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Abstract This study applied dilute acid (DA) and sulfite
pretreatment to overcome the recalcitrance of lignocellulo-
ses (SPORL) to deconstruct earlywood and latewood cell
walls of Douglas fir for fermentable sugars production
through subsequent enzymatic hydrolysis. DA pretreatment
removed almost all the hemicelluloses, while SPORL at ini-
tial pH=4.5 (SP-B) removed significant amount of lignin
between 20 and 25 %. But both are not sufficient for effec-
tive enzymatic saccharification. SPORL at low initial pH=2
(SP-AB) combines the advantage of both DA and SPORL-B
to achieve approximately 90 % hemicellulose removal and
delignification of 10-20%. As a result, SP-AB effectively
removed recalcitrance and thereby significantly improved
enzymatic saccharification compared with DA and SP-B.
Results also showed that earlywood with significantly lower
density produced less saccharification after DA pretreat-
ment, suggesting that wood density does not contribute to
recalcitrance. The thick cell wall of latewood did not limit
chemical penetration in pretreatments. The high lignin con-
tent of earlywood limited the effectiveness of DA pretreat-
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ment for enzymatic saccharification, while hemicellulose
limits the effectiveness of high pH pretreatment of SP-B.
The higher hemicellulose content in the earlywood and late-
wood of heartwood reduced saccharification relative to the
corresponding earlywood and latewood in the sapwood
using DA and SP-AB.

Keywords Cell walls - Pretreatment - Enzymatic hydrolysis,
earlywood and latewood - Recalcitrance

Introduction

Various types of biomass such as woody plants, herbaceous
plants, grasses and agricultural residues have been studied
as potential feedstocks for biofuel production. Woody bio-
mass is an important feedstock that can be sustainably pro-
duced in large quantities —approximately 300 million tons
annually in the US [1]. Woody biomass has several logisti-
cal advantages for transportation and storage [2]. However,
woody biomass is very recalcitrant to biochemical conver-
sion to sugars partially due to its strong physical structure
and high lignin content. Unlike annual plant biomass,
woody biomass has heartwood (juvenile) and sapwood
(mature) cells with different chemical compositions [3].
Moreover, each growth ring contains wood cells that have
progressively thickened walls as the growing season pro-
gresses which are commonly recognized as earlywood and
latewood cells, depending upon many environmental factors
[3, 4]. Understanding these cell wall structures and compo-
sitions is invaluable to overcome its recalcitrance [5, 6].
Each pretreatment method has its unique features in remov-
ing the recalcitrance of lignocellulloses. For example, acids
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hydrolyze hemicelluloses, alkalis solubilize lignin, sulfites
facilitate hemicelluloses dissolution as well as remove lig-
nin through sulfonation [7], and organo-solvents dissolve
lignin [8, 9]. Therefore, itis of interestto evaluate the effec-
tiveness of different pretreatment methods on removal of
recalcitrance of earlywood and latewood that represent very
different physical and chemical structures within individual
growth rings.

Although there are significantvariations in chemical com-
position between juvenile and mature wood, an early study
suggested that cellulose enzymatic saccharification effi-
ciency is not affected by wood maturity [10]. Furthermore,
the variation in sugar yield within the sapwood was not sig-
nificant among different rings. Earlywood and latewood are
distinctly different in terms of density, chemical composi-
tion, and cell wall thickness [4]. Studiesusing the entire ring
[10] obscuredthisdifference due to averaging. Itisimportant
to examine whether or not this distinct difference between
earlywood and latewood affectcellulose saccharification and
sugar yield. Such an investigation can provide improved
understanding of cell wall recalcitrance relative to yearly cell
development. Furthermore, it may also reveal unique charac-
teristics of a given pretreatment for removing a specific fea-
ture of cell wall recalcitrance.

