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ABSTRACT: Poplar wood chips were impregnated with
oxygen and sodium carbonate at relatively mild conditions
(110 and 135 °C) prior to steam pretreatment (210 °C, 5 min)
with the goal of selectively fractionating and modifying lignin
while improving overall carbohydrate recovery and the ease of
enzymatic hydrolysis of the cellulose. Using these pretreatment
conditions more than 80% of the carbohydrate components
(cellulose and hemicellulose) were retained in the water-
insoluble fraction, an 18% increase in hemicellulose recovery
was achieved, while 58% of the original lignin could be
extracted. Alkaline oxygen impregnated steam pretreatment
also enriched the bulk acid group content of the substrate from
33 to 156 mmol/kg, consequently increasing both the water
retention value of the substrate from 2.5 to 2.9 and cellulose accessibility as indicated by the increased adsorption of Direct
Orange dye from 119 to 146 mg/g. The combination of lignin modification/removal enhanced substrate swelling and increased
cellulose accessibility resulting in enzymatic hydrolysis yields of 86% of the cellulose and xylan after 48 h at an enzyme loading of
20 mg/g glucan and a solids loading of 10%. Impregnation with either oxygen or alkali alone, prior to steam pretreatment, was far
less effective than impregnation with the alkali/oxygen combination. Alkali-oxygen steam pretreatment resulted in the retention
of more carbohydrate in the water-insoluble fraction while increasing the ease of lignin extraction, enhanced cellulose
accessibility, and better enzymatic hydrolysis of the cellulose component.
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■ INTRODUCTION

In a bioconversion process, the main goals of the pretreatment
step are to enhance the fractionation and recovery of the lignin
and hemicellulose components in a usable form, while
producing a cellulosic fraction that can be readily hydrolyzed
at low enzyme loadings.1 Steam pretreatment or “steam
explosion” is one the most widely studied pretreatment
technologies.2 During typical steam pretreatment, biomass is
subjected to high pressure steam (100−300 psig) at temper-
atures ranging from 130 to 225 °C for 1−10 min. At the
conclusion of steam pretreatment, the biomass typically
undergoes a sudden explosive decompression that both empties
the reaction vessel and results in the size reduction of the
biomass. Acid-catalyzed steam pretreatment can effectively
solubilize and result in the recovery of most of the
hemicellulose component while improving accessibility to the
cellulosic component, significantly enhancing enzymatic
hydrolysis, particularly when agricultural substrates are used.3

It has been shown that impregnation of the biomass with an
acid catalyst, such as sulfur dioxide or sulfuric acid prior to

steam pretreatment, significantly reduces the temperatures and
residence times required for the selective dissolution of the
hemicellulose component.3,4 Although the dissolution of the
hemicellulose component can significantly increase cellulose
accessibility and enzymatic hydrolysis, it also enriches the lignin
content of the water-insoluble component. Consequently, the
lignin content of the cellulose rich, water-insoluble component
can be as high as 30−50% after steam pretreatment.3,5 This
increase in the lignin content of the substrate and its
hydrophobic nature can also decrease cellulose accessibility.
During steam pretreatment the lignin can also undergo acid
catalyzed condensation reactions, which decreases its extract-
ability, reactivity, and functionality for downstream value-added
applications.6,7 The increase in hydrophobicity that results from
the condensation of lignin also increases its tendency to
nonproductively bind enzymes during enzymatic hydrolysis.6−8
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In parallel work other researchers have been assessing the
effectiveness of wet explosion (WEx) pretreatments,9 using
high pressure oxygen or air (6.5−7.2) bar at temperatures
ranging from 170 to 200 °C with subsequent explosive
decompression.10 These workers have suggested that the
combined action of oxygen/air and the de-esterification of
the acetyl groups that are part of the hemicellulose provide an
oxidative and acidic environment that facilitates the removal of
some of the lignin while solubilizing the hemicellulose
component.10

Unlike the acidic conditions that were used by these workers
during WEx pretreatment, alkaline mediated oxygen delignifi-
cation has been used commercially in the pulp and paper
industry since the 1980s. Oxygen under alkaline conditions is
often used to treat pulps to selectively solubilize lignin while
maintaining the integrity of cellulose and much of the
hemicellulose. It has proven to be a mild, economical, and
environmentally friendly method to remove lignin from Kraft
pulps that subsequently contain less than 7% lignin.11 The
lignin primarily reacts via free phenolic hydroxyl groups.12

