
Contents lists available at ScienceDirect

Bioresource Technology

journal homepage: www.elsevier.com/locate/biortech

Comparison of liquid hot water, very dilute acid and alkali treatments for
enhancing enzymatic digestibility of hazelnut tree pruning residues

Kevser Sabanci, Ali Oguz Buyukkileci⁎

Department of Food Engineering, Faculty of Engineering, Izmir Institute of Technology, 35430 Gulbahce, Urla, Izmir, Turkey

A R T I C L E I N F O

Keywords:
Hazelnut tree pruning residue
Lignocellulosic biomass valorization
Pretreatment
Saccharification

A B S T R A C T

The effect of pretreatments on the composition of the hazelnut tree pruning residue (HTPR) and on the di-
gestibility of the cellulose was investigated. The liquid hot water (LHW) and the very dilute acid (VDA) treat-
ments were effective in solubilizing hemicellulose. The cellulose conversion increased up to around 60% (cor-
responding to 32–36 g/L glucose) with decreasing hemicellulose concentration in the pretreated HTPR. The
alkali treatment provided partial delignification, however, the glucose production was comparably lower.
Combining the hemicellulose removal and the delignification effect of different pretreatments in two-stage
processes (LHW-alkali and VDA-alkali treatments) enhanced the cellulose concentration in the solids, but not the
amount of glucose released in the enzymatic digestion. These results suggested that the hemicellulose was the
main barrier against the conversion of cellulose in the LHW and VDA treated HTPR and the glucose in the
hydrolysis medium inhibited the cellulase activity, which prevented the complete conversion of cellulose.

1. Introduction

Lignocellulosic materials are composed mainly of cellulose, hemi-
cellulose, and lignin and they are recognized as a sustainable feedstock
for the production of bio-based chemicals, such as pharmaceuticals, fine
chemicals, bulk chemicals and fuels (Fiorentino et al., 2017). However,
lignocellulosic materials are recalcitrant and they resist to enzymatic
saccharification in their native form. Therefore, pretreatments are re-
quired to render the cellulose amenable to enzymatic hydrolysis.
Hemicellulose and lignin parts of the lignocellulosic biomass have been
generally considered as physical barriers that restrict the accessibility of
cellulose by cellulolytic enzymes.

Several physical, chemical, physicochemical and biological pre-
treatment methods are available for disrupting the rigid lignocellulosic
network. Liquid hot water (LHW) treatment (also known as auto-
hydrolysis, hot compressed water, and subcritical water treatment),
which is carried out in pressure reactors using subcritical water, draws
attention since it does not require any catalyst and corrosion resistant
reactors and it releases relatively lower amount of sugar degradation
products (Alvira et al., 2010). In LHW treatment, water auto-ionizes
and the acetyl groups on the hemicellulose are released as acetic acid;
both provide hydronium ions for the hydrolysis reactions between
hemicellulose and lignin and within the carbohydrates (Heitz et al.,
1986). LHW has been demonstrated to be a successful method to re-
move part of the hemicellulose in several lignocellulosic materials,

including sugar cane bagasse (Laser et al., 2002), corn stover (Mosier
et al., 2005), wheat straw (Pérez et al., 2008), and sunflower stalks
(Monlau et al., 2012). Concentrated acids can hydrolyze cellulose di-
rectly, however, they are corrosive and hazardous. Dilute acid (DA)
treatment at elevated temperatures, on the other hand, targets hemi-
cellulosic carbohydrates allowing removal and hydrolysis of those. This
releases hemicellulosic monomers, such as xylose, mannose, and ara-
binose, and facilitate enzymatic hydrolysis of cellulose (Sun and Cheng,
2002). DA treatment generally carried out using 0.5–5% sulphuric acid
(or other acids) at temperatures of 121–220 °C (Lee et al., 2015a; Sun
and Cheng, 2002). This treatment suffers from carbohydrate degrada-
tion and consequent inhibitor formation (Zabed et al., 2016). The other
well-established method is the alkali pretreatment. Under alkaline
conditions, the ester linkages in hemicellulose and lignin are easily
broken. This significantly promotes the solubilization of hemicelluloses
and lignin, and increases porosity and surface area, resulting in the
exposure of cellulose to enzymes (Kim et al., 2016; Zheng et al., 2009).
Unlike acid-based treatments, sugar degradation does not occur in al-
kali treatment (Zabed et al., 2016).

