and Wyman 2006) or

surfactants (Eriksson et al. 2002) are shown to

improve the hydrolysis by covering the lignin if they

are charged prior to enzyme addition. Also, lignin-

metal complexes have been found to improve hydro-

lysis (Liu et al. 2010). Nevertheless, the implemen-

tation of this kind of additives is not considered

feasible or is technically challenging for commercial

production. However, lignosulfonates produced as

by-product in SEW fractionation might provide yield

improvements since those have been reported to

enhance enzymatic saccharification (Zhou et al.

2013).

All the hydrolysis yields reported are based on

dissolved glucose monomers. To estimate the total

yields of enzymatic hydrolysis, acid hydrolysis was

done for 72 h samples to hydrolyze also the dissolved

oligomers and to estimate the total yield of hydro-

lysis. Total glucose yields observed were about 5 %

higher than the monomer yields reported. Total yields

of xylose and mannose were comparable with the

glucose yields, which is a good sign of efficient total

hydrolysis since the concurrent hydrolysis of hemi-

celluloses is crucial for efficient hydrolysis of cellu-

lose (Várnai et al. 2011). Xylose monomer yields

were comparable to glucose. However, a clear

difference was observed in mannose monomer yields

which were only about 20–30 % of the total mannose

in pulp. Thus the much higher share of dissolved

mannose oligomers as compared to the other sugars

shows that b-mannosidase is required for the hydro-

lysis of glucomannan oligomers. Cellic CTec2 is

optimized for corn stover and thus, lacks some

activities required for complete hydrolysis of SW

substrates. However, it is derived from Trichoderma

Reesei which has some natural endomannanase

activity facilitating the partial hydrolysis of mannan.

HPLC/HPAEC and YSI glucose analyzers are

often used to determine the amount of dissolved

monosaccharides during enzymatic hydrolysis. How-

ever, part of the dissolved sugars are present as

oligosaccharides, and the oligomer/monomer fraction

depends on the substrate and enzyme preparation

used. Thus for better evaluation of the total hydro-

lysis performance, it is recommended to use methods

which also determine the dissolved oligosaccharides.

The rapid assay of reducing sugars (Miller 1959)

quantifies the total sugars, but does not distinguish

the different dissolved sugars. HPLC/HPAEC ana-

lysis after 4 % sulfuric acid hydrolysis provides an

accurate and full characterization of the oligomer

content in the solution although the procedure is time

consuming.

The effect of pulp properties on enzymatic

hydrolysis

The effect of lignin content and quality

Enzymatic hydrolysis of the spruce pulps revealed a

strong correlation between the lignin content of the

pulps and the rate and degree of hydrolysis (Fig. 3).

Recently it has been shown that complete removal of

lignin from biomass results in extremely digestible

material and thus, pretreatment/fractionation methods

should maximize lignin removal while minimizing

polysaccharide modification (Ding et al. 2012). As

shown in Fig. 3a, here the SEW pulps with lowest

residual lignin contents reached about 90 % glucose

monomer yields within 24 h, while the pulp having
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the highest lignin content had only 48 % yield.

Figure 3b shows that the effect of lignin content was

significant especially after 24 h hydrolysis in the

range of 1–5 % residual lignin content, whereas the

digestibility was less affected at higher residual lignin

content. This observation is contrary to some previ-

ously reported results. Yu et al. (2011) observed most

improvement in the hydrolysis performance due to

delignification at high residual lignin content from 30

to 19 %, when alkaline treatment followed by

chlorite or ozone treatment was applied. At lower

lignin contents, enzymatic hydrolysis nearly leveled

off. Also Pan et al. (2005a) reported significant

improvement in the digestibility when residual lignin

content was reduced from 27 to 18 % by organosolv

pulping. Yield improvement offered by further del-

ignification was smaller but well comparable to the

improvement shown here in the same lignin range.

On the other hand, excellent conversion of cellulose

can also be achieved despite the high lignin content.

Shuai et al. (2010) reported over 90 % yield within

24 h on SPORL pretreated spruce containing 33 %

lignin, at enzyme loading of 15 FPU/g cellulose.

SPORL lignin is expected to have a high degree of

sulfonation reducing lignin hydrophobicity and thus

causing less non-productive binding of cellulase to

lignin. This clearly indicates that the digestibility of

pulps at certain lignin contents is highly dependent on

pretreatment and delignification method and thus, on

the quality and distribution of lignin.

