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Abstract Douglas-fir (Pseudotsuga menziesii) forest resi-
dues were physically fractionated through sieving. The bark 
and wood were separated for large-sized fractions 
(>12.7 mm), and their contents were determined. The chem-
ical compositions of the large fractions were calculated based 
on the contents and chemical compositions of the bark and 
wood. The chemical compositions of the fine fractions were 
analyzed. The bark and wood content in the fine fractions was 
calculated based on the measured glucan and lignin contents 
in each fraction. It was found that fractionation by particle/ 
chip size can effectively fractionate bark and wood and there-
fore lignin from carbohydrates. The large-sized fractions 
(>12.7 mm) represent approximately 60 % of the collected 
forest residues but only contain approximately 37 % of the 
total bark and 35 % of the total ash, or a selectivity over bark 
and ash of 1.6 and 1.7, respectively. Pretreatment of forest 
residues by sulfite pretreatment to overcome recalcitrance of 
lignocelluloses and subsequent enzymatic hydrolysis revealed 
the presence of 14.3 % bark can reduce substrate enzymatic 
digestibilities (SED) 16 % compared with that from a bark- 
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free sample. The SED of a bark is 41 % compared with 73 % 
for wood when pretreated under the same conditions. Sepa-
rating pretreatment of bark from wood is beneficial for pro-
ducing a more enzymatically digestible substrate. The results 
from the present study could have significant implications for 
harvesting forest residues. 

Keywords Forest residues • Size fractionation/sieving • 
Bark • Pretreatment • Enzymatic hydrolysis/saccharification 

Introduction 

Forest residues from commercial plantation harvesting and 
forest thinning operations are a substantial biomass resource 
that can be utilized for bioenergy and biochemical production 
[1]. In the USA, recovering 70 % of harvest residues or 
approximately 35 million tons is equivalent to 17.6 million 
tons of carbon from fossil fuel [2]. As a result, using forest 
residues as an energy source can have a positive effect on 
reducing carbon air emissions through carbon dioxide seques-
tration by photosynthesis [3, 4]. A significant amount of work 
has been conducted on harvesting forest residues [5-7]. Cur-
rently, harvested wood chips from forest residues are used 
primarily as hog fuel for bioenergy productions in boilers or 
gasifiers [7]. With the development of the carbohydrate plat-
form for conversion of biomass to bioenergy [4, 8], it is of 
interest to evaluate the potential of forest residues for ferment-
able sugar production. 

Although a significant amount of research has been con-
ducted on woody biomass bioconversion through chemical 
and physical pretreatment [8], forest residues present unique 
properties that can be detrimental to bioconversion using the 
carbohydrate platform. First of all, forest residues contain a 
significant amount of bark, the layer external to the cambium, 
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that accounts for about 15-25 % of the whole tree mass [9]. 
Bark is normally considered unsuitable for fermentable sugar 
production due to its high content of extractives, inorganic 
compounds (ash), and lignin, and its low content of carbohy-
drates [10, 11]. Although bark-free wood is attractive for 
bioconversion, debarking forest residues is not economically 
feasible. Secondly, the forest residues are often harvested in 
the form of wood chips through mechanical preprocessing [5]. 
The resultant wood chips or particles have a range of sizes and 
shapes. It is intuitive that large wood chips are most likely 
from large branches with relatively low bark and ash contents, 
while small wood particles are from twigs, including even 
needles and leaves, with high bark and ash contents. As a 
result, a size fractionation through sieving would be expected 
to fractionate the forest residues chemically. Elucidating the 
variation of chemical compositions of forest residues with 
particle size has practical importance for developing econom-
ically and environmentally beneficial harvesting guidelines. 
For example, it is possible to leave the fractions with high bark 
content on the ground as nutrients and soil conditioner [12] 
and collect only the fractions with high carbohydrate content 
for conversion to fermentable sugars. 

The objectives of this study are (1) to demonstrate size 
fractionation of forest residues can increase feedstock quality 
in terms of carbohydrates by effectively separating bark and 
ash from wood, and (2) to study the effects of bark content as 
well as separate processing of bark from wood in pretreatment 
and enzymatic hydrolysis on feedstock saccharification effi-
ciency. Specifically, a forest residues sample harvested from a 
Douglas-fir (Pseudotsuga menziesii) resulting from a regener-
ation harvest was used. The sample was first sieved to different 
size fractions. The mass distribution and chemical composi-
tion, along with ash content of the different fractions, were 
determined. As a softwood, Douglas-fir has high lignin con-
tent, and few pretreatments are effective to remove its recalci-
trance for enzymatic saccharification [13]. The sulfite 
pretreatment to overcome recalcitrance of lignocelluloses 
(SPORL) was selected in the present study because of its 
effectiveness for producing fermentable sugars from softwoods 
[14-17]. Sugar productions from a bark-free, a bark-only, and a 
wood and bark composite sample were separately determined 
and compared to understand the effects of bark content and 
different processing strategies on sugar production. The overall 
goal of this research is to develop effective strategies for 
collecting forest residues and converting to fermentable sugars. 