Following the pretreatment processes, the lignocellulosic materials
are subjected to enzymatic hydrolysis for saccharification. The condi-
tions of the pretreatment process, such as temperature, time and cata-
lyst concentration as well as of the enzymatic hydrolysis should be
optimized to ensure maximum cellulose conversion. An effective pre-
treatment is necessary to achieve an efficient enzymatic
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saccharification.
Hazelnut (Corylus avellana L.) is one of the main agricultural pro-

ducts in Turkey with an annual production of 420,000 tons, accounting
for 56% of the total production worldwide (FAOSTAT, 2016). During
hazelnut agriculture and processing, high amount of lignocellulosic
biomass, in the form of shell, skin, husk, leaves, and woody biomass is
discarded. The residues of hazelnut production have no economic
value; i.e., they are usually burned in fields or in heaters and not uti-
lized for production of value-added chemicals and materials (Çöpür
et al., 2013). The potential of hazelnut residues has been shown in some
research reports. Hazelnut shell, skin, husk, and leave were reported to
contain compounds with antioxidant activity (Esposito et al., 2017;
Shahidi et al., 2007; Surek and Buyukkileci, 2018). Çöpür et al. (2013)
treated the steam-exploded husks with NaOH, H2SO4, H2O2 or NaBH4,
and obtained 52.6 g ethanol per kg husks. Surek and Buyukkileci (2017)
recovered 62% of the xylan in the shell in the form of xylooligo-
saccharides using autohydrolysis treatment. Colantoni et al. (2015)
showed that hazelnut prunings could be used to produce biochar.

The amount of hazelnut tree pruning residue (HTPR) in Turkey was
reported to be over 2million tons per year (Bascetincelik et al., 2006).
It contains a substantial amount of polysaccharides, thus it can be
considered as a potential source of fermentable carbohydrates (Surek
and Buyukkileci, 2017). In this study, the potential of HTPR was tested
through pretreatments followed by enzymatic hydrolysis of cellulose
into glucose. It was treated for the first time with LHW, very dilute acid
(VDA), and alkali solutions under various conditions. All of the LHW
and VDA treated HTPR samples and one of the alkali treated HTPR
samples were then subjected to hydrolysis using a commercial cellulase.
Although the pretreatments applied are well-known and have been
tested on various lignocellulosic biomass, their effect on the particular
biomass could be different and the optimization of the operational

conditions is needed. The removal of hemicellulose and lignin from the
lignocellulosic network can potentially increase the enzymatic digest-
ibility of cellulose. Therefore, the extent of hemicellulose and lignin
removal in the pretreatments were measured and their effects on cel-
lulose digestibility were quantified. Alternatively, pretreatment was
applied in two stages (LHW-alkali or VDA-alkali) in order to combine
the effects of different treatments.

2. Materials and methods

2.1. Materials

The HTPR, which was composed of thick branches with a diameter
of 1.5–3.0 cm, was obtained from hazelnut producers in Ordu, Turkey.
The HTPR was dried in an oven at 60 °C for two days and milled to a
particle size less than 2mm. The dry samples stored at room tempera-
ture until use.

All chemicals were of analytical grade and purchased from Sigma-
Aldrich (Steinheim, Germany) and Merck Millipore (Darmstadt,
Germany). The cellulase (Accellerase 1500) and the β-glucosidase
(Accelerase BG) enzymes were kind gifts from DuPont, Finland.

2.2. Pretreatments

The LHW treatment was carried out in duplicates in the pressure
reactor (BR-300, Berghof, Eningen, Germany). The biomass (25 g) was
mixed with deionized water (250mL) in the stainless-steel tank with a
600mL total volume and the mixture was heated to 170 °C, 190 °C, and
210 °C by the surrounding heating block. The content was continuously
stirred with the paddle agitator rotating at 300 rpm. At the end of the

reaction time (15min or 45min), the reactor was cooled to 60 °C within
20–25min with tap water circulating in the cooling coil. The liquid and
solid phases were separated by filtration through Whatman No.1 filter
under vacuum. The solid phase was washed repeatedly with distilled
water until the pH of the water after the rinsing was almost neutral.
After drying at 60 °C until constant weight, the solid recovery was
measured gravimetrically.

In the DA treatment, HTPR was treated with 0.1% H2SO4 (w/v) at
130 °C, 150 °C, 170 °C, and 190 °C for 15min in the pressure reactor.
The solid-liquid ratio, reactor operating conditions, and processing of
the treated solids were the same as described for the LHW treatment.
Due to the relatively low concentration of the H2SO4, the process was
called “very dilute acid (VDA) treatment” in this study.