In this study, strips of Douglas fir (Fig. 1)were cut from
awood disk taken from breast height, and then pretreated by
dilute acid (DA) and sulfite pretreatmnt to overcome the
recalcitrance of lignocellulloses (SPORL) [7]. SPORL was
chosen beause of its unique capability of removing woody
biomass recalcitrance for efficient enzymatic saccharifica-
tion, especially for softwood species [11-14].SPORL was
conducted at two pH levels to examine different levels of
delignification and hemicellulose removal to improve enzy-
matic cellulose saccharification. Earlywood and latewood
were separated for both the heartwood and sapwood after
pretreatment. The differences in enzymatic saccharification
efficiencies and sugar yields between the pretreated early-
wood and latewood in the sapwood and heartwood were
then evaluated.
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Fig. 1 Images of Douglas fir wood strips before and after dilute acid
(DA) and SPORL pretreatments at different initial pHs (SP-B:
pH=4.5; SP-AB pH=2.0)

Material and Methods
Materials

A commercial cellulase enzyme, CTec2, was provided by
Novozymes of North America (Franklinton, NC, USA). The
average activity of the cellulase was 147 filter paper unit
(FPU)/mL as determined using a literature method [15]. All
other chemicals were of ACS reagent grade purchased from
Sigma-Aldrich (St. Louis, MO).

A freshly cut Douglas fir wood disk taken from the breast
height of atree in the US Pacific Northwest were provided by
WeyerhaeuserNR Company (Federal Way, WA). Thediskwas
fairly circular. Several strips (12.7x6.35x 127 mm) were cut
out from the disk along the east to west diameter direction
determined based on radius (the largest radius towards the
South). As shown in Fig. 1, the latewood (the dark color frac-
tion in each ring) and early wood as well as the sapwood and
heartwood (reddishcoloredringsinthe untreated sample) were
clearly distinguishable from color even after pretreatment.

DA and SPORL Pretreatments

Experiments were carried out according to the schematic dia-
gramshownin Fig. 2. One DA and two SPORL pretreatments
with (SP-AB) orwithout (SP-B) sulfuric acid were conducted.
Each pretreatment used four Douglas fir strips of approximately
28 gin ovendry (od) weightto reactwith adilute acid or a sul-
fite solution with a ked liquor-to-wood ratio of L/W=4:1 at
180 °Cfor20 min. In SP-AB pretreatmnt, the sulfuric acid and
concentration was A=0.4 % (v/v) or 2.2 wt% and sodium bisul-
fite charge on od wood was B=10.0 wt%. These chemical load-
ings and pretreatment temperature of 180°C were found optimal
for Douglas fir-based on our recent laboratory optimization
study [16]. However, a shorter pretreatmnt duration of 20 min
and a higher liquor-to-woad ratio of4:1 than those used previ-
ously [16] are to avoid over pretreatment so that differences
between pretreated earlywood and latewood and among three
pretreatmentscanbe clearly observed. The same sodiumbisul-
fite loading of 10 % was used in SP-B butwithout acid and the
same acid loading of 2.2 wt% was used in DA pretreatment but
without sulfite, so that comparisons among these three pretreat-
ment can be made under the same conditions. The use ofwood
strips without separating earlywood and latewood for pretreat-
ment is to resemble practical settings for woody biomass pre-
treatment and ensure identical chemistry was applied to
earlywood and latewood. All pretreatments were carried out in
three 20-mL tube reactors placed in an oil bath and rotated at
5 rpm. Duplicate pretreatment runs were conducted for each
pretreatmnt processes studied. The average data were reported.
The standard deviations were used as error bars.

