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Abstract

Background: Current single-stage delignification-pretreatment technologies to overcome lignocellulosic biomass
recalcitrance are usually achieved at the expense of compromising the recovery of the polysaccharide components,
particularly the hemicellulose fraction. One way to enhance overall sugar recovery is to tailor an efficient two-stage pre-
treatment that can pre-extract the more labile hemicellulose component before subjecting the cellulose-rich residual
material to a second-stage delignification process. Previous work had shown that a mild steam pretreatment could
recover >65% of the hemicellulose from poplar while limiting the acid-catalysed condensation of lignin. This potentially
allowed for subsequent lignin extraction using various lignin solvents to produce a more accessible cellulosic substrate.

Results: A two-stage approach using steam and/or solvent pretreatment was assessed for its ability to separate
hemicellulose and lignin from poplar wood chips while providing a cellulose-rich fraction that could be readily
hydrolysed by cellulase enzymes. An initial steam-pretreatment stage was performed over a range of temperatures
(160-200 °C) using an equivalent severity factor of 3.6. A higher steam temperature of 190 °C applied over a shorter
residence time of 10 min effectively solubilized and recovered 75% of the hemicellulose while enhancing the ability
of various solvents [deep eutectic solvent (DES), ethanol organosolv, soda/anthraquinone (soda/AQ) or a hydrotrope]
to extract lignin in a second stage. When the second-stage treatments were compared, the mild DES treatment (lactic
acid and betaine) at 130 °C, removed comparable amounts of lignin with higher selectivity than did the soda/AQ and
organosolv pretreatments at 170 °C. However, the cellulose-rich substrates obtained after the second-stage orga-
nosolv and soda/AQ pretreatments showed the highest cellulose accessibility, as measured by the Simon's staining
technique. They were also the most susceptible to subsequent enzymatic hydrolysis.

Conclusions: The second-stage pretreatments varied in their ability to solubilize and extract the lignin component
of steam-pretreated poplar while enhancing the enzymatic hydrolysis of the resulting cellulose-rich residual fractions.
Although DES extraction was more selective in extracting lignin from the steam-pretreated substrates, the organo-
solv and soda/AQ post treatments disrupted the cellulose structure to a greater extent while enhancing the ease of
enzymatic hydrolysis.
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Background

An integrated biorefinery aims to use lignocellulosic bio-
mass to produce multiple products including biofuels,
platform chemicals and a wide range of material precur-
sors similar to the array of products produced in con-
temporary oil/petroleum refineries [1, 2]. The key step to
unlock an economically viable, integrated multi-product
“biorefinery” is to effectively fractionate the cellulose,
hemicellulose, lignin and extractives that comprise bio-
mass into usable forms [3, 4]. However, the contrasting
labile nature of hemicellulose and the recalcitrant nature
of lignin limit the ability to fractionate these components
using a single-stage process. Acidic conditions that solubi-
lize hemicellulose can, in many cases condense the lignin,
thereby decreasing its extractability and utility down-
stream [5]. Common single-stage delignification pretreat-
ments such as ethanol organosoly, alkali and ionic liquids
have been shown to be effective for extracting lignin. How-
ever, in many cases, this is at the expense of compromising
the recovery of the hemicellulose component [6—12]. Thus,
when these types of pretreatment strategies are employed
to fractionate recalcitrant woody biomass, a higher loss
of hemicellulose may occur due to the severe conditions
required to solubilize the intractable lignin. Thus, the more
labile nature of hemicellulose encourages the use of a two-
stage-pretreatment approach, where the hemicellulose
component is initially solubilized and recovered at mild
conditions prior to the extraction of lignin.

In a previous work, it was shown that an initial mild
steam-pretreatment stage could recover >65% of the
hemicellulose from poplar, while facilitating subsequent
lignin extraction by an acidic organosolv treatment [13].
This earlier steam-pretreatment work was carried out at
a low severity [Eq. (1) as determined by the pretreatment
temperature and residence time], to provide effective
recovery of the hemicellulose sugars, while enhancing
enzymatic hydrolysis of the residual, water-insoluble cel-
lulose [13, 14].