The alkali treatment of HTPR was performed at 121 °C for 60min in
an autoclave, at a solid-liquid ratio of 1:10, using 0%, 0.5% and 2%
NaOH solution. The treated biomass was processed as described for
LHW treated solids. In two-stage treatments, the LHW and the VDA
treated HTPR samples were subjected to alkali treatment as described
above.

For each treatment, solid recovery (Eq. (1)) and the fraction of
cellulose recovered in the pretreated HTPR (Eq. (2)) were calculated.
Similarly, the hemicellulose and lignin removed from the HTPR in the
treatments were calculated (Eq. (3)). All calculations were done on a
dry weight basis.

= ×Solid recovery (%)
Amount of insoluble solid after pretreatment(g)

Initial amount of biomass before pretreatment(g)
100

(1)

= ×Cellulose recovery (%)
Amount of cellulose in the pretreated biomass(g)

Amount of cellulose in the raw material(g)
100

(2)

2.3. Enzyme assays

The cellulase activity in Accellerase 1500 was determined by mea-
suring the released glucose after incubation of the enzyme solution and
the substrate for a certain time (Adney and Baker, 2008). Filter-paper
strip (1.0× 6.0 cm) in 1.0 mL 50mM sodium citrate buffer (pH 4.8)
was incubated with 0.5mL enzyme solution at 50 °C for 60min in a
water bath. The reaction was stopped by the addition of 3.0mL of DNS
reagent and the absorbance of the solution was read at 540 nm. One
filter paper unit (FPU) of enzyme activity was defined as the amount of
enzyme that released 1 μmol of reducing sugar in 1min at 50 °C and pH
4.8.

The β-glucosidase activity in Accelerase BG and Accellerase 1500
was determined according to Grover et al. (1977) using p-nitrophenyl-
β-D-glucopyranoside (pNPG) as the substrate. The enzyme solution
(500 µL) was mixed with 1000 µL 6.67mM pNPG in acetate buffer
(133mM, pH 4.8) and the mixture was incubated at 50 °C for 30min in
a water bath. The reaction was stopped by 2mL of 200mM Na2CO3 and
the absorbance of the solution was measured at 400 nm. One unit of β-
glucosidase activity was defined as the amount of enzyme which pro-
duced 1 μmol of p-nitrophenol in 1min at 50 °C and pH 4.8. The activity
was calculated by taking the p-NPG extinction coefficient as 18.1 cm2/
µmol.

2.4. Enzymatic saccharification

Saccharification of the pretreated HTPR was carried out in dupli-
cates as described by Selig et al. (2009) except that higher solid loading

=
−

×Hemicellulose/Lignin removal (%)
Hemicellulose/Lignin in the raw material(g) Hemicellulose/Lignin in the treated solid

Hemicellulose/Lignin in the raw material(g)
100

(3)
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was used. In 25mL Erlenmeyer flasks, 1 g of pretreated HTPR was
suspended in 10mL of 50mM sodium citrate buffer (pH 4.8), corre-
sponding to a solid-liquid ratio of 1:10. In order to prevent microbial
contamination, 100 μL of sodium azide solution (2% w/v) was added.
The cellulase dosage was 15, 30 and 60 FPU/g biomass, while the β-
glucosidase was used at 40 U/g biomass. The flasks were incubated in
an orbital shaker (Zhicheng, China) at 150 rpm at 50 °C for 72 h. The
samples were taken from the reaction mixture at intervals (0, 24, 48,
and 72 h) and the enzymatic activity was stopped by keeping the tubes
in a boiling water bath for 10min. The hydrolysates were clarified by
centrifugation at 5000 rpm for 5min. The glucose concentrations in the
supernatants was measured by HPLC. All enzymatic hydrolysis experi-
ments were performed in duplicates, and the average results were re-
ported. Enzymatic digestibility was reported as percent cellulose con-
version to glucose (Eq. (4)) and global glucose yields were calculated
based on the dry weight of raw HTPR (Eq. (5)).