Materials and Methods

Enzymes and Chemicals 

CTec-2, a commercial cellulase enzyme, was provided by 
Novozymes of North America (Franklinton, NC, USA). The 

average activity of the enzyme was 150 filter paper unit 
(FPU)/mL determined using a literature method [18]. 

Forest Residues 

Forest residues consist of tops, branches, broken, or defective 
tree parts, and trees not meeting grade specifications. Depend-
ing on the harvest method, forest residues accumulate at 
roadside as a byproduct of forest operations or the residues 
are brought to roadside in a separate operation. The econom-
ics of forest residue collection heavily favor the residues as a 
byproduct (former) practice [19]. The timing of harvest and 
timing of residue removal can affect the percentage of bark 
and fines. Logs harvested in the spring have less bark, partic-
ularly those subject to mechanical processing [20]. Forest 
residues left to dry in the forest have fewer needles [21]. 
The Douglas-fir forest residues tested here came from a 
roadside pile resulting from a regeneration harvest in a mixed 
conifer stand at Berry Creek, Douglas County 43.052101 N, 
123.621085 W (Datum WGS-84) owned by Roseburg 
Resources (Roseburg, OR, USA). The forest residues were 
still green and had needles and twigs attached. The sample 
was from an area that had been harvested between July and 
August 2011 and chipped on September 20, 2011. The resi-
dues was chipped using a two-knife 450-hp mobile horizontal 
chipper (Bruks Group, Sweden) mounted on a forwarder 
base. About 16 kg (wet weight) of chipped residues were 
shipped to the USDA Forest Service, Forest Products Labo-
ratory, Madison, WI, USA. 

Fractionation and Particle Size Distribution 

The Douglas-fir forest residues sample as received with a 
moisture content of 39.5 % was fractionated through siev-
ing. A total of 9 kg (wet weight) was processed through a 
nested stack of 11 sieves. The sieve sizes were 3.2, 4.8, 6.4, 
9.5, 12.7, 15.9, 19.05, 22.2, 25.4, 28.6, and 31.8 mm. The 
set of sieves was placed on the horizontal sieve shaker 
(USPN 7905, Williams Standard, Williams Apparatus Com-
pany, Watertown, NY, USA). These sieves were selected 
based on the estimated range of particle sizes in the sample. 
After 10 min of sieving, the oven dry (od) mass retained on 
each sieve was determined using the wet weights and the 
moisture contents of each fraction measured gravimetrically 
by oven drying an aliquot sample overnight. The particle 
size mass distributions of the od and wet wood chips were 
then calculated. 

Bark and Wood Contents and Chemical Compositions 

It is nearly impossible to physically separate bark from 
wood for fine fractions with very small particle sizes, i.e., 
fractions I to IV (Table 1). Therefore, bark and wood 

   Springer 



980 Bioenerg. Res. (2012) 5:978-988 

Table 1 Bark, wood, and ash contents and chemical compositions of different size fractions of Douglas-fir forest residues 

Fractions Size range Bark content Wood content Ash content K. Lignin Ara Gal Glucan Xylan Mannan 

0-3.2 75.80±2.59 15.74±1.65 8.86 38.70 2.66 2.74 24.18 4.67 3.14 
II 3.2-4.8 39.64±1.96 54.831.77 2.77 34.50 2.42 2.76 32.12 5.57 5.37 
III 4.8-6.4 37.82±1.99 61.42±1.86 2.00 35.70 2.15 3.19 34.45 6.63 6.58 
IV
V 

6.4-9.5 34.94±1.93 63.67±1.86 1.73 35.10 2.28 2.82 34.72 6.99 5.30 
9.5-12.7 19.31±  1.93 80.69±1.93 0.98±0.05 33.320.27 1.64±0.05 3.02±0.02 38.20±0.36 7.02±0.08 6.82±0.11 