When ionized by the addition of alkali, the phenolic groups
provide electrons to initiate reactions with oxygen. The lignin is
then oxidized which increases its solubilization in the alkaline
media.12 The reaction is typically performed under mild
conditions (110−130 °C) in order to decrease the potential
for destructive radical initiated reactions on the cellulose and
hemicellulose components of the pulp.13

In earlier work Pan et al.14,15 used oxygen delignification as a
“post-treatment” to remove the lignin from steam pretreated
Douglas-fir. The oxygen delignification post-treatment removed
approximately 84% of the lignin. However, this sacrificed the
recovery of the carbohydrate components, likely because of the
oxidative destruction of some of the carbohydrates. This was
due to the application of oxygen at higher temperatures over
extended residence times.14 The high lignin content and the
reduced reactivity of lignin after it has undergone acid catalyzed
steam pretreatment usually meant that post-treatments such as
oxygen delignification, sulfonation, and hydrogen peroxide had
to be used.6 However, the high chemical loadings that are
typically used for these post-treatments are uneconomical and
frequently result in decreased carbohydrate recovery.6

More recent work has shown that, rather than a post-
treatment approach, sulfite addition to poplar wood chips prior
to steam pretreatment resulted in a 300% increase in
sulfonation compared to neutral sulfite post-treatment.16 This
increase in sulfonation was likely due to the better reactivity of
the native lignin when compared to the condensed residual
lignin present in the steam pretreated material. Unlike
conventional acid-catalyzed steam pretreatment, the mild
alkaline sulfonation retained 70% of the hemicellulose
component in the water-insoluble substrate,16 and both the
cellulose and hemicellulose components were highly suscep-
tible to enzymatic hydrolysis when using low protein loadings.
It is also worth noting that the retention of most of the
hemicellulose in the cellulose-rich, water-insoluble component
results in the recovery of a greater amount of total fermentable
sugars in the one fraction. In the case of typical acidic steam
explosion pretreatments, although more than 50−70% of the
hemicellulose component can be recovered in water-soluble
fraction, this has necessitated the handling and integration of a
water-soluble and water-insoluble fraction.17 The water-soluble
fraction has often proven to be problematic due to its inhibitory
effects on both the enzymatic and fermentation processes.18,19

As described previously,16 an alternative approach to
solubilizing the hemicellulose would be to selectively modify
and partially remove the lignin while retaining the vast majority
of carbohydrate in the one fraction with a goal of also
enhancing cellulose accessibility. The use of alkali and oxygen
to modify lignin in the-insoluble substrate can also result in the
formation of carboxylic acid end groups on the lignin
macromolecule.12 Carboxylic groups have been shown to
increase substrate swelling and lignin hydrophilicity, potentially
reducing the nonproductive binding of the cellulases to lignin.
This should be similar to the influence of sulfonating lignin.20,21

In the work reported here, poplar wood chips were
impregnated with alkali and oxygen prior to steam pretreatment
under mild conditions with the goal of selectively modifying/
fragmenting the lignin present in the wood chips. It was
anticipated that the explosive decompression at the conclusion
of the steam pretreatment would facilitate biomass size
reduction and solubilization of the fragmented modified lignin
while retaining most of the original carbohydrates in the water-
insoluble fraction. It should also provide a cellulosic component
that was more accessible to cellulase enzymes and readily
hydrolyzed.

■ MATERIALS AND METHODS
Biomass and Chemicals. Poplar, obtained from the British

Columbia Ministry of Forests, Canada, was chipped and screened
using a plate screen with the fraction between 2.5 × 2.5 cm and 5.0 ×
5.0 cm and used as the raw material for pretreatment. The moisture
content of the wood chips was determined by drying a known amount
of chips in the oven at 105 °C overnight and measuring the weight
loss. The moisture content was 7.8 ± 0.3% (measured in triplicate).
Sodium carbonate (Fisher Scientific) and oxygen were used as
received. Direct Orange 15 was obtained from Pylam Products. Prior
to the measurement of the Direct Orange dye adsorption on the
pretreated biomass samples, the high molecular weight portion of the
dye was isolated, as described previously.22