The wood strips remained intact after pretreatment
(Fig. 1). The pretreatment spent liquor was separated using
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a screen and stored at 4 °C for subsequent analysis of sugar
and sugar degradation products (inhibitors). One set of pre-
treated wood strips was used for Transmission Electron
Microscope (TEM) analysis. The other two sets of pre-
treated strips were used for enzymatic hydrolysis after man-
ual separations of the earlywood and latewood fractions of
individual growth rings using a chisel (Fig. 2). For wood
strips from the same pretreatment, all the earlywood and
latewood sections from the sapwood were respectively com-
bined to make two samples of Sapwood Earlywood (SE)
and Sapwood Latewood (SL). Similarly, all the earlywood
and latewood sections from the heartwood were respectively
combined to make two samples of Heartwood Earlywood
(HE) and Heartwood Latewood (HL). A total of 12 samples
from three different pretreatments were produced. The aver-
age mass fractions of SE, SL, HE and HL in the original
wood disk were measured in replicate using two similar
strips and used for mass balance analysis (Table 1). The
rational for combining earlywood or latewood materials
from different rings are to accumulate enough material for
enzymatic hydrolysis. Furthermore, the differences between
earlywood and latewood in terms of chemical composition
and wood density are much larger than the variations among
different rings [3,4]. Each pretreated solid sample was sep-
arately refined using a low speed for 2 min in a Waring com-
mercial blender (Model 31BL92, Dynamics Corporation of
America, New Hartford, CT). Approximately 200 mL water
was added to facilitate refining. The size-reduced solids
were dewatered to an approximately 30 % solids by vacuum
filtration using a Buchner funnel. The pretreatment solids
yield was determined from the wet weight and moisture
content of the collected solids. The resultant solids were
later used for chemical compositional analysis and enzy-
matic hydrolysis.

Transmission Electron Microscope

TEM images of ultra-thin cross-sections of Douglas fir
wood strips were obtained using a JEOL 2011 TEM with
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Gatan 4 kx4 k digital camera operating at 200 kV. Sections
were cut using a Leica UCT ultra-microtome with a dia-
mond knife from prepared wood slices. These wood slices
consisted of fiber bundles with width of 1-2mm and length
of 6-7 mm. The slices were prepared from the control and
treated earlywood samples by cutting along the fiber length.
These fiber bundle slices were dehydrated with a serial con-
centration of acetone, and then infiltrated with the resin of
Epon-Araldite followed by embedding in BEEM capsules.
Eight BEEM capsules were made with control and treated
earlywood fiber bundles, respectively. Each capsule included
one or two fiber bundles, and each bundle contained five to
eight fibers. At least ten sections with a thickness of 100-
110 nm were cut-off along the axis orientation of fiber bundles
within the embedding capsule under the ultra-microtome.

As the cutting was performed, the ultra-thin sections would
fall into a distilled-water slot. They were then collected on
formvar-carbon-coated copper grids (200 and 100 mesh
sizes). In order to improve the contrast of the images, chemi-
cal staining of the polysaccharides in the cross-sections was
carried out. The grids were post-stained with 5 % aqueous
uranyl acetate (10 min) and lead citrate (10 min). All the sec-
tions were examined in the TEM and the images were taken.

Chemical Compositional Analysis

The chemical compositions of the untreated and pretreated
biomass substrates were analyzed by the Analytical and
Microscopy Laboratory of the Forest Products Laboratory as
described previously [17]. All the substrates were ground
using a Wiley mill (model #2, Arthur Thomas Co.,
Philadelphia, PA, USA) to pass a 40-mesh (0.35 mm) screen.
The milled samples were hydrolyzed using sulfuric acid of
72 % (v/v) at 30 °C for 1 h and 3.6 % (v/v) at 120 °C for 1 h.
The hydrolysate was then analyzed for carbohydrates using
high-performance anion exchange chromatography with
pulsed amperometric detection (HPAEC-PAD). The Klason
lignin content was measured gravimetrically after washing
and drying the solid residues from the acid hydrolysis. The
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Table 1 Chemical compositions and moisture contents of different wood fractions of the Douglas fir sample studied

Sample  Moisture content (%) Mass fraction (%) K. lignin (%) Arabinan (%) Galactan (%) Glucan (%) Xylan (%) Mannan (%)
HL 24.3+0.9 27319 27.5+0.19 0.78+0.17 1.91+0.01 4175+2.79 3.63+0.11 10.90+0.24
HE 28.8+05 19.6+0.5 32.9+ 0.23 0.63+ 0.60 3.27+ 0.43 40.70+ 2.82 3.81+ 040 8.54+ 0.61
SL 426+15 381+14 24.6+0.17 0.84+ 0.03 1.67+ 0.05 48.10 £0.33 3.71+ 0.55 12.36% 2.35
SE 724+0.2 15.0+£ 0.0 30.9+0.21 1.08+0.03 1.71+0.05 4387+254 447+052 9.34+244

HL heartwood latewood HE heartwood earlywood, SL sapwood latewood, SE sapwood earlywood

pretreatment spent liquor was also analyzed for fermenta-
tion inhibitors such as furan using the same HPLC with UV
detection previously described [17]. For rapid analysis, glu-
cose in the enzymatic hydrolysate was measured using a
commercial glucose analyzer (YSI 2700S, YSI Inc., Yellow
Springs, OH, USA). Duplicate analyses were carried out
and averaged for reporting.