Shown in Fig. 4 is the enzymatic digestibility of

three of the spruce pulps (number 4, 5 and 6; see

Table 1) produced at different SO2 charges in

fractionation but resulting in almost the same lignin

contents (4.8–5.4 %). This allowed evaluation of the

effect of lignin quality and non-lignin components on

the moderate differences in enzymatic digestibility in

the section below.

Generally, lignin condensation reactions during

pretreatment/fractionation are more pronounced at

higher acidity, whereas too low acidity leads to

limited hydrolytic depolymerization and associated

inefficient enzymatic hydrolysis. In the SEW process,

the presence of SO2 leads to lignin sulfonation
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consuming the reactive benzyl carbocations and thus

decreasing lignin condensation. Therefore, increasing

SO2 concentration leads to lower condensation,

despite the moderate acidity increase. Thus, an

optimum of acidity and sulfonation ability exists

where the hydrolysis is maximized and lignin

condensation minimized (Iakovlev 2011). Here, lig-

nin condensation is occurring especially at lower SO2

concentrations which also require longer fraction-

ation time. Condensation increases the hydrophobic-

ity of lignin due to elimination of hydrophilic

hydroxyl groups in the a-position of the lignin unit

and increases the molecular weight. Thus, the

adsorption of enzymes on lignin driven by hydro-

phobic attraction is likely increased at lower SO2

concentrations. In Fig. 4, it can be seen that the pulps

prepared at lower SO2 concentrations had the lowest

final glucose yields. Also other studies have men-

tioned the negative effect of lignin condensation on

digestibility (Pielhop et al. 2012; Zhu et al. 2009). It

should also be noted that this result can be explained

neither by hemicellulose content nor DP of cellulose.

Those values were the highest at 12 % SO2 charge

which resulted in the highest final glucose yield.

Contrary to condensation, sulfonation increases

the hydrophilicity of lignin and reduces the hydro-

phobic interactions and nonproductive binding of

cellulases to lignin (Zhu et al. 2009; Lou et al. 2013).

Here, the lignin sulfonation degrees of the pulps

produced were not analyzed but estimated values are

given in Table 1. Based on an earlier study (Iakovlev

and van Heiningen 2012b) it can be concluded that

the pulps produced at higher SO2 charge have

somewhat higher degree of sulfonation. This has

likely contributed to the better glucose yields

observed on the pulps produced at higher SO2 charge.

Lou et al. (2013) have observed that the saccharifi-

cation can be notably enhanced if the hydrolysis is

carried out at elevated pH 5.5–6.0. The enhancement

due to elevated pH is significant especially on pulps

containing highly sulfonated lignin and this approach

could be exploited to obtain further yield

improvements.

The previous data shows that lignin inhibition can

be reduced by chemical modification of lignin or by

selective removal of lignin fractions. Specifically,

this is achieved by selecting a fractionation or

pretreatment method which promotes lignin sulfona-

tion and reduces condensation. Lignin modification

could also be more economical compared to complete

lignin removal. Another example of this approach is

mild treatment by NaOH to remove alkali-extractable

lignin which has been suggested to notably inhibit the

digestibility. This treatment was found to notably

improve the cellulose conversion (Pan et al. 2005b).

In case of bark containing SW biomass feedstock,

NaOH treatment also dissolves the polyphenolic

acids in bark which are highly resistant to acidic

pretreatment (Fengel and Wegener 1989). This is

beneficial when treating forest residues since poly-

phenolic acids impair delignification, as well as

subsequent hydrolysis by forming complexes with

enzyme proteins (Jensen et al. 1963). However,

NaOH treatment in practice would not be practical

because the required capital intensive recovery of

caustic is not economical when producing biofuels.

Therefore, the bark contamination problem should be

solved by other means.

The effect of hemicelluloses and DP of cellulose

Hemicellulose content and DP of cellulose are also

contributing to the recalcitrance of lignocellulosic

biomass. Based on our results displayed in Fig. 5,

there appears to be a weak correlation between the

glucose yields and hemicellulose content and DP.