VI 12.7-15.9 14.15±1.42 85.85±1.42 0.85±0.04 32.60±0.20 1.51±0.04 3.09±0.02 39.16±0.26 7.23±0.06 7.11Ñ0.08 

VII 15.9-19.1 14.59±1.46 85.41±1.46 0.86Ñ0.04 32.66±0.21 1.52±0.04 3.08±0.02 39.080.27 7.21Ñ0.06 7.08±0.08 

VIII 19.0-22.2 15.741.57    84.26±1.57 0.89±0.04    32.82±0.22 1.55±0.04 3.07±0.02 38.87±0.29 7.16±0.06 7.02±0.09 

LX 22.2-25.4 14.40±1.44 85.60±1.44 0.86±0.04 32.63±0.20 1.51±0.04 3.09±0.02 39.12±0.27 7.22±0.06 7.09±0.08 

X 25.4-28.6 10.50±1.05 89.50±1.05 0.76±0.03 32.080.15 1.41±0.03 3.14±0.01 39.84±0.19 7.37±0.04 7.31±0.06 

XI 28.6-31.2 15.47±  1.55 84.53±1.55 0.88±0.04 32.78±0.22 1.54±0.04 3.07±0.02 38.92±0.29 7.17±0.06 7.03±0.09 

XII 31.2+ 15.09±1.51 84.91 .51 0.87±0.04 32.73±0.21 1.53±0.04 3.08±0.02 38.99±0.28 7.19±0.06 7.06±0.08 
Wholea 22.62 76.79 1.46 33.53 1.74 3.02 37.30 6.96 6.57 

Data in italics are calculated using Eqs. la  and  lb, 2,  or  3 
K Lignin Klason lignin, Ara arabinan, Gal galactan 
a  Calculated based on particle size distribution (Fig. 2a) and the content or compositions of the fractions listed in this Table using Eq. 3 

contents in these small-particle fractions could not be mea-
sured. However, a very uniform and representative aliquot 
sample can be easily obtained from these fractions for 
chemical composition analysis. The measured lignin and 
glucan contents (the two major components in the sample) 
can be used to calculate the wood and bark contents in each 
of these fine fractions by simultaneously solving the follow-
ing equations: 

where G and L  are glucan and lignin content, respectively. 
WDf  and BKf  are respective wood and bark contents to be 
determined for fraction f  Subscripts f, wd, and bk repre-
sent fraction f, wood, and bark, respectively. A sensitivity 
analysis was conducted to examine errors in the calculated 
bark and wood content for each fraction based on the 
measurement standard deviations of glucan and lignin in 
chemical composition analysis. It was found that the 
calculated bark and wood content are most sensitive to 
bark lignin content Lbk. The results listed in Table  2  were 
calculated using a standard deviation of 2 % in Lbk, while 
the deviations of other measured parameters in Eqs.  la 
and  lb  were assumed zero. The maximal experimental 
standard deviation of chemical composition was less than 
0.4 % (Table 2). 

Bark and wood can be easily separated for larger-sized 
fractions, i.e., fractions V to XII, and the bark and wood 
content, WD•  and BKf,  can be determined. However, it is 
very difficult to get a small but representative sample from  

each of these large-sized fractions for chemical composition 
analysis. Therefore, the chemical composition of these sam-
ples was calculated from the measured bark and wood 
content and the chemical composition of the wood and bark, 

(2) 

where C stands for component, e.g., lignin, glucan, and 
mannan; therefore, Cf is the component content of fraction 
f Cwd  and Cbk  are the respective component contents of 
wood and bark, measured via separating the bark from wood 
for randomly selected pieces of the forest residues, as listed 
in Table  2.  The chemical composition of wood and bark was 
assumed not to change with particle size. The measured 
standard deviations of bark and wood content were used to 
calculate the errors in the chemical composition of each 
calculated fraction (Table 1). 

The bark and ash contents and the chemical composition 
of the "whole" collected Douglas-fir residues were calculat-
ed based on the mass distribution by particle size and the 
bark and ash contents and the compositions of each size 
fraction according to the following equation: 

( 3  ) 

where fi  is the mass fraction of fraction i. 

Fractionation Selectivity 

Fractionation selectivity over bark or ash can be defined as 
the fraction of the accept forest residues as of the total 
residues divided by the fraction of bark or ash in the accept 
sample as of tWholeaal bark or ash, respectively, as follows: 
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Table 2 Bark, wood, and ash contents and chemical compositions of the composite samples and the chemical compositions of the pretreated 
composite samples 

Sample label Solid yield Bark 

(%) content 
Wood 
content 

Ash 
content 

K. Lignin Arabinan Galactan Glucan Xylan Mannan Total 

Untreated samples 

Isolated wood= 0 100 0.5 30.60.09 1.1 0.04 3.3 0.05 41.80.12 7.8 0.08 7.9 0.19 93.0 
U-wood 

Isolated bark= 100 0 3.0 44.70.02 3.70.02 2.0 0.24 23.20.35 3.8 0.04 2.4 0.03 82.8 
U-bark 

U-mixa 14.3 85.7 0.9 32.6 1.5 3.1 39.1 7.2 7.1 91.5 

Pretreated samples" 

T-wood 57.6 37.4; 29.8 60.2; 17.1 1.5; 89.1 1.0; 92.5 100.1 

T-bark 51.1 52.9; 39.5 38.6; 15.2 1.7; 77.4 0.7; 85.6 93.9 

T-mix 57.6 41.8; 26.2 56.0; 17.6 1.4; 88.8 1.0; 91.6 100.2 

Data in weight percent unless specified 
a Calculated based on bark content of 14.3 % 
b 

The number after ";" is the percent removal through pretreatment 

 where fi, fi
bk, fi

ash are the oven dry mass fractions of the  
forest residues, bark, and ash of fraction i, respectively. 
Equations  4a  and  4b  indicate that selectivity is also the bark 
or ash content in the initial unfractionated sample over the 
bark or ash content in the accept sample. 

