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There is an urgent need of sustainable and efficient methods for the production of biofuels and chemicals
from lignocellulosic feedstock. The purpose of this study was to develop a mild, cost-effective and
environmentally benign pretreatment for woody lignocellulose to maximize sugar yield via enzymatic
saccharification. Microwave irradiation (MW) of Eucalyptus regnans sawdust in water was investigated
and compared directly against conventional liquid hot water (LHW) pretreatment. Following 30 min
microwave irradiation at 180 °C, the sugar yield was 3.5 times higher using MW than LHW pretreatment
under the same conditions. Complete release of Cs and Cg sugars was achieved after the two-step method
of MW pretreatment followed by enzymatic hydrolysis, compared with only 4% without pretreatment
and 31% after LHW. Removal of ‘lignin droplets’ formed on the surface of the pretreated fibers via flowing
hot water showed only minor improvement in the yield of enzymatic saccharification. Our results
support the hypothesis that lignin prevents access of enzymes rather than inhibits their activity. MW

accelerated depolymerization of hemicellulose, opening the structure more than LHW pretreatment.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

The production of fuels and fine chemicals from biomass may
help mitigate anthropogenic greenhouse gas emissions and fulfil
our demand for energy and materials [1]. Sustainably sourced
lignocellulosic biomass, composed of the aromatic polymer lignin,
and polymers of Cs and Cg sugars, hemicellulose and cellulose, is a
widely available and relatively inexpensive feedstock at $50 per ton
[2—4]. Thus, the processing of lignocellulosic biomass is of benefit
across multiple industries and a green alternative to greenhouse
gas emitting sources. Pretreatment is essential to open up the
complex lignocellulose structure and allow access to the sugar
polymers for cellulolytic enzymes [5]. An impeding factor for
lignocellulose pretreatment is its recalcitrance demands a high
energy input. One such example is in the lignocellulosic biofuels
process, where sugar release, including pretreatment and enzyme
digestion, can contribute up to 45% of the total costs [6] and is one
of the main factors hindering its full commercialization [7]. Agri-
cultural residues such as corn stover, wheat straw and bagasse have
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been widely investigated and some are currently used as feedstocks
for lignocellulosic ethanol production [8—10]. Forestry species, in
particular, eucalypts, are cultivated world-wide but have not been
widely considered, due in part to their recalcitrance.

While many pretreatment approaches including hydrothermal/
chemical, physical and biological have been studied for biomass, a
step change in energy-efficiency and green approach is needed to
improve the attractiveness of woody lignocellulose as a feedstock.
The more common pretreatment technologies for lignocellulosic
biomass include steam explosion (acid catalyzed/uncatalyzed) and
liquid hot water (LHW) [11]. While effective, these processes
generally need large energy input for heating. Water is an ideal
medium for lignocellulose pretreatment due to its low cost, relative
simplicity of product and by-product formation and its use avoids
the need for corrective action downstream. However, when water
alone is used for pretreatment, as in the LHW process, it is not as
effective in comparison to acid-catalyzed steam explosion [12].
Variations of the standard LHW pretreatment method have been
reported to be more effective at releasing both hemicellulose and
cellulose-derived sugars following enzyme treatment of woody
feedstocks but these have required two sequential LHW steps [13],
increasing the energy requirement.

Microwave irradiation is energy efficient as it directly heats
substances via dipole polarization and ionic conduction, as opposed
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to convection and conduction mechanisms that transfer heat in
conventional processes [14]. Industrial microwave processing has
great potential and been already applied to and become successful
in the food and rubber industries [15]. The main benefits of mi-
crowave processing are the rapid and uniform volumetric heating
of polar materials and energy efficient processing [15,16]. In the
near future, with the expected growing demand for green energy
sources combined with the requirement for more energy efficient
processes, alternative treatments such as microwave heating will
play a crucial role. To date, most research into microwave treatment
of biomass has been undertaken on agricultural by-products and
grasses, converting them into polysaccharides and lignin in the
presence of acids, alkali, salts, ionic liquids and other high boiling
point solvents [17] as substrates for further hydrolysis and con-
version into chemicals and fuels [18]. A recent publication by
Aguilar-Reynosa et al. showed that the microwave pretreatment of
corn residues in water resulted in marginal increase in the rate of
saccharification and fermentation but achieved similar yield
compared with conduction-convection heating at similar energy
intensity and enzyme loadings [19]. However, woody biomass is
significantly more recalcitrant due to higher lignin content and
hence direct comparison of microwave pretreatment of woody
biomass in water-only medium against conventional heating is
necessary.