Alkaline-Oxygen Impregnated Steam Pretreatment (AO-SP).
Prior to steam pretreatment, 50 g of dry poplar chips was mixed with
200 mL of sodium carbonate solution (12% based on dry mass) and
placed in a Parr high pressure batch reactor (1 L capacity, T 316
stainless steel, Parr Instrument Company, Moline, IL) at 100−110 °C
for 2 h to improve chemical impregnation into the wood chips. The
reactor was then injected with O2 at a pressure of 100 psig. The
temperature was immediately raised to 135 °C and maintained for 30
min. The excess liquid (∼50 mL) was retained for analysis, while the
impregnated chips were transferred to the steam gun. The chips were
subjected to a steam treatment at 210 °C for a residence time of 10
min in a 2 L Stake Tech II batch steam gun (constructed by Stake
Tech-Norvall, Ontario, Canada). At the end of the steam pretreat-
ment, the biomass material was released into a collection vessel at
atmospheric pressure. The resulting slurry was collected, and the
water-soluble fraction (WSF) was separated from the water-insoluble
fraction (WIF) with vacuum filtration. The filtrate was recycled
through the filter cake two times using Fisher Scientific coarse grade
filter paper (p8 porosity rating). An additional 2 L of water was added
to the slurry in a Buchner funnel to wash the pretreated sample. After
filtration, the WSFs were analyzed for sugar components as specified
below. The pretreated water-insoluble fraction (WIF) was kept at 4 °C
prior to analysis. The AO-SP was compared to autocatalyzed steam
pretreated poplar wood chips (Auto-SP) at 210 °C and a residence
time of 10 min.16 Control samples were performed using only oxygen
(Oxy-SP) and sodium carbonate impregnation (Alk-SP) prior to steam
pretreatment. For comparison, the alkaline-oxygen impregnation
process described above was repeated using a subsequent increase in
the Parr reactor temperature to 210 °C with a residence time of 10
min. The Parr reactor was submerged and cooled in a cold water bath
for 20 min until the pressure in the reactor stabilized. The remaining
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oxygen pressure was released using the needle valve on the reactor
prior to removing the sample. After filtration, the liquid stream was
discarded, and the wood chips were resuspended in 10 L of water. The
suspended chips were then subjected to mechanical size reduction
using a commercial juicer (Angel model 8500). After this process, the
sample was filtered and processed into the WIF and WSF as described
above.
Enzymatic Hydrolysis. Enzymatic hydrolysis of the pretreated

substrates was carried out in acetate buffer (50 mM, pH 4.8) at 50 °C
with shaking at 180 rpm, using Cellic CTec 3 (Cellic CTec 3,
Novozymes, Bagsvaerd, Denmark) using a dosage of 20 mg protein/g
cellulose (approximately 10 FPU/g cellulose). The enzymatic
hydrolysis was conducted in duplicate at a substrate loading of 10%
in a 20 g reaction mixture in a 100 mL Erlenmeyer flask. Samples were
taken after 48 h enzymatic hydrolysis. Enzymes were inactivated by
heating at 100 °C for 5 min, and the samples were subsequently stored
at −20 °C until sugar analysis was performed. Repeating enzymatic
hydrolysis five times and calculating the coefficient of variance (COV)
from the resulting standard deviations from enzymatic hydrolysis
yields results in a COV value of 3%.
Analytical Methods. All analyses were performed in triplicate.

The substrates were analyzed for acid-insoluble lignin and
carbohydrates using the Technical Association of the Pulp and
Paper Industry’s (TAPPI) standard T-22 om-88 method. The retained
hydrolysate was analyzed for acid soluble lignin by determining the
absorbance at 205 nm. Sugars were measured using a Dionex
(Sunnyvale, CA) HPLC (ICS-3000) equipped with an AS 50 auto
sampler, an ED50 electrochemical detector, a GP 50 gradient pump,
and an anion exchange column (Dionex CarboPac PA1).
To assess the accessibility of cellulose, Direct Orange staining was