Composite Samples for SPORL Pretreatment 

Selected fractions of the fractionated forest residues were used 
to make composite samples for pretreatment and enzymatic 
saccharification studies according to the procedure described 
below. Based on the bark content (Table 1), the composite 
samples were made by combining fractions Vi to XI with size 
between 12.70 and 28.58 mm as these fractions have very 
similar low levels of bark and ash content. Fraction V is a 
transition fraction in terms of bark content and is not used in 
the composite sample. Fraction XII was not used because the 
particle sizes were too large for our pretreatment equipment to 

process. However, the composite sample consisting of frac-
tions VI to XI can represent fraction XII based on bark content 
and chemical compositions. Therefore, the composite sample 
represents approximately 60 % of the collected forest residues 
(Fig. 2a) but only contains approximately 37 % of the bark 
(Fig.  2b)  and 35 % of the ash (Fig. 2c), as will be discussed in 
the  "Results"  section later. Manual debarking was applied to 
each fraction from VI to XI before combining. Composite 
samples of bark-only (U-bark, U stands for untreated), 
debarked wood-only (U-wood), and a mixture of wood and 
bark (U-mix) were each separately prepared by combining 
fractions VI to XI. The percentages of fractions VI to XI in the 
composite samples were based on the mass distribution of the 
fractions VI to XI in the combined samples and the wood and 
bark contents of each fraction (Table 2). 

SPORL Pretreatment and Substrate Production 

The composite samples of debarked wood (U-ww/w), bark 
(U-bark), and the mixture of wood and bark (U-mix) were 
subjected to SPORL pretreatment [14, 16]. SPORL pretreat-
ments were conducted using three 1-L reactors mounted 
inside a rotating wood pulping digester in an autoclave 
configuration as described elsewhere [14, 16]. The three 
reactors were heated externally by steam. The digester is 
rotated at 2 rpm for mixing of biomass samples with chem-
icals during pretreatment. SPORL pretreatments were con-
ducted at 180°C with a liquid to solids ratio (L/S) of 3. The 
sulfuric acid and sodium bisulfite charges based on od 
weight biomass solids were 2.21 and 8 (wlw)%, respective-
ly. The pretreatment duration was 20 min, which is slightly 
shorter compared to our previous studies using softwood to 
show differences among different samples [14, 15]. Follow-
ing pretreatment, each 1-L reactor was cooled using tap 

(4a)  

(4b)   
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water while sealed. The residual solids remained intact 
which allowed for easy separation from the pretreatment 
hydrolysate (spent liquor) using a screen. The pretreatment 
spent liquor, mainly containing hemicellulosic sugars, was 
recovered and stored at 4°C until used for composition 
analysis. Each pretreated solid fraction was separately disk 
milled using an 8-in. manual-driven disk refiner (Andritz 
Sprout-Bauer Pressurized Refiner, Springfield, OH, USA) 
with a disk plate gap of 1 mm as described elsewhere [22]. 
Water was added to facilitate disk milling. The material 
collected was directly dewatered through pressing using a 
canvas bag to a solids content of about 30 %. The yield of 
solid (substrate) in the form of fibers or fiber bundles was 
then determined from the weight and moisture content of the 
collected substrate. The resultant solid substrates received 
no additional washing and were stored for chemical com-
position analysis and enzymatic hydrolysis. 

Chemical Composition Analysis 

The solid biomass substrates, both raw and pretreated, were 
ground using a Wiley mill (model #2, Arthur Thomas Co., 
Philadelphia, PA, USA) to pass a 40-mesh (~1  mm) screen. 
The resulting materials were hydrolyzed using sulfuric acid in 
two stages as described previously [16]. The hydrolysate was 
then analyzed for carbohydrates using an HPLC (Dionex IC-
3000, Dionex Corporation, Sunnyvale, CA, USA) with 
pulsed amperometric detection (HPAEC-PAD) by the Ana-
lytical and Microscopy Lab of the Forest Products Laboratory. 
A Dionex Carbo Pac PA-1 Analytical column (4 x 250 mm) 
with a 4 x 20-mm PA-1 guard column was used. The Klason 
lignin content was measured gravimetrically after washing 
and drying the solid residues from the acid hydrolysis. The 
pretreatment spent liquor was also analyzed for fermentation 
inhibitors such as furan using the same HPLC with UV 
detection previously described [16]. For rapid analysis, glu-
cose in the enzymatic hydrolysate was measured using a 
commercial glucose analyzer (YSI 2700S, YSI Inc., Yellow 
Springs, OH, USA). The reported data are the average of 
duplicate measurements. 