Here we report the effectiveness of pretreatment of Eucalyptus
regnans in water only, comparing microwave irradiation with
conventional heating methods under identical reaction conditions.
To our knowledge, this is the first detailed study to investigate non-
thermal effects of microwave pretreatment of woody biomass in
water and demonstrates that microwave heating is significantly
more effective than LHW. In microwave pretreatment, hemicellu-
lose was hydrolyzed by up to 90% and lignin droplets were formed
on the surface of the fibers. Pretreated biomass was further treated
with flowing hot water to remove the lignin droplets, which
marginally improved the enzymatic sugar yield. Following lignin
droplet removal, which accounted for ~60% of the lignin, complete
sugar release was achieved for the microwave pre-treated samples
after enzymatic hydrolysis. The same result was achieved for mi-
crowave pre-treated samples only (without lignin droplet removal).
This was over 3 times higher yield than enzymatic hydrolysis of
LHW pretreated samples. These results suggest that microwave
pre-treated biomass samples are sufficiently disrupted to allow
enzyme access and efficient sugar release without the need for
lignin droplet removal.

2. Materials and methods
2.1. Materials

Eucalyptus regnans sawdust (average Dp=0.5mm, Pollards
Sawdust, Australia) was used for all experiments. The moisture
content of the sawdust was determined according to standard
method AS/NZS 1800; in brief, 10.0 g of the sawdust was weighed in
an analytical balance and placed in an oven at 105 °C for 24 h. The
sawdust was removed and immediately re-weighed, the mass loss
divided by the initial sawdust weight gave a moisture content of
9.5 wt%.

2.2. Microwave and liquid hot water pretreatment of biomass

Eucalyptus sawdust (0.4 g) and 10 ml of Milli-Q water were added
to a Teflon microwave reactor vessel with 100 ml capacity and heated
using a QLab Pro Microwave Digester (Questron Technology Corp,
Canada) at 500 W until the desired temperature is reached. Micro-
wave frequency of 2.45 GHz is commonly used, as it was in this study;,

to prevent interference with telecommunication, wireless networks
and cellular phone frequencies [20]. The set temperature for the
experiments was 180°C and the average time taken to heat the
sample to this temperature was 17 min. Once the temperature was
reached, the sample was maintained at 180 °C for periods between 5
and 60 min. On completion of the microwave irradiation, the vessel
was cooled to room temperature, the contents were filtered using
Filtech filter paper CAT NO 1830-055 and washed with water to
recover two fractions: unreacted solid residue and liquid superna-
tant. The solid residue was air dried and stored in a sealed tube.
Microwave reactions were carried out in duplicate.

For LHW pretreatment, 0.4 g of eucalyptus sawdust and 10 mL of
Milli-Q water were introduced into a Swagelok stainless steel
single-ended 50 mL sample cylinder equipped with a thermo-
couple. The cylinder was capped and placed in an oil bath and
heated with approximately 90% of the sample cylinder submerged
into the oil bath and covered with aluminum foil. The average time
taken to reach 180 °C in the biomass solution was 15 min. Once the
intended temperature was reached, samples were maintained at
the set temperature for 15 or 30 min with the temperature being
controlled within +5°C. On completion of the experiment, the
vessel was cooled in a room temperature oil bath, the contents
removed and centrifuged to recover the unreacted solid residue
and supernatant.

2.3. Delignification by removal of lignin droplets on biomass using
flowing hot water

The microwave and LHW pre-treated fibers were washed with
flowing liquid hot water in a pressurized fixed bed reactor as shown
in Fig. 1. The flowing hot water (1.25 ml/min for 2 h) at 120°C and
2 bar was used to remove the lignin droplets deposited onto the
surface of the pretreated samples. The wash-water containing the
lignin droplets was collected periodically from the vapor-liquid
phase separator and filtered using Whatman™ qualitative filter
paper, Grade 1 with 11 um pore size. The mass fraction of the solid
lignin droplets was calculated according to equation (1) to give mg
of lignin droplet per gram of dry biomass.