=
×

×Cellulose conversion (%)
Glucose released(g) Anhydrous factor(0.9)

Cellulose in pretreated solid(g)
100

(4)

= ×Glucose yield(%)
Glucose released(g)

Amount of raw material before pretreatment(g)
100

(5)

2.5. Analytical methods

2.5.1. Structural carbohydrates and lignin analysis
Cellulose, hemicellulose and lignin concentrations of raw and pre-

treated HTPR were determined according to Sluiter et al. (2011). The
biomass samples (300mg) were treated with 3mL of 72% (w/w) H2SO4

for 60min and diluted to 4% by adding 84mL water. The diluted so-
lution was kept at 121 °C for 60min in an autoclave. The pH was in-
creased to 5–7 using CaCO3 and the samples were centrifuged to re-
move insoluble particles. Acid hydrolysis disintegrates cellulose and
hemicellulose in the lignocellulosic biomass into corresponding mono-
mers. The monomer concentrations in the hydrolysates were de-
termined by HPLC and the cellulose and hemicellulose concentrations
were calculated by multiplying the monomer concentrations by anhy-
drous factors (0.90 for glucose and 0.88 for xylose, arabinose, and ga-
lactose). The acid soluble lignin in the hydrolysate was determined
spectrophotometrically at 240 nm using an absorptivity value of 25 L/g
cm. The insoluble solid after the acid hydrolysis was filtered through
porcelain filter crucibles under vacuum and dried at 105 °C. The weight
of this solid is reported as the Klason lignin. The ash content of the
HTPR was reported to be low (< 1.0% w/w) (Surek and Buyukkileci,
2017), therefore it was not taken into account in the gravimetric lignin
analysis.

2.5.2. Carbohydrate analysis
Glucose, xylose, arabinose, and galactose concentrations were

measured using HPLC (Perkin Elmer Series 200, Waltham, MA). The
samples were clarified by centrifugation and filtration through 0.45 μm
cellulose-acetate membrane filters. The analyses were carried out using
a Rezex RPM-Monosaccharide column (Phenomenex, Torrance, CA) at
80 °C and a refractive index (RI) detector. Ultra-pure water at a flow
rate of 0.6mL/min was used as the mobile phase. The concentrations of
the monosaccharides were calculated by comparing the peak areas in
the chromatograms to the respective calibration curves.

All of the results are reported on a dry weight basis.

3. Results and discussion

3.1. Characterization of hazelnut tree pruning residues

The lignocellulosic composition of the HTPR was determined in

order to assess the potential of this biomass as a feedstock for biopro-
duction processes and calculate the efficiency of the pretreatment and
enzymatic hydrolysis operations. The HTPR had 10% moisture as re-
ceived. The dominant component in the dried biomass was cellulose
(37.2%), followed by lignin (28.5% insoluble and 2.5% acid soluble).
The hemicellulosic part was composed of xylan (16.5%), galactan
(1.89%), and arabinan (2.06%). In total, the lignocellulosic part ac-
counted for the 86.1% of the HTPR. In a previous study of our group,
the HTPR was found to contain 2.0% acetyl groups as substitutions on
xylan, 4.0% extractives, and 4.5% protein (Surek and Buyukkileci,
2017). The cellulose content of the HTPR was slightly lower than the
values reported for other hardwoods, while hemicellulose and lignin
contents were comparable (Alvarez et al., 2016).

3.2. Pretreatment of hazelnut tree pruning residues

The HTPR was treated with LHW at elevated temperatures
(170–210 °C), which have been required for effective hemicellulose
solubilization (Zabed et al., 2016). The VDA was applied at slightly
lower temperatures (130–190 °C) according to the previous reports
(Zabed et al., 2016; Loow et al., 2016) and the preliminary experiments.
The alkali treatment was carried out at a relatively lower temperature
(121 °C) and for a longer time (60min), which is a characteristic of
alkaline based treatments (Taherzadeh and Karimi, 2008). The NaOH
concentration range was selected according to the preliminary experi-
ments. In an effort to increase further the efficiency of the pretreatment
step, LHW and VDA treatments were followed by alkali treatment,
which processes were called as “the two-stage pretreatments”.