Enzymatic Hydrolysis 

All hydrolysis experiments were conducted using CTec-2 
(Novozyme, Franklinton, NC, USA) at 2 % substrate solids 
(w/v) and pH approximately 5.2 in 50 mL of sodium acetate 
buffer (50 mM) on a shaker (Thermo Fisher Scientific, Model 
4450, Waltham, MA, USA) at 50°C and 200 rpm. The en-
zyme loading was 20 FPU/g glucan. Triplicate hydrolysis 
runs were conducted. Hydrolysate samples were taken peri-
odically for glucose determination. The average results from 
triplicate runs were reported. The standard deviations were 
used as error bars in plots. The substrate enzymatic 

digestibility (SED), defined as the percent glucan in the sub-
strate saccharified enzymatically to glucose, was determined. 

Results

Particle Size Distribution of the Douglas-fir Residues 

The Douglas-fir forest residues fractions have considerable 
differences in color, shape, and bark and ash contents. As 
shown in Fig. 1, the small-sized fractions were needle-
shaped with a greater aspect ratio than large-sized fractions. 
The small-sized fractions also tend to have a darker color 
than the large-sized fractions. The small-sized fractions T to 
IV also have much higher bark and ash contents than the 
large-sized fractions Vi to XII (Table 1). The bark and ash 
content decreased with increasing particle size. The bark 
and wood content attained constant values of approximately 
15 % and 85 %, respectively, for the large-sized fractions 
(VI to XII) when the particle size was greater than 12.7 mm 
(fraction VI). Fraction V is the transition fraction which has 
slightly higher bark and ash contents than those of the large-
sized fractions VI to XII. 

The results presented above suggest that physical frac-
tionation based on particle size can effectively separate bark 
and ash from wood. To support this argument, we plotted 
the particle mass (Fig. 2a) along with bark mass (Fig. 2b) 
and ash mass (Fig. 2c) distributions by particle size frac-
tions. Summing the results indicates that the small-sized 
fractions of I to IV has 25 % of the total mass (Fig. 2a) 
while containing approximately 50 % of the bark (Fig.  2b) 
and 55 % of the ash (Fig. 2c). Furthermore, the smallest 
fraction, I, with less than 5 % of the mass, contains more 
than 15 % of the bark and approximately 28 % of the ash. It 
is also notable that the small-sized fractions have slightly 
higher moisture content than the large-sized fractions 
(Fig. 2a) due to large surface area for moisture intake. 
Although these results were obtained from only one sample, 
it should be generally valid for most forest residues because 
the major sources of ash are from contaminants such as dirt, 
with small particle sizes, and bark. Bark is more friable than 
wood and can be easily broken down to small particles 
during harvesting and preprocessing. 

Chemical Compositions of Residues Fractions 

The small-sized fractions I to IV also have higher lignin 
content and lower carbohydrate content than the large-sized 
fractions VI to XII (Table 1). This is due to the small-sized 
fractions having higher bark content while bark inherently 
has higher lignin and lower carbohydrate contents than 
wood. As with bark content, the lignin content decreased 
as particle size increased for the small-sized fractions I to V 
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Fig. 1 Images of selected 
sieving fractions of the 
Douglas-fir forest residues. a 
Fraction 1, <3.2 mm; (b) frac-
tion III, 4.8-6.4 nun; (c) frac-
tion V, 9.5-12.7 nun; (d) 
fraction VII, 15.9-19.1 mm; (e) 
fraction IX, 22.2-25.4 nun; (f) 
fraction XII, >31.8 nun 

and approached a constant value of approximately 32.5 % 
for large-sized fractions VI to XII. It is apparent that the 
physical fractionation by particle size also effectively frac-
tionates the forest residues by chemical composition. We 
calculated the mass ratio between lignin and the sum of the 
three major polysaccharides in Douglas-fir, i.e., glucan, 
xylan, and mannan, for each particle size fraction and plot-
ted the distribution in Fig. 3. The results clearly indicate that 
the ratios in the small-sized fractions I to VI are greater than 
the large-sized fractions VI to XII with ratios of approxi-
mately 0.6. The ratio for the smallest fraction I is over 1.2, 
more than double that of the large-sized fractions VI to XII. 