Mass Fraction Removed Lignin (mg/g)

_dry mass lignin droplet
" dry mass of original sawdust

(1)

2.4. Analysis of supernatant and solid residue from delignification
of pretreated biomass

The supernatant liquid fraction from the delignification process
were centrifuged and analyzed on a TOC-L Shimadzu Total Organic
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Fig. 1. Scheme of a pressurized fixed bed reactor used to remove lignin droplets on
pretreated biomass (A) HPLC pump, (B) fixed bed reactor, (C) furnace and (D) vapor-
liquid phase separator.

Pre-treated biomass
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Carbon Analyzer to quantify the carbon compounds present. A
0.2 um syringe filter was used to remove suspended particles in the
solution. Of the 150 ml collected, 5 ml of sample was transferred to
a TOC vial and diluted 8-fold prior to analysis.

2.5. Hydrolysis of xylo-oligomers to xylose monosaccharides in the
pretreatment supernatants

Following the 15 and 30 min microwave and LHW pre-
treatments, 1 ml of the supernatant was combined with 20 ul of
endo-1,4-f-xylanase M6 (rumen microorganism, Megazyme E-
XYRUG6) and incubated for 20 hat 40°C without shaking. HPLC
analysis of the supernatant before and after xylanase digestion was
performed to determine the extent of xylo-oligomers in the su-
pernatant and to allow determination of the sugar concentration of
those oligomers as monomeric sugars following enzymatic
hydrolysis.

2.6. Enzyme -catalyzed hydrolysis of cellulose from biomass

Enzymatic hydrolysis of pretreated and raw biomass was per-
formed with cellulase mixtures from Trichoderma reesei ATCC
26921 (Sigma-Aldrich, >=700 Ul/g) supplemented with cellobiase
from Aspergillus niger (Sigma-Aldrich, >250 Ul/g) at two levels of
application; high enzyme load of 40 FPU/g(Filter paper units per
gram of biomass) which is an overload to reflect industry practice
to release the most sugars and low enzyme load of 10 FPU/g which
was intentionally done to study the effectiveness of microwave
exposure time and the effect of delignification. The biomass sam-
ples were prepared by mixing 30 mg of dried, pretreated or raw
biomass, 1 ml 50 mM sodium citrate buffer pH 4.7 and the requisite
volume of enzyme solution to achieve the required loading, fol-
lowed by incubation for 48 h at 50 °C. Following digestion, super-
natant sugar concentrations were determined by HPLC as described
below and by the DNS assay [21]. For the DNS assay, glucose
standards were prepared by dilution of a stock solution of anhy-
drous glucose (10 mg/ml) and DNS reagent was added to sample
and standard solutions and incubated at 90°C for 10 min. The
absorbance of suitably diluted standards and samples was deter-
mined at 540 nm using a Shimadzu UV-2450 UV—Vis spectropho-
tometer. The concentration of reducing sugars in the samples was
determined from the glucose standard curve. All experiments were
carried out in duplicate and the results presented as the average
value. There was close agreement between the sugar concentra-
tions obtained by HPLC analysis and the DNS assay with <6%
standard deviation.

2.7. HPLC analysis of sugars and chemicals from treated biomass

Samples obtained from microwave and LHW pretreated super-
natants, the wash-water from the delignification experiments and
the supernatants from enzyme treatment of biomass were
analyzed by HPLC using an Agilent Technologies 1220 Infinity in-
strument equipped with REZEX monosaccharide RHM column us-
ing diode array (DAD) and refractive index (RID) detectors. The flow
rate for the mobile phase (water) was set at 0.5 ml/min and a
sample injection volume of 10 pl. The temperature of the column
was set at 65°C and temperature of the RID at 45 °C. A standard
curve was created for the sugars, furfural and 5-
hydroxymethylfurfural each with 4 data points.

2.8. Calculation of sugar and chemical yields

The composition of the Eucalyptus regnans used in the experi-
ments, as shown in Fig. 2, was determined according to the NREL

Xylans 12%

Galactans 0.9%
Arabinans 3.9%
Other 3.6%

Glucans 42.9%

Ash0.2%

Lignin 32.4%
Extractives 4.1%

Fig. 2. Chemical composition of Eucalyptus regnans (Melbourne, Australia).

method at Queensland University of Technology in Brisbane,
Australia. The molar yield of sugars was calculated by dividing the
experimental number of moles of sugar by the actual number of
moles present in biomass.