In other work, ethanol organosolv pretreatment has
been shown to be an effective method for extracting
lignin from steam-pretreated poplar during a second-
stage of pretreatment [15]. However, the acidic con-
ditions that are typically utilized during the ethanol
organosolv process have been shown to limit lignin selec-
tivity due to the acidic hydrolysis of the cellulose compo-
nent [7, 16]. Similarly, the acidic conditions that catalyse
lignin depolymerization during organosolv are accompa-
nied by competing condensation reactions that can also
limit lignin removal [17]. Thus, one of the goals of the
present work was to compare ethanol organosolv pre-
treatment to other delignification methods such as deep
eutectic solvents (DESs), soda/anthraquinone (soda/AQ)
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and hydrotropic treatments. As these alternative delig-
nification methods are performed under either mildly
acidic or alkaline conditions, we wanted to determine if
these solvent systems might extract lignin with greater
selectivity. As DESs are formulated using a combination
of hydrogen-bond donors and acceptors, they are consid-
ered to be anon-volatile way of dissolving lignin [18—20].
In contrast, the soda/AQ method is a commercialized
pulping process that delignifies through the alkaline
cleavage of lignin ether bonds and is thought to be less
prone to competing condensation reactions compared
to acidic pretreatments [21, 22]. The third delignification
method that was evaluated used hydrotropic salts which
are water-soluble organic amphiphilic compounds that
form molecular aggregates when the salt concentration
is sufficiently high. Hydrotropic salts have been shown
to dissolve large amounts of lignin [23, 24]. However, it
should be noted that each of these delignification meth-
ods limits the effective recovery of the hemicellulose
component from the spent liquors [11, 25] and can result
in some hemicellulose degradation [7].

In the present work, a consistent steam-pretreatment
severity of 3.6 was obtained, by varying the temperature
and residence time, to determine the conditions that
maximized hemicellulose recovery. The resulting steam-
pretreated “hemicellulose-poor” poplar wood was then
subjected to delignification using either soda/AQ, hydro-
tropic salts, or DES formulated using lactic acid and
betaine. These delignification methods were compared
to ethanol organosolv pretreatment to determine if they
could selectively extract a greater amount of lignin from
the steam-pretreated poplar biomass. The four solvent-
insoluble cellulose fractions were further characterized
to determine how the cellulosic component might have
been altered by the different delignification approaches
while, hopefully, enhancing their susceptibility to enzy-
matic hydrolysis. It was apparent that the delignification
approaches varied greatly in their ability to selectively
remove lignin from the steam-pretreated substrate,
while producing a cellulose-rich fraction that was readily
hydrolysed by cellulases.

Experimental

Materials

Poplar wood chips (particle size, about 0.5-3 cm) were
supplied by the BC Ministry of Forests, Canada. Kraft
lignin (Product No. 370959), lactic acid and betaine were
purchased from Sigma-Aldrich. Cellic CTec3 cellulase
was supplied by Novozymes (Davis California). Direct
orange (Pontamine Fast Orange 6RN, Lot No. 814071)
dye was supplied by Pylam Products Co. Inc. (Garden
City, NY).



Tian et al. Biotechnol Biofuels (2017) 10:157

Steam pretreatment of poplar wood

Steam pretreatment of poplar was carried out using
equipment and under the general conditions as described
previously [13]. A severity factor of logR, = 3.6 was used
for all of the treatments meaning that the residence time
was decreased as the temperature was raised over a range
of 160-200 °C (Table 1), The pretreatment severity (R,)
can be calculated using the following equation [13]:

T — 100
Ro:t-exp |:<1475>:|; (1)

where ¢ is residence time in minutes and 7 is pretreat-
ment temperature in °C. Prior to steam pretreatment,
200 g of poplar wood chips was placed in plastic bags
and impregnated with 0.7 wt% (based on dry wood)
dilute sulphuric acid solution at a solid:liquid ratio of 1:1
and stored at room temperature overnight. The impreg-
nated biomass samples were subsequently loaded into a
2-L Stake Tech II steam gun [Stake Tech II batch reac-
tor, SunOpta (formerly Stake Technologies) of Norval,
ON, Canada]. After steam pretreatment, the resulting
slurry was collected, and the water-soluble fraction was
separated from the solid fraction by vacuum filtration.
The solid fraction was washed with 1 L water and stored
at 4 °C for further use. The liquid fraction, including the
washing liquor was collected and centrifuged.