Furthermore, the small-sized fractions also have relative-
ly high moisture content (Fig. 2a). Therefore, physical frac-
tionation by size can also help to separate water from wood. 
This may be beneficial when only the large fractions were 
collected and shipped in wet compared with collection and 
shipping the whole residues. 

The bark and ash contents and the chemical compositions 
of the "whole" Douglas-fir residues were calculated accord-
ing to Eq. 3 and listed in Table  1.  The results indicate that 
collected residues have an ash content of only 1.5 % but a 
relatively high bark content of 22.6 %, which resulted in a 
high lignin content of 33.5 %. The residues have a cellulose 
(glucan) content of 37.3 %. 

The Bark and Ash Contents and Chemical Compositions 
of the Composite Samples 

The chemical compositions of composite samples U-bark 
and U-wood are assumed the same as those of bark and 
debarked wood, respectively, and are listed in Table  2.  The 
chemical composition of the composite sample U-mix was 
calculated based on the fraction mix ratios and is also listed 
in Table  2.  U-bark has high lignin and ash contents of 
44.7 % and 3 %, respectively, and a low hollocellulose 
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Fig. 3 Variation of the ratio between lignin and major carbohydrates 
(glucan+xIIaIII annan) with dV/// rent fXIctions (particle size) 

Fig. 2 Mass distribution by particle/chip size of the Douglas-fir forest 
residues. a Total mass (bark and wood), (b) bark, and (c) ash 

content with a glucan content of only approximately over 
23 %. U-wood has a lignin content of 30.6 % and a glucan 
content of 41.8 %. The composite mixture of bark and wood 
(U-mix), made from large-sized fractions VI to XI, has 
14.3 % bark, 0.85 % ash, and 32.6 % lignin. These values 
are all lower than those of the "whole" forest residues 
(Table 1), respectively. As a result, glucan content was 

enriched to 39.1 % in comparison with 37.3 % for the 
"whole" residue. 

Effect of Bark on SPORL Pretreated Substrate Composition 
and Sugar Degradation 

SPORL pretreatment produces two product streams. The 
liquid fraction (pretreatment hydrolysate or spent liquor) 
contains solubilized sugars largely derived from the hemi-
celluloses, sulfonated lignin, and various other chemicals. 
The solid substrate contains largely cellulose and residual 
lignin. Chemical compositions of pretreated composite sam-
ples of bark (T-bark, T stands for pretreated) from U-bark, 
wood (T-wood) from U-wood, and a mixture of bark and 
wood (T-mix) from U-mix are listed in Table 2. The per-
centage removals of lignin and carbohydrate from T-wood 
and T-mix by SPORL pretreatment are similar. T-mix has 
slightly higher lignin and lower glucan content than T-wood, 
which is expected because the composite wood sample U-
wood had higher glucan and lower lignin contents. SPORL 
pretreatment removed significantly less lignin from T-wood 
or T-mix than from T-bark. Lignin removal was approxi-
mately 40 % for T-bark compared with less than 30 % from 
T-wood or T-mix. Xylan removal was only 77 % for T-bark 
compared with approximately 90 % from T-wood or T-mix 
(Table 2). SPORL pittreatrnents enriched glucan content 
more than lignin forpretreatments  samples. Glucan enrich-
ments were approximately 150 % for T-wood or T-mix and 
166 % for T-bark, while lignin enrichments were approxi-
mately 120 % for all samples. 

The extracted carbohydrates mainly hemicelluloses by 
SPORL pretreatment were hydrolyzed to sugars and further 
degraded to furan and organic acids. The sugar profiles of 
the pretreatment hydrolysate TL-wood and TL-mix, 
corresponding to T-wood and T-mix, respectively, are very 
similar (Table 3). TL-wood has slightly higher concentra-
tions of various sugars than TL-mix except for arabinose 
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because bark has higher arabinan content than wood. The 
hydrolysate TL-bark, corresponding to T-bark, has signifi-
cantly lower sugar concentrations due to the low carbohy-
drate content of the U-bark sample. The total sugar 
concentration in TL-wood was 44.2 g/L, compared with 
25.1 g/L  in TL-bark, or 43 % lower. Specifically, glucose, 
xylose, and mannose concentrations in the TL-bark are 
34 %, 71 %, and 44 % lower than that in TL-wood, respec-
tively. The low carbohydrate content in U-bark not only 
resulted in lower sugar concentrations in its hydrolysate 
TL-bark but also lower amounts of }IMF and furfural com-
pared with U-wood (Table 3). 