Enzymatic Hydrolysis

All enzymatic hydrolysis experiments were performed using
Novozymes CTec2 at 2 % (w/v) solids loading in a 50-mM
sodium acetate buffer (pH 5.5) in a flask on a shaker (Thermo
Fisher Scientific, Model 4450, Waltham, MA, USA) at 50 °C
and 200 rpm. Our previous studies indicated that an elevated
pH of approximately 5.5 can significantly reduce nonpro-
ductive cellulase binding to bound lignin remained in solid

substrate to enhance enzymatic saccharification [18-20].

CTec2 loading was 22.5 FPU/g glucan, higher compared
with our previous studies using Douglas fir [14, 16] due to
the milder pretreatments applied. All enzymatic hydrolysis
experiments were conducted in duplicate. Standard devia-
tions were used to represent error bars in plots.

Results and Discussion
Wood Moisture, Density, and Chemical Composition

Variations in moisture content between earlywood and late-
wood were observed for both heartwood and sapwood
(Table 1). The differences in cell wall thickness and porosity
(or density) contribute to this difference. Significant difference
in moisture content between sapwood and heartwood is partly
due to the fact that the wood was harvested under wet condi-
tions. Water occurs in three forms in the living wood: bound
by hydration in the cell walls, as a gel in the protoplasmic
materials of the cells, and as free water in the cell cavities [21].
The first and third forms of water are common in heartwood.
But sapwood is the ‘living” wood that transports water from
the roots to the leaves. Water easily binds to cellulose microfi-
brils in the cell wall making the wood soft and pliable.

It is well known that earlywood and latewood is distin-
guished by cell wall thickness and local density [4]. The ear-
lywood has thinner cell walls and lower local density while

the latewood has thicker cell walls and higher local density.
To illustrate this distinction for the present Douglas fir wood
sample, Ring 14 (14th growth ring) in the sapwood was ana-
lyzed by an in house wood optical densitometer [22]. The
results indicate that wood density varied from as low as
0.15 g/cms in earlywood to 1.1 g/m: for latewood (Fig. 3). A
transition from earlywood to latewood characterized by cell
wall thickness can be clearly seen in the density profile (the
middle insert image in Fig. 3). We divided the entire ring into
different segments based on measured density and cell diam-
eter. Quantitative information about each segment is listed in
Table 2. The separation between earlywood and latewood was
typically made at the initial transition zone (T1). The percent-
age of mass in earlywood based on this separation is 27 %,
approximately equal to measured average mass percentage of
earlywood of 28 %. This results in an estimated density for
the separated earlywood and latewood fractions used for
enzymatic hydrolysis as 0.30 and 0.85 g/cms, respectively.

Significant differences in chemical composition among
different wood fractions were also observed (Table 1).
Earlywood has higher lignin and xylan and lower glucan
and mannan content than latewood in both heartwood and
sapwood, in agreement with a previous study using spruce
[3]. Earlywood also has a lower total hemicellulose content
than latewood (Table 1).