performed according to the modified method of Chandra et al.22 Fiber
swelling was determined by changes in the water retention value
(WRV), TAPPI useful method UM 256. Approximately 0.5 g of the
substrate was disintegrated and soaked in 8 mL of water overnight.
The formed mixture was filtered through a 200-mesh screen in a
centrifuge cup. The filtrates were recirculated three times to prevent
the loss of fines, and the resulting pulp pads were centrifuged at 900 g
for 30 min at 25 °C. The resulting wet sample was weighed and oven-
dried overnight at 105 °C and then weighed again to determine the
WRV according to the equation ((wet substrate mass − dry substrate
mass)/dry substrate mass)).
The acid groups in the pretreated substrates were determined by

conductometric titration, as described by Katz et al.23 In brief, 0.15 g of
dry mass was resuspended in 15 mL of 0.1 N HCl and incubated
overnight. The pulp was then washed with nanopure water by adding
35 mL of water and mixing, followed by centrifugation at 900g for 10
min. The supernatant was carefully decanted, and the pulp was further
washed five times with 50 mL of deionized water. The sample was
then rinsed and resuspended in 0.001 M NaCl (50 mL), spiked with
20 μL of 0.50 N HCl, and titrated against 0.05 N NaOH with the
conductivity monitored using a conductivity meter. Repeating these
measurements five times and calculating the coefficient of variance
(COV) from the resulting standard deviations result in COV values of
4%, 14%, and 11% for the Direct Orange adsorption, WRV, and
conductometric acid group analysis, respectively.

■ RESULTS AND DISCUSSION

Our previous work has shown that preimpregnation of wood
chips with sodium sulfite and sodium carbonate at low
temperatures (50−70 °C) prior to steam pretreatment
modified the lignin component, improved sugar recovery, and
enhanced enzymatic hydrolysis of the cellulose component of
the steam pretreated substrate.16 Earlier work has also shown
that alkaline impregnation of wood chips over extended
residence times and at lower temperatures (<120 °C) facilitates
the diffusion of alkali from the lumen to the middle lamella
which improves fiber separation during subsequent pulping
processes.24 Therefore, wood chips were first impregnated with

sodium carbonate for 2 h at 110 °C, and, following alkali
impregnation, oxygen was injected at 100 psig (approximately
7.5 bar) and the temperature was raised to 135 °C for 30 min.
After oxygen-alkali impregnation, the wood chips were placed
into the steam pretreatment reactor and subjected to
conventional steam pretreatment at a temperature of 210 °C
for 10 min.16 As we anticipated additional lignin removal might
occur during steam pretreatment.
It was apparent that autocatalyzed (Auto-SP) and oxygen

treated without the added alkali (Oxy-SP) pretreatments
resulted in substrates with a significantly lower hemicellulose
content (Figure 1). During autocatalyzed steam pretreatment

of hardwoods, acetyl groups are released from the hemicellulose
component, resulting in the formation of acetic acid that can
catalyze hemicellulose solubilization.25 The solubilization of the
hemicellulose enriched the lignin content of the substrates
(Figure 1). The oxygen impregnated steam pretreated substrate
(Oxy-SP) that was prepared in the absence of alkali also
resulted in hemicellulose solubilization and lignin enrichment
in the water-insoluble fraction (WIF). The application of
oxygen to biomass in the absence of alkali typically results in
limited delignification, as the lignin component requires alkali
to deprotonate the free phenolic groups to initiate the reaction
with oxygen.10,12

Compared to acidic pretreatments, the alkaline pretreatments
(Alk-SP, AO-SP, AO-Mech) resulted in WIF substrates that
had a higher hemicellulose content (Figure 1). Although some
earlier work had shown that pretreated substrates that retained
greater amounts of hemicellulose were, typically, less amenable
to enzymatic hydrolysis, the likely addition of hemicellulases to
more recent enzyme cocktails, such as Cellic CTec III, has
greatly enhanced the simultaneous breakdown of both the xylan
and the cellulose in these types of substrates.3,26 For example,
recent work has shown that a xylan-rich poplar substrate could
be readily hydrolyzed when the overall accessibility of the
substrate had been increased through sulfonation.5,16

To enhance the beneficial effect of oxygen addition to the
delignification/oxidation reaction we added sodium carbonate
to maintain a higher pH. Compared to sodium hydroxide,
sodium carbonate can be regarded as a relatively weaker source
of alkali that can readily be recovered.27 The weaker alkaline
conditions were also assessed to see if they might reduce the