Lignin extraction

Lignin-extraction methods using DES, soda/AQ, hydro-
trope and organosolv were compared. In an attempt to
optimize DES extraction, the molar ratio of lactic acid
to betaine was assessed based on its lignin dissolution
capacity, thermal stability and acidity in water. Defined
amounts of lactic acid and betaine were stirred at 80 °C
until a homogeneous colourless DES liquid was formed.
The thermal stability of the resulting DES was deter-
mined by measuring the weight loss of the mixture after
heating at 130 °C for 12 h. The solubility of Kraft lignin
in DES was determined by the cloud point method [19]
where vials containing 2 g of DES were first placed on
a hot plate at constant temperature of 80 °C and Kraft
lignin was added in portions of about 0.5 wt% of DES
each time under vigorous stirring. Additional lignin was
continuously introduced until the solution became tur-
bid. The cloud point was recorded if the sample did not
become clear after equilibration for 3 h. The acidity of the
DES was measured using a pH meter (Fisher Scientific,
model XL20, Canada).

The effectiveness of DES extraction of lignin was
assessed at atmospheric pressure on a hot plate equipped
with a digital controller and magnetic stirring. One gram
of poplar biomass (dry matter) and 20 g of DES were
transferred to a 100-mL conical flask and heated at 130 °C
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Table 1 Steam-pretreatment conditions at a constant
severity of 3.6 obtained by manipulating temperatures
and residence times

Sample Temperature Time H,S0,loading  Severity (R,)
(°Q) (min) (%)?
SP1 200 50 0.7 36
SP2 190 99 0.7 36
sp2* 190 99 00 36
SP3 180 194 0.7 36
SP4 170 382 0.7 36
SP5 160 753 0.7 36

@ Based on the weight of dry poplar wood chips

# refers to the sample steam pretreated at 190 °C without the addition of H,SO,

for 3 h under continuous stirring. The reaction mix-
ture was then cooled to about 80 °C, after which 30 mL
of acetone/water mixture (50/50 by volume) was added
to fractionate the DES and lignin from the cellulose-rich
pulp. The pulp was subsequently washed twice using an
acetone/water mixture with a subsequent two hot-water
washing steps to remove traces of the DES and lignin.
Lignin extractions using organosolv, soda/AQ and
hydrotropic treatments were performed according to
conditions used in previous works (Table 2) [13, 21, 24,
26]. In brief, 100 g (dry weight) of steam-pretreated pop-
lar biomass was heated at 170 °C for 1 h at a liquid—solid
ratio of 7:1 using a four-vessel (2 L each) rotating digester
(Aurora Products, Savona, BC, Canada). At the end of
each pretreatment run, the vessels were cooled to room
temperature in a water bath. The solid substrates were
subsequently filtered using a Whatman No. 1 paper and
thoroughly washed prior to further characterization.

Characterization of the cellulose-rich fractions

after two-stage pretreatments

The chemical composition of the substrates was deter-
mined using the Klason procedure (TAPPI Standard
Method T-222) [27]. In brief, 0.7 mL of 72% H,SO, was
added to 15 mL of the liquid samples, and the volume
was adjusted to 20 mL with water. The samples were
then autoclaved at 121 °C for 1 h prior to analysis. The
monosaccharides were determined using a DX-3000
high-performance liquid chromatography (HPLC) sys-
tem (Dionex, Sunnyvale, CA), equipped with an anion
exchange column (Dionex CarboPac PA1), and fucose as
the internal standard. The column was eluted with deion-
ized water at a flow rate of 1 mL min~!. Aliquots (20 pL)
were injected after being passed through a 0.45-pum nylon
syringe filter (Chromatographic Specialties Inc., Brock-
ville, ON, Canada). The baseline stability and detector
sensitivity were optimized by the post-column addition
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Table 2 Conditions for lignin extraction used for second-stage pretreatments (170 °C, 1 h, liquid:solid = 7:1 by v/w)

Methods Extraction solvent Catalyst Washing procedure Lignin precipitation Ref.