Effect of Pretreatment on Cell Wall Modification

Wood cell walls are architecturally complex and containing
many cross-linked polysaccharide networks, glycosylated
proteins, and lignin. Various pretreatment strategies can be
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Table 2 Wood density, mass fractions, and physical dimensions of different segments of Ring 14 of the Douglas fir wood sample

Ring segment Cell diameter (um) Length (cm) Average density (g/cm¢) Mass (g/cm?) Mass (%)
Earlywood 1 58 0.1400 0.150 0.0210 6.62
Earlywood 2 58 0.0920 0.225 0.0207 6.53
Earlywood 3 50 0.0464 0.300 0.0139 4.39
Transition 1 50 0.0696 0.450 0.0313 9.88
Transition 2 40 0.1520 0.600 0.0912 28.76
Transition 3 29 0.0600 0.850 0.0510 16.08
Latewood 23 0.0800 1.100 0.0880 27.75
Total 0.6400 0.317

tailored to depolymerize the cell wall structure in very spe-
cific ways. Acid is very effective in hydrolyzing hemicellu-
loses at high temperatures. Sulfite is known to be capable of
effectively removing lignin even under acidic conditions.
TEM images of the cross section of an earlywood cell from
sapwood were taken to examine the effects of the three dif-
ferent pretreatments reported here. DA pretreatment caused
delamination in the secondary cell wall with high hemicel-
lulose content (comparing Fig. 4a with b) with an opening
of approximately 500 nm, significantly greater than typical
enzyme molecular size of 51 A [23]. This delamination is

considered desirable for creating accessible surface to cellu-
lase critical to enzymatic hydrolysis [24]. During the course
of cell wall digestion by cellulase, hydrolysis occurs prefer-
entially on the interior (lumen) of the cell walls. The outer
surface or primary wall played a very small role in cellulose
hydrolysis [25-27]. Despite the quantitative dimensions of
the openings shown in the TEM image (Fig. 4b) may be
influenced by factors other than pretreatment such as sam-
ple preparation; nevertheless, the images did show a more
open structure of the DA pretreated sample than its corre-
sponding untreated sample (Fig. 4a).

Fig.4 TEM images of an earlywood cell wall cross section before and after different pretreatments. a untreated; b DA; ¢ SP-B; d SP-AB
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Fig.5 Cell component removal by different pretreatment processes.
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Lignin is highly concentrated in the compound middle
lamella and then decreases in the secondary layer [28]. The
SP-B pretreatment produced significant delignfication due to
sulfite and slightly high initial pH of around 4.5. The opening
of the middle lamella, due to removal of lignin can be seen
from Fig. 4c. When the initial pH is reduced to approximately
2.0 with the application of sulfuric acid with sodium bisulfite
in SP-AB pretreatment, the cross section resemble a combi-
nation of that DA (Fig. 4b) and SP-B (Fig. 4c), i.e., some level
of delamination in the secondary cell wall and lignin removal
from the middle lamella as shown in Fig. 4d. However,
delamination and delignification was not as pronounced as
that observed from DA and SP-B pretreatment, respectively.

Effect of Pretreatment on Cell Wall Chemical Composition

The observed qualitative effects of different pretreatments
on cell wall modification can be quantitatively substantiated
by examining the change in cell wall composition. As shown
in Fig. 5a, b, DA removed almost all of the hemicelluloses
represented by xylan and mannan but only a very small frac-
tion of lignin due to lignin condensation. SP-B only removed

50-70 % of the hemicellulosesbut solubilized20-25 % of
the lignin. SP-AB removed approximately 90 % of the
hemicellulosesand 10-20% of the lignin (Fig. 5a, b).

The differences in carbohydrate degradation by different
pretreatments were also obvious hom the masured glucose
and furan concentrations in the pretreatment spent liquor
(Table 3). The glucose concentrationin the liquorwas 12.7g/L
for DA, much higherthan the 1.1 and 6.0g/L in the SP-B and
SP-AB spent liquor, respectively. Furfural and HMF concen-
trationswere 2.6 and 3.9g/Lfor DA, significantly higher than
0.14and 0.19 g/L in SP-B and 0.52 and 0.56 g/L. in SP-AB.

The results in Fig. 5a also show some very interesting results.
Under the strong acidic condition of DA, essentially all of hemi-
celluloses were removed horn all the samples. However, under
the less acidic conditions of SP-B, hemicellulose remxval was
considerablyhigher inlatewood (70 %)thanin eatlywood (50 %).
Thiseffectwas also observedfrom SP-AB pretreated samples bt
not as pronounced. Thisis likely due to the higher lignin content
inthe earlywood samples, i.e., approximately 5 percentage points
higher than the | ate w d samples for both the heartwood and sap-
wood (Table 1), which resulted in better protection of carbohy-
drate horndegradation, i.e., higher recalcitrance[s, 29].