Figure 1. Chemical composition of the initial poplar wood chips and
pretreated poplar substrates (Auto-SP: autocatalyzed steam pretreated;
Oxy-SP: oxygen treatment prior to steam pretreatment; Alk-SP:
alkaline treatment prior to steam pretreatment; AO-SP: alkaline-
oxygen treatment prior to steam pretreatment; AO-Mech: alkaline-
oxygen-steam with subsequent mechanical disintegration).
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alkaline peeling/chain cleavage reactions that might occur,
resulting in the retention of a greater amount of the
hemicelluloses in the water-insoluble fraction. It has been
shown that applying alkaline-oxygen delignification at high
temperatures for extended residence times can also result in
carbohydrate degradation via hydroxyl radicals.28 It was
apparent that the use of sodium carbonate in the absence of
oxygen (Alk-SP) resulted in an enrichment of the hemicellulose
component in the water-insoluble fraction (Figure 1).
However, the Alk-SP substrate also retained greater amounts
of lignin because of the sodium carbonate having a reduced
ability to delignify wood due to its weaker alkalinity.27,29

The addition of oxygen to the reaction mixture containing
sodium carbonate (AO-SP) promoted delignification, likely
resulting from the deprotonation of phenolic groups on the
lignin providing the reaction sites that are required to initiate
reactions with the oxygen.12,30 It has been shown that these
demethoxylation, ring-opening and side-chain elimination
reactions result in lignin solubilization and modification.12

Thus, the AO-SP pretreatment resulted in a substrate with a
lower lignin content compared to the Alk-SP pretreated
substrate (Figure 1).
There have been several studies that have assessed the impact

of “explosive decompression” on the effectiveness of steam
pretreatment.31,32 However, relatively contradictory results
have been reported, ranging from the explosive decompression
not being required to “explosion” being a key component of
pretreatment efficacy.31,32 To evaluate the effect of the rapid
decompression on overall sugar recovery and the ease of
enzymatic hydrolysis of the cellulose after AO-SP treatment,
alkaline-oxygen impregnated pretreatment was combined with
subsequent mechanical size reduction (AO-Mech) and
compared to the AO-SP pretreatment described earlier. It
should be noted that in the case of the AO-Mech pretreatment,
the poplar chips were initially impregnated at 110 °C, reacted
with oxygen at 135 °C, and then brought to a temperature of
210 °C for 10 min, similar to the AO-SP pretreatment.
However, rather than subjecting the oxygen-alkali impregnated
chips to a subsequent explosive decompression step, the
oxygen-alkali treated chips underwent mechanical size reduc-
tion using a wet-grinding apparatus. It was apparent that there
were only slight differences in the chemical composition of the
AO-SP and AO-Mech substrates (Figure 1). The addition of
oxygen under alkaline conditions appeared to enrich the
amount of carbohydrate in the substrate while removing a
portion of the lignin. However, the application of oxygen under
alkaline conditions at higher temperatures and extended
residence times is known to nonspecifically attack hemicellulose
which would compromise its overall recovery.30 Therefore, we

next tried to clarify the selectivity of the pretreatment for lignin
solubilization and carbohydrate preservation.
All of the pretreated substrates retained greater than 95% of

the cellulose in the water-insoluble fraction, indicating good
overall cellulose recovery (Table 1). The alkaline pretreatments
resulted in a greater overall hemicellulose recovery than did the
acid treatments (Table 1). This was likely because the acidic
conditions solubilized and hydrolyzed the hemicellulose where
some of the liberated sugars were converted to furans due to
acidic dehydration reactions (Table 1).33 At similar solid yields,
the amount of hemicellulose retained in the water-insoluble
fraction ranged from 20% to 55%, with the alkaline pretreat-
ments resulting in more than double the retention of the
hemicellulose in the water-insoluble fraction than did the acidic
pretreatment (Table 1). After AO-SP pretreatment, more than
70% hemicellulose recovery exceeded the hemicellulose
recovery reported when traditional oxygen delignification was
applied to pretreated agricultural biomass.27,34