Organosolv Ethanol/water 50/50 by wt 1% H,S0, Ethanol/water, 50/50 by 10x volume of hot water [15]
wt then hot water

Soda-AQ 14 wt% active alkali in water 0.1% AQ Hot water Adjusting pH to 2.0 [23]

Hydrotrope 30 wt% sodium salicylate in water 0.17% formic acid Hot water 10x volume of hot water [26]

of 0.2 M NaOH at a flow rate of 0.5 mL min~" using a
Dionex AXP pump. The column was re-conditioned
using 1 M NaOH after each analysis.

The X-ray diffraction patterns (XRD) of raw and-
pretreated poplar substrates were determined using a
Bruker D8-Advance powder X-ray diffractometer and
Cu-Ka radiation (k = 0.1540 nm) at an accelerating volt-
age of 40 kV and a current of 40 mA. The data were col-
lected for 20 = 5°-80° with a step interval of 0.04°. The
crystallinity index (% Crl) was calculated using the Segal
method [28]:

Iam

] —
Crl(%) = 22— am

100, )
Ioo2

where [y, is the maximum intensity of approximately
22.7° and I, corresponds to the minimum intensity
located at 26 close to 18°. The average crystal size T was
determined by the Scherrer equation [29]:

KA
T=—,
B cos6 G)

where K is a constant that depends on the crystal shape
(1.0 in this case), A is the wavelength of the incident
beam in the diffraction experiment, f is the full width
at half maximum in radians and 6 is the position of the
peak (half of the plotted 26 value).

The average degree of polymerization (DP) was calcu-
lated based on the intrinsic viscosity value [30]:

DP%9% = 0.75[y], “4)

where [#] is intrinsic viscosity in cm® g~! determined by
the viscosity (25 °C) of a cellulose solution in cupriethyl-
enediamine (CED) solution using Ubbelohde viscometer
according to ASTM D1795. Prior to dissolution in CED,
the substrate was treated with sodium chlorite followed
by a sodium hydroxide solution treatment to remove
residual lignin and hemicellulose, respectively, according
to our previous study [31].

Cellulose accessibility was determined using the
Simon’s staining (SS) technique according to the modi-
fied procedure proposed by Chandra et al. [32]. Water
retention values (WRVs) were determined and calculated
according to TAPPI Useful Method-256.

Enzymatic hydrolysis

Enzymatic hydrolysis was carried out at either 2 or 10%
(w/v) solid loading in sodium acetate buffer (50 mM, pH
4.8), 50 °C, 150 rpm in a benchtop orbital shaker (MaxQ
4000, Barnstead/Lab-Line) with an enzyme loading (Cel-
lic CTec3, protein content, 234 mg mL™) of 8 mg enzyme
gi;ican cellulose. 0.5 mL of each hydrolysate was taken at
certain time points and incubated on a hot plate at 100 °C
for 10 min to deactivate the enzyme. The sample was
subsequently centrifuged, and the supernatant collected
and analysed for sugar release using HPLC.

Results and discussion

Steam pretreatment at a constant severity to achieve
hemicellulose extraction and recovery prior to lignin
removal

Earlier work has shown that low-severity steam pre-
treatment could result in good hemicellulose recovery
and solubilization [13] and that specific severity factor
could be achieved using either a shorter residence time
at higher temperatures or by reducing the temperature
and extending the residence time [33]. Although previ-
ous work has shown that steam pretreatment of poplar
at a temperature of 200 °C and a residence time of 5 min
(severity factor, R, of 3.6) was effective in solubilizing
hemicellulose while preserving the cellulose component
[14], hemicellulose recovery has never been optimized.
Therefore, in an attempt to maximize hemicellulose
recovery, several steam-pretreatment conditions were
compared, using a constant severity of 3.6, at tempera-
tures ranging from 160 to 200 °C and residence times
ranging from 75.3 to 5 min (Table 1) [13, 27]. A 0.7 wt%
H,SO, loading based on the dry poplar wood was added
to improve hemicellulose solubilization/recovery at the
lower pretreatment temperatures/shorter residence
times [34]. Although each of the steam pretreatments
conditions resulted in some hemicellulose solubiliza-
tion (Fig. 1), increasing the temperature from 160 to
200 °C while decreasing the residence time from 75.3 to
5.0 min gradually enhanced hemicellulose solubilization
from 43.2 to 55.0%. The addition of 0.7 wt% of H,SO, as
a catalyst resulted in improvement of 9.1% in hemicel-
lulose recovery (Sample SP2) compared with the sample
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steam pretreatments performed at a constant severity of 3.6 with the
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Fig. 2 Glucose yield of sample SP1-SP5 after enzymatic hydrolysis
atlow (8 Mg enzyme g&ﬂmn) and high (32 Mg ¢nzyme g&lcan) enzyme
loadings