However, compared to the enzymatic digestibility

results obtained at different lignin content, significant

variability was observed especially in the lower range

of hemicellulose content and DP. R2 values repre-

senting the variation of the data were 0.81–0.97 for

lignin versus glucose yield curves, whereas those for

hemicellulose and DP were only 0.37–0.53 and

0.53–0.58, respectively. Therefore, it is evident that

the effect of lignin content on SEW pulp digestibility

is stronger than that of hemicellulose content also

because lower hemicellulose content is somewhat

correlated with lower lignin content.

Also when comparing the three pulps having

approximately equal lignin contents (Fig. 4), no

apparent correlation was found between the glucose

yield and hemicellulose content or DP. In fact, the

pulp with the highest hemicellulose content and DP

had the highest final yield. Also this observation

supports the statement that lignin content and sulfo-

nation is more crucial for the enzymatic digestibility.

Based on the present results and those reported in

literature it appears that there are several substrate
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features which would govern the rate and degree of

enzymatic hydrolysis. Differences in substrate origin,

pretreatment technology and enzyme preparation

used increase the complexity of the comparison.

Therefore, it seems necessary that for each biorefin-

ery concept the enzymatic hydrolysis potential must

be separately assessed.

The effect of hydrolysis conditions on enzymatic

hydrolysis

Enzyme preparation used, substrate properties and

conditions during enzymatic hydrolysis are the

parameters affecting the obtainable yields. By care-

fully optimizing the conditions during enzymatic

hydrolysis, yields can be notably improved. In this

study, the conditions were selected based on the

standard procedure used without further optimization.

However, the effect of reduced temperature and

increased substrate consistency were briefly studied.

Non-productive enzyme binding to lignin is more

pronounced at higher temperatures (Rahikainen et al.

2013; Zheng et al. 2013) and optimization of

hydrolysis temperature would be beneficial espe-

cially when working with high lignin content pulps

having more lignin inhibition. In the present study, a

five degrees decrease in the hydrolysis temperature

resulted in a three percent higher glucose yield

(Fig. 6a). The experiment was carried out on pulp 7

with 12.9 % lignin content at enzyme dosage of
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15 FPU/g cellulose. In addition to temperature,

optimization of the pH during enzymatic hydrolysis

has been found highly important since an elevated pH

significantly improves the hydrolysis yields by

reducing the non-productive cellulase binding to lignin

(Lan et al. 2013; Lou et al. 2013). However, the effect

of pH was not investigated in the present research.

The effect of substrate consistency was studied at

1.5 and 5 % consistencies for spruce pulp 7 at

enzyme dosage of 20 FPU/g cellulose (Fig. 6b). For

the samples at 5 % consistency the pulp was grad-

ually added to the reaction within the first 2 h to

facilitate constant and efficient mixing. Interestingly,

the observed glucose yields were nearly the same

from 24 to 72 h hydrolysis, although higher substrate

consistency is generally known to increase end

product inhibition and reduce hydrolysis yields

(Kristensen et al. 2009). It is possible that at notably

higher substrate consistencies the hydrolysis yield

would thereby be reduced. However, it has been

proposed that by employing appropriate mixing

scheme, high hydrolysis yields can be maintained

even at 20 % substrate consistency (Xue et al. 2012).

Conclusions

It was demonstrated that softwood SEW pulps with

about 1.5 % (w/w) residual lignin content were

efficiently hydrolyzed by enzymes: 90 % sugar yields

were obtained at 10 FPU enzyme charge after 24 h of

hydrolysis. Also, the results show a strong correlation

between the lignin content of SEW pulp and enzymatic

digestibility. The effect of lignin was most pronounced

in the range of 1–5 % residual lignin on pulp, whereas

the hydrolysis yield of pulps with higher lignin content

was affected less by lignin content. It was also

speculated that condensation of lignin likely leads to

lower digestibility while lignin sulfonation is benefi-

cial in order to obtain higher glucose yields. Other

characteristics of the pulps, such as DP of cellulose and

hemicellulose content of the pulp, showed a weaker

correlation with glucose yields than lignin content.

Based on current knowledge, the non-productive

cellulase adsorption determined by lignin quality and

content seems more critical than physical blocking

governed by the amount of lignin. Lignin content

can be reduced by efficient delignification during

fractionation and pretreatment stages. However, other

characteristics of the delignification process such as

those which impart hydrophilicity to the residual lignin

in the fibers are beneficial for enzymatic hydrolysis.

Also, enzyme preparations optimized for softwood

feedstocks should be implemented to improve the

potential of softwood in biofuel production.
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