To try to allocate a value to the mass of lignin removed per
mass of carbohydrate (cellulose and hemicellulose) solubilized
after pretreatment, we calculated the “delignification selectivity”
for each of the pretreated substrates. It was apparent that the
Auto-SP and Oxy-SP pretreatment delignification selectivity of
0.4 was the lowest; meaning 0.4 g of lignin was removed from
the biomass per gram of carbohydrate solubilized (Table 1). As
mentioned earlier, due to the ionization and solubilization of
lignin under alkaline conditions, the alkaline pretreatments tend
to exhibit a higher selectivity for the lignin component, as the
Alk-SP pretreatment increased the selectivity to 0.9 (Table 1).
It was apparent that the alkaline-oxygen treatment was highly
selective in solubilizing lignin, likely due to the enrichment of
the carboxylic acid groups during the treatment. The carboxylic
acid groups increased lignin solubility in the alkaline media and
reduced the pH in the pretreatment liquor to 8.5. Under the
alkaline conditions that were utilized, most of the hemicellulose
was recovered. However, a small amount was likely oxidized to
carboxylic acids, contributing to the decrease in the pH during
pretreatment. The crystallinity of the cellulose and the weaker
alkali that was used (sodium carbonate) during pretreatment
meant that virtually all of the cellulose was recovered after
pretreatment.
The addition of oxygen as part of the AO-SP and AO-Mech

pretreatments increased the selectivity to 1.4, indicating the
alkaline-oxygen impregnated pretreatments (AO-SP and AO-
Mech) enhanced lignin removal (Table 1). It should be noted
that, although the AO-SP and AO-Mech had about the same
selectivity for lignin removal, the AO-Mech treatment resulted
in the recovery of a greater amount of carbohydrates than the
AO-SP substrate. However, it was possible that, even though
the AO-SP and AO-Mech pretreatments selectively removed

Table 1. Recovery of Cellulose, Hemicellulose, and Lignin after Various Pretreatments

overall cellulose recovery
(%)

overall hemicellulose
recovery (%)

hemicellulose retained (%) in the water-insoluble
fraction

lignin removal
(%)

delignification
selectivitya

Auto-SPb 96 57 40 23.8 0.4
Oxy-SP 95 54 35 24.4 0.4
Alk-SP 94 73 55 42.0 0.9
AO-SP 95 71 55 58.3 1.4
AO-Mech 97 73 54 53.6 1.4
aDelignification selectivity = g lignin removed per g carbohydrate removed from original material. bAuto-SP: autocatalyzed steam pretreated; Oxy-
SP: oxygen treatment prior to steam pretreatment; Alk-SP: alkaline treatment prior to steam pretreatment; AO-SP: alkaline-oxygen treatment prior
to steam pretreatment; AO-Mech: alkaline-oxygen-steam with subsequent mechanical disintegration.
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>50% of the lignin, the residual lignin might still be inhibitory
to subsequent enzymatic hydrolysis of the cellulose. As shown
in earlier work, in order to facilitate enzymatic hydrolysis,
pretreatments that retain the hemicellulose component in the
biomass must also reduce the effect of the residual substrate
lignin on enzymatic hydrolysis while increasing overall cellulose
accessibility.16 Previous work has shown that this could be
achieved by sulfonation, which increased lignin hydrophilicity
and substrate swelling and cellulose accessibility.5,16 Similarly,
alkaline-oxygen treatments of biomass typically result in the
oxidation of the lignin component which not only partially
solubilizes lignin but also modifies the substrate associated
residual lignin, increasing its hydrophilicity though the
incorporation of carboxylic acid groups.12 As it was likely that
the alkaline-oxygen steam pretreatment could have a similar
effect as sulfonation, we next investigated the possible beneficial
influence of oxygen on the substrate hydrophilicity, swelling,
and overall cellulose accessibility
Previous work has shown that the incorporation of acid

groups increases the swelling of biomass fibers through charge
interactions, increasing the hydrogen bonding with water.35 It
has also been shown that the measurement of acid groups can
provide an effective indicator of the modifications undergone
by the lignin component during the steam/sulfonation
pretreatment.5,16 Although the use of oxygen (Oxy-SP) or
alkali alone (Alk-SP) did not result in appreciable increases in
carboxylic acid groups (Table 2), the combined action of