that was treated without the H,SO, catalyst (SP2#). This
was likely due to the enhanced hemicellulose solubiliza-
tion catalysed by the additional acid [27]. However, it was
also apparent that increasing the temperature or extend-
ing the residence time also compromised the recovery of
the cellulose component (Sample SP1 and SP5, Fig. 1).
This indicated that, although the severity equation is
the widely accepted method to describe the intensity
of a given steam-pretreatment condition, changing the
temperatures and residence times over a relatively wide
range at a constant severity factor indicates the limita-
tion of using just the severity equation to estimate the
likely effectiveness of pretreatment. It was also apparent
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that, at least for the case when using poplar, the tem-
perature of pretreatment was the most influential deter-
minant of treatment severity. As the pretreatment with
supplemented sulphuric acid addition, at a temperature
of 190 °C and a residence time of 9.9 min resulted in the
best compromise between hemicellulose solubilization/
recovery and cellulose recovery, these conditions, (SP2)
were used to produce the steam-pretreated biomass
for the subsequent delignification treatments (Fig. 1).
Prior to comparing the delignification treatments, the
steam-pretreated substrates were subjected to enzymatic
hydrolysis to provide a “base-case” of their ease of enzy-
matic hydrolysis without delignification.

As indicated in an earlier work [35], the residual lignin
present in steam-pretreated woody substrates (>30%)
proved to be problematic for the subsequent enzymatic
hydrolysis of the cellulose, despite the use of a relatively
high enzyme loading of 32 mg enzyme per gé}l can+ With-
out delignification, even at a low solids loading of 2%
(w/v), only 70% cellulose hydrolysis was achieved (Fig. 2).
As mentioned earlier, lignin condensation can occur
under acidic pretreatment conditions. This can result in
an increase in the molecular weight of the lignin, com-
promising its downstream extractability. In order to
determine the effects of steam pretreatment on the ease
of lignin extraction, four delignification methods were
applied to the SP2 substrate. Although previously deter-
mined conditions could be used for the soda/AQ, hydro-
trope and organosolv treatments (Table 2), there have
been only limited reports of the application of DESs
to woody biomass substrates [36]. Therefore, prior to
assessing all the four delignification methods, we first
wanted to identify optimal conditions that would maxi-
mize the dissolution of lignin using a betaine and lactic
acid DES that had been shown to have potential for lignin
dissolution [19].

Lignin extraction using DES

Previous work has shown that lactic acid and betaine
can both be produced from natural resources and that
their combination can effectively dissolve lignin [19].
Initially, we compared the molar ratios of the lactic acid
and betaine and the mixtures ability to dissolve Kraft
lignin while monitoring the pH and thermostability of
the DES mixture. When the molar ratio of lactic acid to
betaine exceeded 2.5, the resulting DES was able to dis-
solve more than 23 wt% of the Kraft lignin at 80 °C (data
not shown), which was as good as some of the previous
results obtained using ionic liquids [37, 38]. When the
molar ratio of the lactic acid to betaine was increased,
this enhanced lignin dissolution and acidity. However,
raising the ratio of the lactic acid also compromised the
thermal stability of the resulting DES and increased the
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volatility of the mixture [39]. Since the DES with a molar
ratio of 2.5 was able to dissolve Kraft lignin while exhibit-
ing considerable thermal stability, this mixture was used
for the subsequent lignin extractions applied to the SP2
biomass.