The LHW treatment has been known to be effective on solubilization
and partial hydrolysis of the hemicellulosic carbohydrates (Jonsson and
Martin, 2016). The solubilization of the hemicellulose of the HTPR
increased with increasing temperature or time of the LHW treatment
(Table 1). The HTPR treated at 210 °C were almost free of hemi-
cellulose. Galactan and arabinan portions of the hemicellulose were
solubilized under all conditions, thus xylan was the sole hemicellulosic
carbohydrate in the pretreated HTPR, if any. The cellulose was retained
in the pretreated HTPR to a great extent (Table 1). The LHW treatments
at 190 °C and 210 °C increased the cellulose fraction slightly over 50%
from the initial value of 37.2%. The lignin amount was measured to be
up to 18.6% higher than the one in the raw (untreated) HTPR (Table 1).
This phenomenon has been reported previously for LHW and DA
treatments and was linked to the formation of lignin-like materials
(pseudo-lignin) (Carvalheiro, 2004; Hu and Ragauskas, 2014; Ma et al.,
2015). These could be originated from the condensation of sugar de-
gradation products, such as hydroxy-methyl furfural, and furfural (Hu
and Ragauskas, 2014). In this study, lignin deposition peaked in the
treatment at 190 °C for 45min and was pronounced less in treatments at
210 °C. The LHW treatments of HTPR at 190 °C and 210 °C solubilized
almost one-third of the solids and yielded biomass composed approxi-
mately of half cellulose and half lignin, containing an only a small
amount of xylan. In several previous studies, LHW provided a treated
biomass that was free from hemicellulose and contained more than 50%
cellulose, for example from giant reed (Jiang et al., 2016), wheat straw
(Pérez et al., 2008), and vine pruning residues (Jesus et al., 2017). Si-
milar to the LHW treatment, hemicellulose removal from the HTPR was
the main consequence of the VDA treatment. The effect was more
drastic at 170 °C and 190 °C than at the lower temperatures tested. In-
crease in the efficiency of hemicellulose removal with temperature in
the DA treatment was also observed for triploid poplar (Yang et al.,
2017) and corn stover (Lee et al., 2015b), however, the temperature
values required for enhanced hemicellulose removal was different due
to the different acid concentrations used in those studies. The presence
of acid decreased the temperature required for increased solubilization
and hemicellulose removal efficiency (Table 1), in accordance with the
trend observed for corn stover (Yang and Wyman, 2004). The VDA
treatment at 170 °C for 15min increased the cellulose content by 29%

K. Sabanci, A.O. Buyukkileci Bioresource Technology 261 (2018) 158–165

160



and decreased the hemicellulose content by 63% as compared to the
LHW treatment under the same temperature-time combination. The
similar values could be obtained at 190 °C in the LHW treatment. A
small decrease in lignin content was observed in the VDA treatments at
170 °C and 190 °C, compared to the untreated biomass. In DA pre-
treatment, the concentration of the acid is generally higher than 0.5%
(w/v) (Girio et al., 2010; Loow et al., 2016). In this study, however, the
H2SO4 concentration was kept at 0.1% (w/v), which value was selected
to ensure that the pH of the reaction mixture was around 2 at the start
of the VDA treatment. The level of the acid and corresponding pH value
was sufficient to enhance the hemicellulose removal effect at tem-
peratures above 170 °C.

The effect of the alkali treatment was tested by treating the HTPR
with 0.5% and 2% NaOH at 121 °C for 60min. At this temperature and
time combination, even without NaOH, 21.6% of the hemicellulose was
removed from the HTPR (Table 1). The solubilized portion of the
hemicellulose was composed almost entirely of galactan and arabinan,
as concluded from the absence of these carbohydrates in the residual
solid and from the xylan remaining almost intact in the solid part. The
lignin was removed by 10.7% under the same condition. In the presence
of 0.5% NaOH, more hemicellulose (37.6%) and slightly more lignin
(13.9%) removal were observed (Table 1). The NaOH at a concentra-
tion of 2% was very effective on lignin with a removal level of 30.7%,
while it solubilized 54.0% of the hemicellulose at the same time
(Table 1). In previous studies, greater delignification of wheat straw
(McIntosh and Vancov, 2011) and cotton stalks (Silverstein et al., 2007)
was obtained under similar conditions. Jiang et al. (2016) compared
LHW and alkali for giant reed and observed enhanced hemicellulose
removal in the LHW and lignin removal in the alkali treatments, in
accordance with this study. Some part of the cellulose of the HTPR
(12–15%) was not recovered in the residual solid, although the tem-
perature was low as compared to the LHW and the VDA treatments.

The effectiveness of LHW and VDA in solubilizing hemicellulose and
of alkali in removing lignin was combined by conducting two-stage
pretreatments. The LHW treatment at 190 °C for 45min and the VDA
treatment at 170 °C for 15min were selected as the primary pretreat-
ments, and then in the second stage the pretreated HTPR from the first
stage was treated with 0.5% or 2% NaOH. In both LHW-alkali and VDA-
alkali treatments, the hemicellulose removal was complete, and the

lignin removal was 23–24% with 0.5% NaOH and over 50% with 2%
NaOH (Table 1). One drawback of the two-stage system was that 33%
and 23% of the cellulose was lost during LHW-alkali and VDA-alkali
treatments, respectively when the NaOH was 2% in the second stage.
Nevertheless, both two-stage pretreatments yielded biomass highly
enriched in cellulose (Table 1). Two-stage pretreatment (DA and alkali)
approach was also applied by Lee et al. (2015b). The authors reported
enhanced xylan and lignin removal and obtained a pretreated solid
containing over 80% glucan. The alkali-acid treatment of sweet sor-
ghum fiber yielded slightly higher cellulose content (59%) as compared
to acid-alkali (reverse sequence) treatment (Li et al., 2016).