The yield of sugars on the mass and mole basis were calculated
according to equations (2) and (3), respectively. The percentage
molar yield of furfural (FUR) and 5-hydromethylfurfural (5-HMF) are
described in equations (4) and (5), respectively. There have been
reports of other reaction pathways for the decomposition of glucose,
one such pathway is the isomerization of glucose to fructose followed
by the decomposition to furfural [22]. Therefore, the molar yield of
furfural takes into account both carbon five and six sugars.

) _ massof sugarreleased
Mass Yield of Sugars (mg/g) = mass of sawdust ondry basis (2)
Molar Yield of Sugars (%) = — .MOles of sugar re?eased x 100
initial moles of sugar in sawdust
(3)
. o moles FUR released
Molaryield (FUR) (%) = initial moles of glucose + xylose x 100
(4)
Molaryield (5 — HMF) (%) — Toles 5 — HMFreleased ) 5,

initial moles of glucose

2.9. Biomass particle and lignin droplet size measurement

The average diameters of the untreated and pretreated biomass
samples were measured on a Malvern Instruments Master Sizer
3000 using the dry method. In brief, dried pretreated biomass was
placed in a compartment and air used to carry the sample through a
cell. The diameter (mm) of the detected particles were recorded
with respect to the percentage volume distribution and the sam-
ples assessed in triplicate experiments.

Dynamic light scattering (DLS) measurements were performed
using the Malvern Instruments Nano series Zetasizer to detect the
size of the colloidal lignin droplets found in the supernatant after
delignification (ESI). The supernatant liquid was ultrasonicated
using a 700 W probe for 2 min at 20 MHz to break up aggregates
and 1 ml of the sample was diluted in 10 ml water and placed in a
cuvette for analysis by the % volume method.
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2.10. Analysis of lignin droplets by FT-IR

An Agilent Technologies Cary 630 FTIR Spectrometer with dia-
mond crystal was used to analyze the solid fraction removed from
the delignification process. A small fraction of the air-dried sample
was placed on the crystal and pressed down. The spectra obtained
was scanned across 750 to 3800 cm™ .

2.11. Microstructure analysis of pretreated biomass

SEM images were taken using a FEI Nova Nano SEM 450 FEG
SEM and prepared by placing on a carbon tape attached to stubs
and coated with approximately 1 nm of iridium. Samples of raw,
microwave, LHW, the respective delignified fibers and lignin
droplets were air dried and directly imaged.

3. Results and discussion
3.1. Microwave pretreatment fully hydrolyzes hemicellulose

Eucalyptus regnans sawdust samples in aqueous medium were
exposed to microwave irradiation or LHW heating at 180 °C, the
temperature selected was based on the reported thermal softening
temperature of hard and softwoods [23]. Microwave treatment
selectively hydrolyzed hemicellulose from the biomass without
significantly hydrolyzing the cellulose network as the main iden-
tified sugar was xylose (Fig. 3A). This result is expected since
hemicellulose polymers in hardwood are comprised mainly of xy-
lans that have a backbone of -1, 4-p-xylopyranose [24,25]. Hy-
drolysis of the glycosidic linkages within hemicellulose was likely
catalyzed by the hydronium ions generated in water at high tem-
peratures [17,26]. In addition, the depolymerization of hemicellu-
lose releases acetyl and uronic acids bound to the xylan backbone in
eucalyptus, which creates an acidic environment that promotes
further hemicellulose hydrolysis and sugar dehydration into
furfural [26,27]. The optimal exposure time was 30 min at which
xylose yield peaked at 88.7 mol%; increasing the heating time
resulted in dehydration of xylose to furfural with 15 mol% yield at
60 min (Fig. 3A). The branching characteristic of hemicellulose
polymers coupled with the low degree of polymerization, allows
them to be more readily hydrolyzed than cellulose [28].

An earlier study by Mihiretu et al. [29] examined microwave
pretreatment of woody biomass in water only and found two thirds
of the xylan hydrolyzed in oligomer form from aspen wood heated
at 195 °C by microwave, whereas in this study more than 90% of the
xylan was released, all in monomeric form, at a lower temperature.
Similarly, Xu et al. [30]. examined the pretreatment of eucalyptus
biomass in water plus acidic ionic liquid [bmim]HSO4 as a catalyst.