It was apparent that varying the DES extraction con-
ditions, such as the residence time (1.5, 3, 6 h) and
extraction temperature (130, 160, 190 °C), significantly
influenced lignin removal and cellulose recovery (Fig. 3).
The amount of lignin extracted from SP2 ranged from
47.5 to 68.4% with a corresponding cellulose recovery
of 95.0 to 80.7%. However, the enhanced lignin removal,
which resulted from the increasing reaction temperature,
was achieved at the expense of reduced cellulose recov-
ery (Fig. 3). It was also evident that the increasing resi-
dence time had only a marginal effect on lignin removal.
This result was quite different from a typical ionic liquid-
extraction process where extending the residence time
typically results in an increase in lignin removal [11].
A possible explanation for this observation is that, in a
typical ionic liquid extraction process, the entire biomass
sample is dissolved with subsequent precipitation in an
anti-solvent [40, 41]. Therefore, the extended residence
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time enhances the dissolution of the complex cell wall
structure of the biomass in the ionic liquid. However,
during DES extraction, the lignin is selectively solubi-
lized from the biomass and subsequently separated at
the interface between the wood fibres and the DES. Thus,
the solubilized “DES-lignin” could be precipitated in an
anti-solvent to separate it from the residual biomass. In
all subsequent DES extractions, a temperature of 130 °C
and a residence time of 3 h was used.

Evaluation of the second-stage targeted lignin-extraction
processes

When the chemical composition of the resulting two-
stage-pretreated substrates were compared (Table 3),
although all of the second-stage extraction methods
could effectively delignify the SP2 substrate, they var-
ied considerably in their ability to selectively solubilize
lignin without affecting the carbohydrate component
(Table 3). When the selectivity of a given delignification
process was estimated by the dividing the solids yield
(“pulp yield”) by the lignin content of the resulting sub-
strate, it was apparent that the hydrotropic extraction
had a selectivity of 4.4. This indicated that the lignin
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Fig. 3 Lignin removal and cellulose recovery resulting from deep eutectic solvent (DES) extraction of steam-pretreated poplar (SP2). Poplar wood
was steam pretreated at 190 °C for 9.9 (SP2) and then subjected to DES extraction at varying temperatures of a 130 °C, b 160 °C, € 190 °C and resi-

Table 3 Solid yield, delignification and chemical composition of the four cellulose-rich fractions resulting from various

two-stage pretreatments

Sample Solid yield (%)* Delignification Chemical composition (%)
Extent (%)° Selectivity Glu Xyl Ara Gal Man Lignin

Raw poplar - - - 489 14.6 04 0.6 29 275
SP2 - - - 63.6 49 0.0 0.1 12 274
DES-SP2 826 524 52 729 43 0.0 0.0 0.0 15.8
Organosolv-SP2 66.3 63.2 44 75.1 2.2 0.0 0.0 24 152
Soda/AQ-SP2 72.5 54.5 4.2 70.5 2.3 0.0 0.0 24 17.2
Hydrotrope-SP2 84.5 40.5 44 69.5 33 0.0 0.0 23 19.3

-, cannot be determined

@ Based on the dry weight of the substrate resulted from steam pretreatment at 190 °C for 9.9 min (SP2)

b Based on the lignin content in SP2 substrate
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content was higher compared with the other extraction
methods (19%), while the solids yield was approximately
85%. Although hydrotropic delignification appeared
to be highly specific, it removed less lignin from the
SP2 substrate compared with the other delignification
methods. Despite their differences in approach (acid vs
alkaline), the soda/AQ and ethanol organosolv pretreat-
ments resulted in similar solids yields and lignin contents
(Table 3). This could be a result of similarities between
these two lignin-removal approaches, as both processes
are thought to proceed through a “quinone-methide”
type intermediate initiated by the scission of the a-O-4
lignin substituent [42, 43].

It was apparent that the DES method, with a selectiv-
ity of 5.2, was the most effective in selectively solubilizing
the lignin while preserving the carbohydrate compo-
nent. Compared with ethanol organosolv extraction, this
resulted in the recovery of 66% of the solid substrate and
a lignin content of 15%, the DES treatment of the SP2
substrate resulted in a solids yield of 83% and a lignin
content of 16% (Table 3). It is likely that the acid-cat-
alysed steam pretreatment (SP2) of poplar resulted in a
decrease in the degree of polymerization of the cellulose
and hemicellulose. This consequently increased the sus-
ceptibility of these carbohydrates to acid hydrolysis/solu-
bilization and chain cleavage/peeling reactions during the
subsequent organosolv and alkaline soda/AQ treatments
respectively [16, 44]. The milder conditions employed
during the DES treatments likely aided in the retention
of the cellulose component in the solid substrate fraction
while allowing for the selective removal of lignin. The
variations in lignin selectivity between the delignification
methods likely affected the characteristics and accessi-
bility of the cellulose. A decrease in selectivity probably
indicated that the solvent system used for delignification
may have also reacted with carbohydrate component of
the steam-pretreated biomass (SP2). For example, it has
been shown that acidic ethanol organosolv pretreatments
decrease the molecular weight of cellulose to a greater
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extent than do soda/AQ or DES treatments [45]. To see if
the different treatments influenced substrate characteris-
tics such as cellulose accessibility, degree of polymeriza-
tion, crystallinity, etc., we next assessed the susceptibility
of each substrate to enzymatic hydrolysis and compared
this profile with the various substrate characteristics.