Effect of Bark on Substrate Enzymatic Saccharification 

The SED of the pretreated substrate T-bark, T-wood, and T-
mix were compared to evaluate the effect of bark on enzy-
matic saccharification of the forest residues after SPORL 
pretreatment. The results clearly indicate that bark negatively 
affects cellulose enzymatic saccharification (Fig. 4) The final 
SED of the pretreated composite bark sample, T-bark (lignin 
content 52.9 %, Table 2), was only 41 %, compared with 73 % 
for the debarked wood composite sample, T-wood (lignin 
content 37.4 %). The SED of the mixture of wood and bark 
composite sample, T-mix (lignin content of 41.8 %), was 
approximately 57 %. The difference in SED between T-
wood and T-mix is primarily caused by the differences in 
the lignin content of the substrates and the amounts of lignin 
removal by SPORL pretreatment (the contents as well as the 
amounts of removal of hemicelluloses are almost the same, 
Table 2). 

Effects of Separate Processing of Bark from Wood 

Lignin in the bark affects enzymatic saccharification of sub-
strate cellulose through two mechanisms: (1) bark is much 
more recalcitrant to cellulase enzymes than wood because it 
has more lignin, which blocks enzymatic access to cellulose; 
(2) lignin can adsorb cellulase to produce the so-called non-
specific binding. The first mechanism is associated with pre-
treatment, while the second one is related to enzymatic hydro-
lysis. We analyzed the following scenarios to understand 
whether or not separate pretreatment or hydrolysis is techni-
cally beneficial for enzymatic saccharification: 

1  Control: Combined pretreatment and hydrolysis of bark 
and wood. This is the pretreatment run using U-mix and 
enzymatic hydrolysis of the resultant pretreated substrate 
T-mix. 

2 Separate pretreatments of bark (U-bark) from wood (U-
wood), but combine pretreated bark (T-bark) with pre-
treated wood (T-wood) in enzymatic hydrolysis. For com-
parison purposes, the fraction of T-barkfT_bark = 0.129 in 
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Fig. 4 Comparisons of the time-dependent substrate enzymatic diges-
tibilities (SEDs) among pretreated composite samples of bark (T-bark), 
wood (T-wood), and mixture of bark and wood (T-mix) 

the mixture (T-EH-mix) of T-bark and T-wood so that their 
corresponding amounts of U-bark and U-wood are iden-
tical to those in U-mix, i.e., bark content of 14.3 %. 

3 Separate pretreatment of bark (U-bark) from wood (U-
wood) and separate enzymatic hydrolysis of the resultant 
substrate T-bark from T-wood. For comparison purposes, 
the amounts of U-bark and U-wood used in separate 
pretreatment are identical to those in U-mix. The SED 
of this scenario can be determined by adding the glucose 
from separate enzymatic hydrolysis of T-bark and T-
wood and divided by the total glucan in these two sub-
strates, i.e., 

(5) 

where gls is the amount of glucose produced by enzy-
matic hydrolysis, and Gln is the pretreated substrate 
glucan content. The fraction of the pretreated bark, 

fT_bark = 0.129, same as that in Scenario (2), is deter-
mined based on the bark content of 14.3 % in U-mix and 
the yields of 1-bark and T-wood (Table 2). 

The results indicate that separate hydrolysis did not affect 
SED as shown in Fig. 5. The SED of the mixture T-EH-mix 
of T-bark and T-wood are almost identical to those calculat-
ed using Eq. 5. However, separate pretreatment of wood 
from bark is favorable to improve SED. This is because the 
presence of a small amount of bark, 14.3 %, marginally 
affects the available glucan for glucose production as bark 
has a low glucan content of only 23.2 %, but it can have a 
significant impact on removing wood recalcitrance in com-
bined pretreatment as shown clearly in Fig. 4, i.e., bark and 
wood are interdependent in pretreatment It is possible that a 
more severe pretreatment is required when the feedstock 
contains bark. This is supported by the relatively low 

Fig. 5 Comparisons of the time-dependent substrate enzymatic diges-
tibilities (SEDs) for separate pretreatment of bark from wood followed 
by either separate or combined hydrolysis of the pretreated substrates 
with combined pretreatment and hydrolysis of bask with wood 

degradation of sugars in the pretreatment hydrolysate as will 
be discussed in the next paragraph. 

We compared the monomeric sugar and fermentation 
inhibitor profiles of pretreatment hydrolysate among TL-
mix, TL-wood, TL-bark, and TL-hyp (a hypothetical sample 
made of TL-wood and TL-bark for separate pretreatment 
bark from wood with their amounts same as those in U-
mix). The results in Table 3 suggest that combined pretreat-
ment of bark and wood produced slightly more monomeric 
sugars and less inhibitors than individual bark and wood 
pretreatments (comparing TL-mix with TL-hyp). This again 
confirms that bark and wood are interdependent when they 
are pretreated together. Furthermore, synergy exists for 
hemicellulosic sugar recovery for the pretreatment condi-
tions tested. This disagrees with literature findings that 0 
30 % bark content did not influence pretreatment severity 
using SO2  catalyzed steam explosion [23]. 