Molar Yield (%)

S-HMF

Time (min)

The maximum xylose yield achieved by Xu et al. was 49.6 mg/g
after treatment at 190 °C, whereas 107.1 mg/g was achieved in this
study at 180 °C in water only. In Xu et al., the addition of acidic ionic
liquid to the microwave pretreatment led to significant formation
of acetic acid, furfural and lactic acid thereby reducing the yield of
sugar [30]; these products can negatively affect downstream
fermentation. In our case, no solvent removal was required after
treatment and production of dehydrated sugar products was min-
imal up to 30 min microwave exposure time. Compared with mi-
crowave pretreatment, LHW pretreatment at identical conditions
resulted in lower yields of all the products, indicating lesser extent
of deploymerization (Fig. 3B).

LHW pretreatment released 3—3.5 times lower xylose, the yield
of xylo-oligosaccharides was higher and increased with treatment
time in the LHW samples (Table 1). Since xylo-oligomers remaining
in hemicellulose can interfere with the action of cellulolytic en-
zymes, it is desirable to remove as much of the hemicellulose
fraction as possible prior to enzyme application [31].

Product calculation is based on a bone dry biomass basis. The
yields of sugars for each treatment includes the products that have
undergone dehydration at 180 °C. Note: Furfural can derive from
both Cs and Cg sugars. # Calculated by difference between the after-
and before-xylanase treatment.

Xylan depolymerization into xylose was accelerated in micro-
wave pretreatment, with more than 80% of the xylan hydrolyzed to
xylose and the remainder as soluble xylo-oligomers after 30 min
pretreatment. By contrast, 31% of xylan was hydrolyzed into xylose
after 30 min LHW pretreatment, and ~60% in xylo-oligomer form.
Our LHW results were similar to those obtained by Yu et al. on
eucalyptus wood chips treated in a batch stirred reactor at 180 °C
for 20 min which gave a total xylose recovery of 84.4% of which
most of the xylose was recovered as oligosaccharides (46.8%) [32].
Unlike conventional heating, microwave irradiation can disrupt the
polymeric sugar structure due to both thermal and non-thermal
effects [33]. Furthermore, it can accelerate the rate of chemical
reactions through ionic conduction and dipolar polarization and
reduce overall reaction time [14,34]. The current work demon-
strates that microwave irradiation is a faster and efficient form of
pretreatment compared with liquid hot water, accelerating the
hydrolysis of xylan and xylo-oligomers into xylose [31,35].

Raw eucalyptus sawdust used in this study had a particle size
distribution of 0.3—2.2 mm with a peak size at approximately 1 mm
(ESI) and following 30 min microwave pretreatment in water, the
residual solids were reanalyzed for particle size (ESI). The results
showed a minor reduction in the intensity of the peak, around
0.5—0.9 mm, and a new peak at 0.09—0.25 mm, which accounted
for 1.2% volume distribution of the whole sample. This result clearly
demonstrates that the biomass is not changing substantially during
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Fig. 3. Molar yields of products detected in the supernatants of pretreated Eucalyptus regnans sawdust in water only at 180 °C versus exposure time. (A) Microwave-irradiated and
(B) Liquid hot water. Reaction conditions: 4 wt% eucalyptus sawdust loading. Xylose (XYL), furfural (FUR), glucose (GLU) and 5-hydroxymethylfurfural (5-HMF).
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Table 1

Yields of dehydrated sugar products and monomeric sugar release following Eucalyptus biomass pretreatments at 180 °C.

Pretreatment Duration (min) Mass Yield (mg/gap)

Xylose Water soluble Cs oligomers* Glucose Furfural 5-HMF
Microwave
15 75927 27.0+0.1 22+00 10.9+0.6 3.0+£05
30 107.1+2.2 22.7+75 5.0+0.2 218+18 6.1+0.9
Liquid hot water
15 24.2+21.7 342+09 09+04 1.7+15 0.6+04
30 31.4+139 67.0+£0.0 09+0.1 25+13 1.0+04

microwave treatment and that some smaller particles in the
starting material are breaking down during microwave
pretreatment.