3.3. Enzymatic saccharification of pretreated hazelnut tree pruning residues

Pretreatments aim to decrease the recalcitrance of the lig-
nocellulosic biomass to enzymatic degradation. In this respect, the ef-
fectiveness of the pretreatments applied on the HTPR in this study was
tested by saccharification using cellulolytic enzymes. Enzymatic hy-
drolysis has been generally tested at 2% solid loadings (Cara et al.,
2007; Mussatto et al., 2008), however, in this study comparably higher
loading (around 10%) was used. In all cases, 1 g of pretreated solid was
used, thus the starting cellulose concentrations were different since
each treatment yielded different cellulose concentrations in the pre-
treated solid (Table 1). The release of glucose as a result of cellulose
hydrolysis was followed. Preliminary tests revealed that addition of β-
glucosidase did not improve the cellulose hydrolysis. This can be at-
tributed to the presence of substantial β-glucosidase activity (677 U/
mL) in the commercial cellulase preparation (Accelerase 1500) used.

The LHW treated HTPR was subjected to enzymatic hydrolysis at
three cellulase levels, namely 15, 30, and 60 FPU/g biomass. In all
cases, untreated biomass used as the control and this yielded a negli-
gible amount of glucose (< 1.6 g/L) (Fig. 1). Generally, the glucose
production was enhanced with increasing pretreatment temperature
and time. The enzyme dosage also had a positive effect on the glucose
release. In most of the cases, the hydrolysis was completed in 48 h. With
cellulase levels of 15 FPU/g and 30 FPU/g, 32–34 g/L glucose was ob-
tained in 48 h from the HTPR treated at 190 °C for 45min and 210 °C
for 45min (Fig. 1a and 1b), which corresponded to 55–60% cellulose
conversion. Using the same samples, increasing the cellulase dosage to

Table 1
Composition of the pretreated hazelnut tree pruning residues.

Pretreatment T
(°C)

t
(min)

Solid recovery
(%)

Cellulose
(%)

Cellulose recovery
(%)

Hemicellulose
(%)

Hemicellulose
removal (%)

Lignin
(%)

Lignin removal
(%)

Untreated – – 100.0 37.2 – 20.4 – 28.5 –
LHW 170 15 86.0 40.6 93.4 13.5 43.2 33.7 −1.7a

LHW 170 45 75.0 48.1 94.0 10.6 61.2 41.4 −9.0a

LHW 190 15 73.1 51.7 92.5 5.6 79.8 43.6 −11.7a

LHW 190 45 66.4 51.9 84.9 2.4 92.2 50.9 −18.6a

LHW 210 15 65.5 50.1 87.3 0.9 97.1 49.3 −13.3a

LHW 210 45 64.0 51.2 85.7 0.5 98.5 49.3 −10.7a

VDA 130 15 84.2 46.0 104.3 14.9 38.5 34.2 −0.9a

VDA 150 15 79.4 48.8 104.2 12.9 49.8 39.2 −9.2a

VDA 170 15 67.6 52.3 95.1 5.0 83.6 41.0 2.9
VDA 190 15 59.4 53.9 86.2 0.80 97.8 45.3 5.6
Alkali (0%)b 121 60 88.8 37.1 87.9 18.0 21.6 28.7 10.7
Alkali (0.5%)b 121 60 86.5 36.8 88.2 14.7 37.6 28.4 13.9
Alkali (2%)b 121 60 71.3 44.2 84.8 13.2 54.0 27.7 30.7

Two-stage pretreatment
Primary Secondary
LHW (190 °C–45min) Alkali (0%)b 57.8 52.5 85.4 1.5 95.8 42.2 14.4

Alkali (0.5%)b 54.6 58.0 85.3 0.0 100.0 40.2 23.0
Alkali (2%)b 38.9 64.0 67.1 0.0 100.0 35.7 51.2