Discussion 

The findings discussed in the  "Results"  section could 
have significant implications to the practice of harvesting 
forest residues. This can be clearly seen from the cumu-
lative distributions of residues oven dry mass, bark, and 
ash by particle size as shown in Fig.  6.  The y coordinate, 

 i 
accumulation of the large-sized fractions (accept) from 
fraction i to the largest fraction XII. The fractions larger 
than 12.7 mm  contain approximately 60 % of the collect-
ed forest residues, but only contain approximately 37 % 
of the bark and 35 % of the ash. We can use the selec-
tivity defined by Eqs.  4a  and  4b  to further quantitatively 
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Fig. 6 Accumulative (from the largest frao.8on) distributions of oven 
dry total mass, bark, and ash and sieving selectivities over bark and ash 
by particle/chip size of the Douglas-fir forest residues 

demonstrate the effectiveness of fractionation for separat-
ing bark and ash from wood. The results indicate that 
using a mesh 2 screen (12.7 mm) can provide optimal 
separation bark and ash from wood as the selectivity over 
bark and ash are both maximized and achieved asymptotic 
values (Fig. 6). The fine fractions (reject) of approximate-
ly 40 % of the mass that contain most of the bark can be 
left uncollected. The large fractions (accept) also have 
slightly lower moisture content (Fig. 2a), beneficial to 
improve shipping economics. Literature indicated that 
Douglas-fir bark has significantly higher nutrient contents 
than wood [12, 24]. The nitrogen and potassium contents 
in Douglas-fir bark are approximately four to five and 
eight to ten times higher than those found in wood, 
respectively. Bark has high ion-exchange capacity and is 
a soil conditioner for good organic soil [24]. Because a 
fraction of forest residues needs to be left in the forest to 
supply nutrients and conditioning soil, fractionating small 
particles and leaving them in the forest is technically 
beneficial. 

Leaving the fine fractions in the forest will result in a 
net loss of harvested residues, e.g., 40 % for all fractions 
below 12.7 mm for the present residues sample. It is of 
interest to know the net loss in glucose production. The 
results in Fig.  4  indicate that the reduction in SED at 
96 h is 16 % due to the presence of 14.3 % bark in the 
composite mix sample and an additional reduction in 
SED of 16 % compared with that of the pure bark 
sample. Since pretreatment and hydrolysis of the 
"whole" residues was not conducted, using interpolation 
assuming ash is simply dead load and does not affect 
enzymatic hydrolysis, the SED of the "whole" residue 
with bark content of 22.6 % (Table 1) at 96 h was 
estimated to be 53 % based on the results shown in 
Fig.  4.  Therefore, rejecting 40 % of the residues resulted 
in a glucose production loss of 30 % based on the 
estimated SED of 55 % and the glucan content of the  

whole residues (Table 1). This rejection loss varies with 
residues and the amount of desired residues to be left 
uncollected, and needs to be taken into account in 
harvesting. 

The ability to capture the potential benefits of leaving 
fines in the forest depends on the collection method and 
downstream supply chain costs and benefits. Currently, 
collection methods favor utilization of roadside materials 
that have already been removed from the forest. Points of 
fractionation need to be evaluated to determine the best 
location. Tradeoffs involve cost of collection, effect on 
productivity of the comminution process, and efficiency 
of transport. 

Conclusions 

Physical fractionation of Douglas-fir forest residues 
through sieving can effectively fractionate bark and ash 
and therefore lignin from carbohydrates. For the forest 
residues studied, fractionation selectivity of wood over 
bark and ash using a mesh 2 screen is 1.6 and 1.7, 
respectively. Bark affects pretreatment to produce a less 
digestible substrate for subsequent enzymatic cellulose 
saccharification. With the presence of bark of 14.3 % 
in a mix sample, the reduction in SED is 16 % compared 
with that from a wood sample. The SED of a bark is 
41 % compared with 73 % for wood when pretreated 
under the same conditions, indicating separate 
ment optimization is required to improve SED forest 
residues containing  bar 

pretreat-
e

k. However, combined pretreat-
ment of bark with wood has a slight synergistic effect 
that improves hemicellulosic sugar recovery and reduces 
the formation of fermentation inhibitors under pretreat-
ment condition tested in this study. Separate enzymatic 
hydrolysis appears to have no effect on substrate. To-
gether with the benefits of leaving bark in forests for soil 
improvement, the results obtained in this study suggest it 
is desirable and effective to fractionate forest residues by 
particle size, though the economics of where fraction-
ation should take place yet needs to be determined. This 
has significant implications to the practice of harvesting, 
processing, and transport of forest residues. 
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