Characterization of cellulose-rich fractions obtained

from two-stage pretreatments

The cellulose-rich substrates from the two-stage treat-
ments were characterized for cellulose crystallinity,
degree of polymerization, and accessibility using the
WRYV and direct orange dye adsorption assays. These
measurements were performed to try to determine how
the physical/chemical properties of the substrate might
influence the ease of enzymatic hydrolysis of the cellulose
component. The ease of hydrolysis of a pretreated bio-
mass substrate has been shown to be affected by cellulose
accessibility and by characteristics such as the crystallin-
ity and degree of polymerization of the cellulose [46]. At
the fibre level, the overall porosity/accessibility of pre-
treated lignocellulosic substrates has been estimated by
methods such as Simon’s staining and WRV which have
also provided effective estimates of a given substrate’s
susceptibility to enzymatic hydrolysis [27].

The increase in crystallinity of the single-stage and
two-stage-pretreated poplar from 52 to 64% after a mild
steam pretreatment (SP2) was likely due to the removal
of amorphous hemicellulose from the residual substrate
(Table 4) [47]. The partial removal of the amorphous
lignin and hemicellulose in the second-stage pretreat-
ments also resulted in a further increase in the CrlI values
(Table 4) [47]. A transition to larger crystallites was par-
ticularly evident for the substrates that were subjected to
the two-stage-pretreatment regimes, with the exception
of the steam-DES-treated substrates.

It was apparent that the DES pretreatment pre-
served the amorphous cellulose in the substrate since
it exhibited a smaller crystal size compared with the

Table 4 Segal crystallinity index (Crl), crystal size, degree of polymerization (DP), water retention value (WRV) and direct
orange dye adsorption of raw poplar, steam-pretreated poplar and cellulose-rich pulp from the four two-stage pretreat-

ments

Sample Segal Crl (%) Crystal size (nm) DP WRYV (%) Adsorption of direct
orange (mgg~")

Raw poplar 51.5 1.8 - - -

SP2 63.7 2.7 622 177 476

DES-SP2 65.1 29 615 226 714

Organosolv-SP2 74.2 3.8 212 262 72.5

Soda/AQ-SP2 68.6 35 479 207 81.9

Hydrotrope-SP2 710 29 523 200 63.6

-, cannot be determined
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organosolv=, soda/AQ= and hydrotrope-pretreated
substrates (Table 4). It appeared that DES primarily
extracted the lignin component without disrupting the
cellulose structure. In contrast, the other three chemical
extractions likely solubilized the hemicellulose and amor-
phous regions of cellulose, consequently increasing the
residual substrates’ overall crystallinity. After mild steam
pretreatment of poplar wood, the DP of the substrate
decreased to 622 (Table 4). However, subsequent DES
extraction of the steam-pretreated poplar (SP2) had only
a limited effect on the DP, indicating the high specificity
of the DES system for lignin extraction. In contrast, orga-
nosolv pretreatment resulted in a significant reduction in
DP to 212 (Table 4), likely due to hydrolysis undergone by
cellulose in the acidic conditions applied during the orga-
nosolv process. The DP has been shown to play a role in
cellulose accessibility to enzymes [48].