3.2. Pretreated biomass shows “lignin droplet” deposits

SEM images of the samples before and after pretreatment
showed that samples pretreated for 5 min or longer had spherical
complexes deposited on the surface of the fibers (Fig. 4) and their
number and size increased with pretreatment exposure time.
Previous studies of pretreated biomass have also described the
appearance of these spherical complexes after acid-catalyzed or
hydrothermal pretreatment and termed them “lignin droplets” or
“pseudo lignin”. The mechanism of the formation of lignin droplets
observed on corn stover has been hypothesized to be due to the
coalescence of lignin during the pretreatment in aqueous condi-
tions at temperatures above the lignin melting temperature [36].
The coalescence is thought to happen within the cell wall and
migrate to the surface after thermal expansion [36]. Pseudo-lignin,
by contrast, are droplets that form on biomass treated under

WD \ETe]
5.2mm.-5000x

aqueous acid conditions at moderate temperatures [37], and have a
similar appearance to lignin droplets. The observation of lignin
droplets on woody biomass under microwave treatment in this
study (Fig. 4) is important as their presence has been considered to
be inhibitory for the enzymatic hydrolysis of cellulose [38] there-
fore an effective and efficient method of removal of these droplets
may be needed for optimal sugar release from pretreated biomass.

3.3. Flowing compressed hot water removes lignin droplets from
pretreated biomass

Lignin droplets from microwave and LHW pretreated samples
were removed, and the resulting free lignin was characterized. SEM
images of the pretreated biomass samples show that microwave
and LHW treated eucalyptus wood had similar coverage of lignin
droplets on the surface of biomass (Fig. 5A and D, respectively). The
lignin droplets were successfully removed from the biomass sur-
faces via flowing compressed hot water (Fig. 5B and E) yielding free
insoluble lignin (Fig. 5C and F) which were collected from wash-
water by filtration. Fig. 5B and E suggest that the pressurized hot

Fig. 4. SEM micrographs showing the morphological structure of Eucalyptus regnans sawdust and the effect of microwave heating in water (A) untreated eucalyptus sawdust, and

heated for (B) 15, (C) 30 and (D) 60 min at 180 °C.
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Fig. 5. Representative SEM micrographs of pretreated, delignified eucalyptus sawdust and lignin-carbohydrate complexes removed from biomass using compressed hot water at
120°C for 2 h. A. Microwave treated biomass 15 min 180 °C. B. delignified, microwave treated biomass C. recovered lignin droplets D. Liquid Hot Water pretreated biomass 15 min,

180° E. delignified, LHW treated biomass F. recovered lignin droplets.

water process was effective for removing the larger lignin droplets,
however, some smaller droplets can be observed on the surface.
The maximum amount of lignin droplet removed during the
delignification step was similar for both microwave and LHW
treated samples at approximately 180 mg/g, which corresponds to
roughly 60% of lignin in the raw biomass sample.

There has been an ongoing debate about the role of lignin and its
effect on enzymatic hydrolysis. Lignin is an intricate network of
aromatic polymers connected via carbon to carbon or carbon to
oxygen bonds; with aryl ether bonds being their most significant
internal linkage [26]. During pretreatment, these linkages are
broken and the lignin either breaks down to fragments or forms
lignin globules [26]. Previous studies have proposed that there is a
correlation between the enzyme loading and presence of lignin as
the enzymes are either adsorbed or associated with the lignin,
inhibiting their activity [39,40].

The wash-water obtained from the delignification step was also
light red in color. Dynamic Light Scattering analysis showed that
the wash-water contained colloidal particles of average
351 +42.8 nm in size which may have been further lignin droplets
too small to be filtered from the solution (ESI). Total Organic Carbon
analysis showed all water samples contained carbon with the
highest value being ~630mg/L for the delignified 15 min
microwave-treated biomass sample. HPLC analyses also showed
trace amounts of sugar in all the samples plus a significant peak of
an unknown compound. LCMS analysis of the unknown peak
suggested a dimeric chemical generated by the interaction of water
and a polar aromatic component of the wood resin (ESI), this sug-
gests that the compound could be of lignin or extractives origin.