VDA (170 °C–15min) Alkali (0%)b 64.6 50.2 87.2 3.7 88.2 36.0 18.4
Alkali (0.5%)b 63.3 54.0 92.0 0.0 100.0 34.2 24.1
Alkali (2%)b 42.7 67.1 77.0 0.0 100.0 29.9 55.3

a Negative sign indicates an increase in lignin content with regard to the initial value in the untreated HTPR.
b The NaOH concentrations used in the alkali treatments are given in parenthesis. All alkali treatments were carried out at 121 °C for 60min.
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Fig. 1. Effect of pretreatment type and condition on the glucose release from pretreated hazelnut tree pruning residues in enzymatic hydrolysis. a, b, c: liquid hot
water treatment; d: very dilute acid treatment; e: two-stage pretreatment and single stage alkali treatment as the control. Alkali treatments were performed at 121 °C
for 60min using 2% NaOH. Cellulase dosage: a: 15 FPU/g; c: 60 FPU/g; b, d, e: 30 FPU/g.
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60 FPU/mL increased the glucose level (35 g/L) and cellulose conver-
sion (61%) only slightly but the hydrolysis was faster and completed in
24 h (Fig. 1c). The high cellulase level allowed the HTPR treated at
210 °C for 15min to yield a high amount of glucose and high cellulose
conversion as well. In the 15min treatments, cellulose conversion in-
creased linearly with temperature at all cellulase levels. In the 45min
treatments, on the other hand, the conversions were similar at 190 °C
and 210 °C and considerably higher compared to one obtained at
170 °C. The cellulose conversion values were in accordance with the
ones obtained with LHW treated olive tree prunings (66%) (Cara et al.,
2007) and giant reed (around 60%) (Jiang et al., 2016), whereas higher
values were reported for wheat straw (Pérez et al., 2008) and sugarcane
bagasse (Yu et al., 2013). Although the samples treated at 190 °C and
210 °C for 45min, and 210 °C for 15min had similar compositions, the
glucose released from the last one was less than the others at low cel-
lulase dosage. This effect can be related to the influence of the treat-
ments on the lignin remaining in the solid. Treatments under certain
conditions may have decreased the unproductive binding of the enzyme
to lignin, as a result of possible disruption of the lignin structure
(Kumar et al., 2012). Otherwise, higher enzyme dosage was required
for substantial glucose release, as was observed for HTPR treated at
210 °C for 15min.

The VDA treated HTPR was hydrolyzed using 30 FPU/g biomass
cellulase. The general trend was similar to the case observed with LHW
treated HTPR, except that comparably less glucose was released in 24 h.
The treatment temperature had a drastic effect on the hydrolysis
(Fig. 1d). The treatments at 130 °C and 150 °C yielded a very low
amount of glucose, while a notable increase was observed with the
HTPR treated at 170 °C. Increasing the temperature further to 190 °C
increased the glucose production to 36.6 g/L, corresponding to a cel-
lulose conversion of 61%. The higher hydrolysis efficiency with the
samples treated at 170 °C and 190 °C was in parallel to the enhanced
hemicellulose removal at these temperatures (Table 1). Compared to
the LHW treatment at 190 °C for 15min, the acid catalysis enhanced the
glucose production and cellulose conversion significantly under the
same condition (Fig. 1b and d). The difference was more drastic be-
tween the samples treated at 170 °C. This was also in accordance with
the hemicellulose contents of the pretreated HTPR.

The cellulose conversion increased almost linearly with the de-
creasing hemicellulose content of the HTPR treated either with LHW or
VDA (Fig. 2). This indicated the barrier effect of hemicellulose on the
enzymatic hydrolysis. The similar linear relation between the xylan
removal and the cellulose conversion was reported for LHW treated
biomass, such as sugarcane bagasse (Lv et al., 2013) and soybean straw

(Wan et al., 2011). Mussatto et al. (2008) observed enhanced enzymatic
hydrolysis of acid treated brewer’s spent grain, which had lower
hemicellulose, but higher lignin content compared to the raw material.
It should be noted that lignin content of the treated HTPR samples was
inversely related to hemicellulose content. Thus, there was no apparent
negative effect of increased lignin concentration or lignin to cellulose
ratio on the cellulose conversion in the enzymatic hydrolysis following
LHW and VDA treatments. Lv et al. (2013) also reported that cellulose
conversion was independent of lignin content of the LHW treated su-
garcane bagasse.