Enzymatic Saccharification

The substrate cellulose enzymatic digestibility (SED),
defined as the percentage of substrate glucan enzymatically
saccharified to glucose, varied with pretreatment methods
(Fig. 6). DA pretreatment produced the largest variations in
SEDs among different wood samples. It is interesting to note
that the SED of latewood is higher than earlywood for both
heartwood and sapwood despite that the density of latewood is
significantly higher than that of earlywood (Fig. 3 and Table 4).
This suggests that wood density does not affect recalcitrance.
Chemical penetration does not appear to be limited by the
thickness of the cell wall. The difference in SED between ear-
lywood and latewood may be more directly relevant to the lig-
nin content (Table 1). earlywood in both the heartwood and
sapwood has higher lignin content resulting in lower SED com-
pared to latewood. When comparing heartwood with sapwood,
the higher lignin and hemicellulose content of the heartwood
resulted in lower SED for both earlywood and latewood.

SP-B pretreated samples produced the lowest SED despite
the highest delignification among the three pretreatments. This
is because significant amounts of hemicelluloses remained in

Table 3 Chemical compositions of pretreatment spent liquor from different pretreatment processes

Monomeric sugars (g/L)

Inhibitors (g/L)

Pretreatment Ara Gal Glu Xyl Man HMF Furfural AA FA LA

DA 1.19+0.03 3.04+0.06  12.71+0.74  3.25+0.17 11.16+0.46  3.90+0.26 2.57+0.06 9.46+0.47 0.99+0.05 6.72+0.40
SP-B 0.46+0.01  0.88+0.02 1.06+0.06  1.27+0.07 2.59+0.11  0.14+0.01 0.19+0.01 0.19+0.01 ND 2.25+0.13
SP-AB 1.08+0.02 2.81+0.06 5.95+0.35 4.00+0.21 11.08+0.45 0.52+0.03 0.56+0.01 0.07+0.01 ND 3.64+0.22

ND undetectable, Ara arabinose, Gal galactose; Glu glucose, Xyl xylose, Man mannose, AA acetic acid, FA formic acid, LA lactic acid
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the pretreated solids (Fig. 5a). Previously, hemicellulose
removal was found to be directly proportional cellulose sac-
charification [6, 30, 31]. The results in Fig. 6 also indicate
that the significant difference in hemicellulose removal
between earlywood (50 %) and latewood (70 %) by SP-B
did not affect SED. This suggests that 70 % hemicellulose
removal is not sufficient to improve SED. As a result, SED
among different SP-B pretreated wood samples are approx-
imately the same of 25 %.

SP-AB pretreated substrates have highest SEDs among
for all substrates. SP-AB produced 10-20% delignification
as well as approximately 90 % hemicellulose removal,
which significantly open the pore structure of the cell wall
[25]. With improved delignification, it appears that SED of
earlywood is higher compared to latewood (Fig. 6) because
of its slightly lower hemicelluloses content despite its higher
lignin content. Again, the SEDs of sapwood are higher than
those of heartwood for both earlywood and latewood possi-
bly due to the relatively higher lignin content in heartwood.

The effect of wood lignin on SED was further examined in
Fig. 7. DA pretreatment is very sensitive to wood lignin con-
tent. SED decreases as wood lignin content increases.
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Fig. 7 Effect of wood
conversion(SED)