The ATR spectrum of the free lignin droplets shows several peaks
common to functional groups present in lignin and carbohydrates
(Fig. 6). The peak at 1327 cm™! is C=0 bond stretching of syringyl
groups known to be found in hardwoods and the peak at 1267 cm™!
represents C—O bond stretching present in guaiacyl unit [41]. The
intense peak at 829 cm™ is associated with the out of plane defor-
mation band for 1,3,5-tri substituted benzene rings and the peak at
1086 cm™ ! represents C—O bond functional groups of ring alcohols in
the carbohydrate moieties [36]. Intense alkyl aromatic ethers (Ar—0)
stretch is found at 1236cm~! and the carbon to carbon (C—C)
stretching for the ring is represented by the peak at 1554 cm™ .

3.4. Enzymatic hydrolysis of microwave pretreated samples yielded
complete sugar release

The absence of significant glucose in supernatants from micro-
wave and LHW-pretreated samples and the low levels of 5-HMF
suggests that cellulose hydrolysis was minor under these condi-
tions. Cellulases were applied to the pretreated wood samples at
high enzyme loading which released 100% of the cellulose-derived
sugars in microwave-treated samples (Table 2). Overall, out of the
total sugars in biomass, c. a. 13% was released during the pre-
treatment step and the remainder during the enzymatic treatment.
In comparison, without the pretreatment step, the eucalyptus
sample released only 4% of the total sugars during the enzymatic
hydrolysis.

Table 2 shows enzymatic digestion of the pretreated only and
pretreated and delignified samples at a high enzyme loading (40
FPU/g). Excess enzyme loading can increase the hydrolysis rate to a
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Fig. 6. FTIR Spectrum of the recovered solid free lignin from Eucalyptus sawdust

pretreated at 15 min at 180 °C in water, then delignified with flowing compressed hot
water at 120°C for 2 h.
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Table 2

Effectiveness of microwave pretreatment with or without a further delignification step with flowing hot water on release of sugar from Eucalyptus regnans biomass treated

with cellulases at high loading.

Sample Pretreatment Mass Yield® (mg/gqp) Enzymatic Hydrolysis Mass Yield® (mg/gap) Total Sugars Mass Yield” (mg/gqp) Total Sugars % Yield®
Xylose + Glucose Reducing Sugars

Raw - 222+08 222+08 4+0.1

Pretreated only/min

MW 15 78.1+1.0 523.2+48 601.3+2.1 102+0.4

LHW 15 25.1+8.1 102.1+21.5 127.2+0.6 22+238

MW 30 112.1+0.9 496.8 +103.7 608.9 + 105.6 104 +18.0

LHW 30 323+05 112.6 +20.0 1449 +34.0 25+5.8

Pretreated and Delignified/min

MW/15 78.1+1.0 497.3 £20.1 5754+17.4 98 +3.0

LHW/15 25.1+8.1 96.5+29.4 121.6 £51.5 21+8.8

MW/30 112.1+0.9 4309 +1204 543.9+118.5 93+20.2

LHW/30 323+05 1489 +55.3 181.2+69.3 31118

2 Mass yield of sugars after pre-treatment and enzymatic hydrolysis are expressed as mass of the product obtained per unit mass dry biomass (mg/gqp). Sugars yield from

pre-treatment include xylose and glucose.

b Total Sugars Mass Yield include Cs and Cg Sugars yield from pre-treatment and reducing sugars yield from enzymatic hydrolysis.
€ Total Sugars % Yield is the percentage of available Cs and Cg sugars produced on dry biomass mass basis.

degree, but in turn increase the process cost [42]. The typical
amount of cellulase used in laboratory is 10 FPU/g as it gives a
reasonable profile within a practical timeframe [43]. Table 3 shows
enzymatic digestion results for the same pretreated biomass sam-
ples using a low enzyme loading (10 FPU/g).

During the enzymatic hydrolysis step, LHW pretreated samples
released one-fifth of the sugars compared to the microwave-
pretreated samples (Table 2). Furthermore, the total sugar yield
(pretreatment + enzymatic hydrolysis) from LHW-treated samples
was approximately one quarter of the equivalent release from mi-
crowave pretreated samples. The presence of residual xylan and
acetyl groups bound to the xylan polymer are likely to have
contributed to the slower enzymatic hydrolysis of LHW samples
[26,44].