The LHW and VDA treated HTPR that were then treated with 2%
NaOH were subjected to enzymatic hydrolysis with 30 FPU/g biomass
cellulase. The alkali treatment using 0.5% NaOH as the second stage
was omitted in enzymatic hydrolysis test due to its relatively poorer
efficiency on lignin removal. Both LHW-alkali and VDA-alkali pre-
treatments resulted in same hydrolysis kinetics (Fig. 1e). Approxi-
mately, 31 g/L glucose was produced in 48 h, while the level was only
slightly lower after the first 24 h. Although the glucose levels were
comparable, the maximum cellulose conversion (44.5%) was lower
than the ones obtained in the previous cases. This was due to the higher
cellulose contents of the two-stage pretreated biomass. In spite of the
lower hemicellulose and lignin concentrations and lignin to cellulose
ratio in HTPR after the pretreatments, the glucose released could not be
enhanced. This could be attributed to a possible inhibition exerted by
the glucose on the activity of cellulase in the hydrolysis medium
(Andric et al., 2010). In enzymatic treatments following single or two-
stage pretreatments, the maximum glucose levels attained were be-
tween 32.7 and 36.6 g/L and the production stopped although the
cellulose was not depleted. Cara et al. (2006) observed similar inhibi-
tion of enzymatic hydrolysis of olive tree pruning treated with steam
explosion and alkaline peroxide. The authors related that to the high
biomass loading (10%) and observed higher cellulose conversion when
the biomass loading was decreased to 2%. It should also be noted that at
high solid loadings diffusional limitations due to the inadequate mixing
could influence the saccharification negatively (Modenbach and Nokes,
2013). In the enzymatic saccharification of HTPR from two-stage
treatments, the effect of hemicellulose concentration on cellulose con-
version was different, i.e. conversion values were lower than that could
be expected regarding the trends observed for single stage treatments
(Fig. 2).

The HTPR treated only with alkali (2% NaOH) was also tested for
hydrolysis (Fig. 1e). This sample yielded notably lower glucose (12.3 g/
L) than the two-stage pretreated samples. The HTPR from other alkali
treatments were not tested for glucose production due to the poor
cellulose conversion obtained with 2% NaOH treatment. The lignin
content of the 2% NaOH treated HTPR was low (27.7%), however, it
contained a significantly higher amount of hemicellulose (13.2%).
Considering the absence of hemicellulose in the two-stage pretreated
samples, the low hydrolysis efficiency could be linked to the hemi-
cellulose as discussed above. The effect of the hemicellulose con-
centration of the alkali treated HTPR on the cellulose conversion value
was in accordance with the trend observed for LHW and VDA treated
HTPR (Fig. 2).

The global yield values obtained in saccharification of pretreated
HTPR using 30 FPU/g cellulase were shown in Fig. 3. In LHW and VDA
treatments, the yields increased significantly with either the treatment
temperature or time, except that the yield value obtained in LHW
treatment at 210 °C for 45min was slightly less than the one obtained at
190 °C for 45min. The latter condition provided the highest glucose
yield among all pretreatments tested in this study. Under this condition,
21% of the raw HTPR could be obtained as glucose, on a dry weight
basis. The yields obtained in VDA treatments at 170 °C and 190 °C for
15min were comparable to the LHW treatments at higher severity
(190 °C–45min and 210 °C–45min). The HTPR subjected to two-stage
pretreatments had high cellulose concentration whereas cellulose loss
was considerable (Table 1) and cellulose conversion was comparably

Fig. 2. Effect of hemicellulose concentration in the treated hazelnut tree
pruning residue on the fraction of cellulose that was converted to glucose in
enzymatic hydrolysis. Treatments: Liquid hot water (□); Very dilute acid (■);
Alkali (2% NaOH) (◊); Liquid hot water-Alkali (▲); Very dilute acid-Alkali
(△).
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lower. These resulted in slightly lower glucose yield compared to
maximum values obtained with LHW and VDA treated HTPR (Fig. 3).

4. Conclusion

HTPR was evaluated for the first time for its potential as a source of
glucose. The hemicellulose in the HTPR was shown to be the main
barrier against the enzymatic digestibility of cellulose. LHW effectively
removed the hemicellulose and allowed the conversion of cellulose. The
inclusion of the small amount of acid (VDA treatment) decreased the
temperature required for hemicellulose removal. The partial delignifi-
cation of the pretreated HTPR using alkali as the secondary treatment
did not improve the cellulose conversion or the glucose yield.
Incomplete cellulose conversion in all cases indicated a possible in-
hibitory effect of glucose on the cellulase.
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