oxygen and alkali resulted in more than a 400% gain in the
carboxylic acid groups associated with the substrate from 33 to
151 mmol/kg. The oxygen treated sample that was subjected to
mechanical size reduction (AO-Mech) was found to contain the
highest amount of carboxylic acid groups (Table 2). This was
likely due to the longer residence time (45 min) used to make
the AO-Mech pretreated substrate compared to the rapid
heating used for the alkali-oxygen impregnated biomass that
was subsequently subjected to steam pretreatment (AO-SP). It
was likely that the longer residence time used to pretreat the
AO-Mech substrate likely allowed for increased reactions
between the oxygen, alkali, and biomass, resulting in increased
modification of the lignin and thus a higher carboxylic acid
content.
The water retention value (WRV) of the pretreated

substrates was determined as the WRV provides an estimate
of the degree of substrate swelling and helps predict the likely
ease of enzymatic hydrolysis of the cellulose component of a
given substrate.36 Previously it had been suggested that

substrates which contained higher amounts of acid groups
would have a higher WRV as a result of the increased
hydrophilicity of the substrate.35 It is likely that the higher
WRV of the AO-SP substrate was due to particle size reduction
and the relocation of molten lignin from the cell wall and
subsequent lignin coalescence into spheres onto the fiber
surface.37 These lignin rich spheres have been shown to
increase the accessibility of the substrate by forming channels
that allow access to the carbohydrate components in the
interior portions of the cell wall.38 It should be noted that the
mechanical size reduction in this study was performed at room
temperature and ambient pressure which is well below the glass
transition of lignin.39 This room temperature disintegration of
the AO-Mech substrate likely also compromised the solubiliza-
tion of the lignin as the steam pretreatment (explosion) at 210
°C (AO-SP) provided a high temperature disintegration during
the explosive decompression step which increased lignin
solubilization (Table 1). Thus, the mechanical treatment likely
did not have the same effects on substrate accessibility as did
explosive decompression at 210 °C. Similarly, cellulose
accessibility, as estimated by the adsorption of the Direct
Orange dye (Simons’ stain), also showed that, although the
AO-Mech substrate had a higher amount of acid groups, it
absorbed less of the Direct Orange dye than the AO-SP
substrate (Table 2). Compared to the WRV, staining using the
Direct Orange dye has been shown to be more efficient for
assessing a given substrate’s potential ease of cellulolytic
hydrolysis since the Direct Orange dye has a larger size than
water and a high specificity for cellulose.40 Surprisingly, the
AO-Mech substrate which contained the highest amount of
acid groups exhibited the lowest WRV (Table 2). Thus, it
appeared that the cellulosic component of the AO-SP substrate
was the most accessible and, consequently, the most likely to be
readily enzymatically hydrolyzed.
This was subsequently confirmed as the substrate, AO-SP,

with the greatest cellulose accessibility, as determined by Direct
Orange dye adsorption, was also the most readily hydrolyzed
(Table 2, Figure 2). As mentioned earlier, some reports have
suggested that increased hemicellulose retention after steam
pretreatment could result in increased substrate recalcitrance to
enzymatic hydrolysis of the cellulose component.3 However,

Table 2. Substrate Characteristics and Accessibility of
Pretreated Poplar Wood Chips

total acid groups
(mmol/kg)

water
retention
value

Direct Orange dye
adsorption (mg/g)

Auto-SPa 33 2.5 118
Oxy-SP 40 2.5 122
Alk-SP 37 2.6 123
AO-SP 151 2.9 147
AO-Mech 206 2.2 129
aAuto-SP: autocatalyzed steam pretreated; Oxy-SP: oxygen treatment
prior to steam pretreatment; Alk-SP: alkaline treatment prior to steam
pretreatment; AO-SP: alkaline-oxygen treatment prior to steam
pretreatment; AO-Mech: alkaline-oxygen-steam with subsequent
mechanical disintegration.