As discussed earlier, overall substrate accessibility is
also governed by macroscopic properties such as fibre
characteristics (size, porosity coarseness, etc.) as well as
the amount and distribution of hemicellulose and lignin.
Earlier work has used a modified Simon’s staining method
and the adsorption of direct orange dye in particular
to estimate the area of pretreated biomass that is likely
accessible to cellulase enzymes [32]. In a complementary
fashion, the WRV provides an estimate the amount of
water that can be retained by the inner pores of a given
pretreated substrate [49]. The WRVs are also influenced
by the hydrophilicity of a given pore, as a porous substrate
that is rich in hydrophobic lignin may result in a lower
water retention value. Both the WRV and Simon’s stain
values of the cellulose-rich substrates increased, com-
pared with the original steam-pretreated substrate (SP2),
indicating enhanced overall cellulose accessibility after
the various second-stage pretreatments that removed
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lignin (Table 4). The organosolv- and soda/AQ-extracted
substrates absorbed the most direct orange dye, indicat-
ing enhanced accessibility (Table 4). The organosolv-pre-
treated substrate also had the highest WRYV, likely due to
the decrease in DP exposing a greater amount of cellulose
chain that enhanced water retention [48]. It was apparent
that, compared with the hydrotropic treatment where the
lignin fragmentation mechanism occurs via solubiliza-
tion rather than fragmentation, organosolv, soda/AQ and
DES second-stage pretreatments resulted in the greatest
increase in cellulose accessibility as determined by both
the WRYV and Simon’s staining methods.

Enzymatic hydrolysis of the cellulose-rich fractions

The four, two-stage-pretreated substrates and the SP2
control (single-stage pretreatment), were hydrolysed at
an enzyme protein loading of 8 mg .\, g_hl1 can &t both 2
and 10% (w/v) solids loadings for 72 h (Fig. 4). At the 2%
solids loading, the highest hydrolysis yield (97.6%) was
observed on the organosolv-SP2 substrate, followed by
DES-SP2 (83.0%), soda/AQ-SP2 (75.9%) and hydrotrope-
SP2 (58.5%). These hydrolysis yields were all considerably
higher than the 27.9% obtained after hydrolysis of SP2
(Fig. 4a). The improved hydrolysis yields obtained after
partial lignin removal in the second stage seemed to con-
firm earlier observations that the lignin retained in the
substrate after steam pretreatment limited the enzyme
accessibility to the cellulose component [35]. When the
solids loading was increased from 2 to 10%, the DES
substrate in particular underwent the most pronounced
decrease in hydrolysis yields (Fig. 4b). As discussed
earlier, DES is highly specific in removing lignin com-
pared with the soda/AQ and the organosolv treatments
(Table 3). This high level of specificity likely resulted in
the higher degree of polymerization of the DES-derived

a 100 T—=3p7
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Fig. 4 Enzymatic hydrolysis of the cellulose-rich substrates from the two-stage pretreatments of poplar a 2% w/v and b 10% w/v solids loading
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cellulose which likely contributed to the observed reduc-
tion in hydrolysis yields at higher solids loading (Table 4).
At a higher solids loading, the endo- and exoglucanases
have been shown to be jointly responsible for decon-
structing the biomass substrate [50]. The higher DP value
of the DES substrate results in fewer chain ends being
available to the exoglucanases, thus slowing the rate of
biomass deconstruction at higher solids loading. In con-
trast, the significant reduction in cellulose DP after the
organosolv-SP2 (76.7%) and soda/AQ-SP2 (71.4%) treat-
ments should enhance the rate of hydrolysis of these pre-
treated substrates [51].

Conclusions

An initial mild steam pretreatment of poplar wood was
shown to solubilize and recover much of the labile hemi-
cellulose component, while a range of subsequent pre-
treatment/extraction stages were shown to vary in their
ability to enhance the enzymatic hydrolysis of the cel-
lulose-rich residual fractions. At an equivalent level of
severity, higher temperatures at intermediate residence
times were more effective in selectively solubilizing
hemicellulose in the initial pretreatment stage as higher
temperature compromised cellulose recovery. A DES
composed of lactic acid and betaine was more selective
in extracting lignin from the steam-pretreated substrates
that was organosolv and soda/AQ post treatments.
Although the milder conditions used in DES extraction
seemed to preserve the overall structure of cellulose
component, the organosolv- and soda/AQ-posttreated
substrates were more readily hydrolysed, likely due to the
simultaneous removal of the lignin and disruption of the
cellulose structure.
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