Overall, the microwave pretreated biomass yielded >90% xylose
release from the pretreatment step and complete sugar release
from cellulose digestion, resulting in a far greater sugar release
compared with the LHW pretreatment. Complete release of sugars
has been previously been reported with E. grandis wood chips in
water but it required two sequential LHW steps at 180 and 200 °C
with vigorous stirring, followed by enzyme digestion of the
biomass to achieve this [13]. The direct heating of microwave
irradiation excites the water and polar species in the dissociated
biomass causing friction which dissipates as heat [14]. In addition,
the depolymerized monosaccharides contribute to the polar state
over time and assist in the rapid heating. Therefore, microwave

Table 3

treatment on its own was sufficient to open up access to the cel-
lulose and improve enzymatic sugar yield.

The cellulosic sugar release figures in Table 2 were obtained using
excess enzyme and thus it was not possible to determine if enzyme
adsorption onto the “lignin droplets” was occurring. As shown in
Table 3, removal of lignin droplets with flowing hot water followed
by hydrolysis with a low enzyme loading led to a small improvement
in sugar yield for the 30 min pretreated biomass but no difference for
the shorter pretreatment. A study by Yang and Wyman compared
batch and flow-through pre-treatment of corn stover using water
and 0.1 wt% sulfuric acid. It was reported that the catalyzed flow
through pretreatment removes the lignin either through forming
insoluble species with the acid or the lignin dissolving and flowing
through the system, which increases the enzymatic digestibility [45].
In addition, they reported that the enzymatic digestibility of the corn
stover increased with increasing severity of these parameters [45].
Our results indicate that longer exposure to microwave irradiation
increases xylose release and lignin droplet deposition which opens
up access to the cellulose fibers. Removal of the lignin droplets un-
covers the cellulose fibers still further, allowing access to the en-
zymes. As such, enzyme activity may be reduced due to steric
hindrance only in the presence of lignin and so the presence of lignin
droplets do not seem to inhibit the enzyme activity. Therefore, lignin
droplet removal may not be crucial for a high saccharification result
as much as the disruption in the biomass matrix and opening the
access to the cellulose fibers.

Effectiveness of microwave pre-treatment with or without a further delignification step with flowing hot water on release of sugar from Eucalyptus regnans biomass treated

with cellulases at low loading.

Sample Pre-Treatment Mass Yield® (mg/gap) Enzymatic Hydrolysis Mass Yield® (mg/gap) Total Sugars Mass Yield® (mg/gap) Total Sugars % Yield®
Xylose + Glucose Reducing Sugars

Raw - 10.1+£2.0 10.1+£2.0 2+03

Pretreated only/min

15 781+1.0 13.4+18 915+18 16+0.3

30 112.1+09 643 +6.7 176.5+6.7 30+1.1

Pretreated and delignified/min

15 78.1+1.0 14711 92.8+1.1 16+0.2

30 112.1+0.9 1044 +6.3 216.5+6.3 37+1.1

2 Mass yield of sugars after pre-treatment and enzymatic hydrolysis are expressed as mass of the product obtained per unit mass dry biomass (mg/gqp). Sugars yield from

pre-treatment include xylose and glucose.

b Total Sugars Mass Yield include Cs and Cg sugars yield from pre-treatment and reducing sugars yield from enzymatic hydrolysis.
¢ Total Sugars % Yield is the percentage of available Cs and Cg sugars produced on dry biomass mass basis.
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4. Conclusions

Microwave pretreatment resulted in coalesced lignin droplets
on the biomass surface and hydrolyzed up to 88 mol% yield of
xylose monosaccharides which was 3.5 times higher than LHW
pretreatment. Greater access for enzymatic hydrolysis was ach-
ieved after microwave pre-treatment of woody biomass, resulting
in 100% saccharification compared to only 31% after LHW pre-
treated fibers from the two-step method. Removal of the lignin
droplets, which accounted for over half of the lignin, prior to
saccharification did not improve enzyme release of sugars
compared with biomass without lignin droplet removal, which also
gave 100% sugar release after enzymatic hydrolysis. These results
suggests that lignin in biomass limits cellulose hydrolysis via steric
hindrance rather than enzyme inhibition. Microwave pretreatment
in water-only media may provide a viable option to use woody
biomass as a feedstock for biofuels and chemicals production.
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