lignin content on enzymatic cellulose

However, SEDs of SP-B pretreated substrates do not appear
to be dependent on wood lignin content because of significant
delignification that removed the lignin barrier to cellulose
accessibility. It appears that 20 % delignification (Fig. 5b) is
sufficient to remove the lignin barrier. Compared with more
than 70 % removal of hemicellulose to improve SED dis-
cussed above and to be discussed at the end of this section, the
barrier of hemicellulose to improve SED is higher than lignin,
in agreement with our previous study [6]. Despite lacking
complete knowledge of the cell wall structure, recent studies
indicate that hemicelluloses, such as xylan, can be divided
into fractions coated on cellulose fibrils and fractions inter-
connected with cellulose fibrils [32]. It is also known that
hemicellulose has a "fast fraction" (80-95 %) that can be eas-
ily hydrolyzed and another *'slow fraction" (5-20 %) that is
difficult to be hydrolyzed [16, 30]. Earlier investigations
showed that near complete removal of hemicelluloses,
approximately equal to the amount of fast hemicelluloses, is
necessary to achieve good enzymatic saccharification [14,
30]. Therefore, the amount of fast hemicellulose may be used
to represent the hemicellulose-barrier to improved enzy-
matic saccharification.

Table 4 Chemical compositions Douglas fir wood samples from different pretreatments

Sample K. lignin (%) Ambinan (%) Galactan (%) Glucan (%) Xylan (%) Mannan (%) Solids yield (%)
HL-DA 40.0+0.84 ND ND 54.81+2.13 0.17+0.24 0.24+0.34 75.0£2.27
HE-DA 40.2+0.81 ND ND 49.01+1.08 0.16+0.23 0.11+0.15 81.6+2.47
SL-DA 34.8+0.73 ND ND 59.49+3.10 0.26+0.36 0.26+0.36 76.6+2.32
SE-DA 35.8+0.75 ND ND 53.54+0.20 0.20+0.28 0.12+0.17 82.7+2.51
HL-SP-B 28.8+0.61 ND 0.40+0.28 60.57+6.13 2.33+0.48 4.77+0.38 73.3+2.22
HE-SP-B 32.3+0.68 ND 0.58+0.41 50.77+0.29 2.61+0.02 5.05+0.21 75.9£2.30
SL-SP-B 26.6+0.56 ND 0.26+0.19 59.68+0.14 2.56+0.56 4.29+0.69 70.44£2.13
SE-SP-B 30.7+0.64 ND 0.46+0.32 53.63+1.56 2.93+0.48 5.11+1.08 80.1+2.43
HL-SP-AB 34.1+0.72 ND NE 59.65+1.77 0.95+0.25 0.91+0.17 66.8+2.02
HE-SP-AB 38.8+0.81 ND NE 52.88+0.51 1.13+0.25 1.32+0.31 70.94£2.15
SL-SP-AB 30.0+0.63 ND NE 65.62+0.81 1.84+1.30 0.39+0.04 73.3+2.22
SE-SP-AB 34.5+0.72 ND ND 55.07+2.66 1.24+0.35 1.27+0.80 73.9+2.24

DA dilute acid, SP-B  SPORL with initial pH 4.5 without sulfuric acid, SP-AB  SPORL with initial pH 2 with sulfuric acid
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Conclusions

Wood density does not appear to contribute to wood recalci-
trance and enzymatic saccharification. The thick cell wall is
not a factor limiting chemical penetrations in three aqueous
chemical pretreatments studied. Cell wall chemical composi-
tion, especially lignin and hemicellulose content, contribute
to cell wall recalcitrance. It appears the recalcitrance barrier
contributed by hemicelluloses is equivalent to the amount of
“fast fraction” hemicelluloses in the given feedstock, while
the recalcitrance barriers contributed by lignin is equivalent to
approximately 20 % of wood lignin for very recalcitrant soft-
woods with high lignin content such as Douglas fir. Different
pretreatment processes have unique characteristics to remove
specific feature of cell wall recalcitrance. SPORL pretreat-
ment at initial solution pH=2 combines acid hydrolysis and
sulfite delignification through sulfonation can effectively
remove the recalcitrance of woody biomass even for early-
wood of Douglas fir with lignin content 32 %. While DA can
effectively fractionate hemicelluloses, it produced low enzy-
matic cellulose saccharification due to lack of lignin removal.
SPORL pretreatment at high initial pH=4.5 cannot efficiently
fractionate hemicelluloses which result in low cellulose sac-
charification even with delignification.
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