Figure 2. Enzymatic hydrolysis yield of pretreated poplar after
pretreatments. (Hydrolysis yields were based on the cellulose and
xylan content of the substrates, as determined by compositional
analysis, and the hydrolysis was performed at 50 °C using an enzyme
loading of 20 mg protein/g cellulose, at 10% solids for 48 h.) (Auto-
SP: autocatalyzed steam pretreated; Oxy-SP: oxygen treatment prior to
steam pretreatment; Alk-SP: alkaline treatment prior to steam
pretreatment; AO-SP: alkaline-oxygen treatment prior to steam
pretreatment; AO-Mech: alkaline-oxygen-steam with subsequent
mechanical disintegration).
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with the AO-SP substrate, the increased retention of the
hemicellulose was also accompanied by lignin oxidation and
partial removal, resulting in an 86% cellulose hydrolysis yield.
The AO-Mech substrate was less susceptible to enzymatic
hydrolysis than the AO-SP substrate, in agreement with the
WRV and Direct Orange dye adsorption results, despite its
higher acid group content (Table 2). This suggested that
steaming and explosive decompression played a role in
enhancing the accessibility of the cellulose after AO-SP
pretreatment. It should also be noted that, although 65% of
the xylan was hydrolyzed during the enzymatic hydrolysis of the
Auto-SP and Oxy-SP substrates, these substrates had a low
hemicellulose content, ranging from 3 to 5% since they were
pretreated under acidic conditions (Figure 1). However, the
AO-SP substrate, of which 15% was hemicellulose, was highly
accessible, and 86% of this xylan was recovered as xylose after
enzymatic hydrolysis. It was apparent that the higher
carbohydrate content and increased accessibility of the AO-
SP substrate resulted in higher overall sugar yields after
pretreatment and enzymatic hydrolysis.
Earlier work had tried to maximize overall sugar recovery by

using “compromise” steam pretreatment conditions to enhance
the recovery of most of the hemicellulose derived sugars in the
water-soluble fraction (WSF) while providing a cellulose rich
water-insoluble fraction (WIF) with increased accessibility and
enhanced ease of enzymatic hydrolysis of the cellulose.6

However, maximizing the recovery of monomeric sugars
derived from the total carbohydrates present in the original
poplar biomass after pretreatment and subsequent enzymatic
hydrolysis resulting in higher sugar concentrations might be a
better way of defining the efficacy of a pretreatment. In past
work, when leading pretreatment technologies were compared
and contrasted, the sum of the sugars that were present in both
the water-soluble and water-insoluble fractions was reported.41

In this past work, after acid-catalyzed steam pretreatment and
enzymatic hydrolysis, an average of about 62% of the original
carbohydrate (cellulose+hemicellulose) present in the biomass
was recovered in a monomeric form (Figure 3). In the work
reported here, although alkali (Alk-SP) or oxygen (Oxy-SP)
pretreatment and subsequent enzymatic hydrolysis resulted in
the release and recovery of only 64% of the total potential
monomeric sugars from the biomass (Figure 3), the AO-SP

treatment was able to increase monomeric sugar recovery to
77%. The high level of readily hydrolyzed carbohydrate that
was retained in the water-insoluble substrate after the AO-SP
pretreatment exceeded the carbohydrates present in combined
water-soluble and -insoluble carbohydrates of all of the
pretreated substrates (Figure 3). A final sugar concentration
of 77 g/L could be obtained, containing the majority of the
hemicellulose and almost all of the cellulose derived sugars, as
compared to 59 g/L of primarily cellulose derived sugars after
Auto-SP pretreatment. The AO-SP pretreatment provided the
combined benefits of increasing both the hemicellulose
recovery and ease of cellulose hydrolysis while increasing the
concentration of sugars available for subsequent fermentation.

■ CONCLUSIONS
Past steam pretreatment of woody biomass has tried to
maximize carbohydrate recovery by using compromise steam
pretreatment conditions that solubilize most of the hemi-
cellulose while leaving a more cellulose accessible water-
insoluble fraction that still retains most of the lignin
component. However, this residual substrate lignin has been
shown to still limit enzyme accessibility to the cellulose, while
two streams of water-soluble and water-insoluble carbohydrate
containing fractions had to be combined or processed
separately. By impregnating poplar chips with alkali and oxygen
prior to steam pretreatment, most of the hemicellulose could be
recovered and retained with the cellulose. The residual lignin,
which was enriched in acid groups, was less influential in
restricting cellulose accessibility during enzymatic hydrolysis.
The AO-SP pretreatment selectively modified/removed lignin,
enhanced overall carbohydrate recovery, and increased the
accessibility and enzymatic hydrolysis of the cellulose
component, resulting in higher final sugar concentrations that
should be more readily fermented.
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