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a b s t r a c t

Pretreatments are crucial to achieve efficient conversion of lignocellulosic biomass to soluble sugars. In
this light, switchgrass was subjected to 13 pretreatments including steam explosion alone (195 �C for 5,
10 and 15 min) and after impregnation with the following catalysts: Ca(OH)2 at low (0.4%) and high
(0.7%) concentration; Ca(OH)2 at high concentration and higher temperature (205 �C for 5, 10 and
15 min); H2SO4 (0.2% at 195 �C for 10 min) as reference acid catalyst before steam explosion. Enzymatic
hydrolysis was carried out to assess pretreatment efficiency in both solid and liquid fraction. Thereafter,
in selected pretreatments the solid fraction was subjected to simultaneous saccharification and
fermentation (SSF), while the liquid fraction underwent anaerobic digestion (AD) to produce additional
energy as methane. Lignin removal was lowest (12%) and highest (35%) with steam alone and 0.7% lime
impregnation, respectively. In general, higher cellulose degradation and lower hemicellulose hydrolysis
were observed in this study compared to others, depending on lower biomass hydration during steam
explosion. Mild lime addition (0.4% at 195 �C) enhanced ethanol in SSF (þ28% than steam alone), while
H2SO4 boosted methane in AD (þ110%). However, methane represented a lesser component in combined
energy yield. Mild lime addition was also shown less aggressive and secured more residual solid after
SSF, resulting in higher energy yield per unit raw biomass. Decreased water consumption, avoidance of
toxic compounds in downstream effluents, and post process recovery of Ca(OH)2 as CaCO3 represent
further advantages of pretreatments involving mild lime addition before steam explosion.

© 2016 Published by Elsevier Ltd.

1. Introduction

The depletion of oil reserves and the role of fossil energy in
climate change provide a strong drive towards alternative energy
sources. Especially in the transport sector that relies on oil prod-
ucts, bioethanol from lignocellulosic biomass could represent a
valuable substitute for gasoline [1].

Dedicated crops have been developed for energy uses; among
them, perennial grasses are preferred over annual ones for their
ability to combine high biomass yields with low energy and

financial inputs [2,3]. Moreover, perennial grasses deploy a vast
range of positive externalities from the environmental viewpoint:
increased soil carbon sequestration and reduced nitrate leaching
[2,4e6]; improved soil biological quality, and establishment of
beneficial interactions with soil organisms [7,8]. Among such
grasses, switchgrass (Panicum virgatum L.) is a promising feedstock
for the production of second generation bioethanol [9], which is
considered amore sustainable form of energy as it does not directly
affect the food sector [9].

However, second generation bioethanol involves that lignocel-
lulosic biomass be subjected to pretreatments for efficient
fermentation [10]. Among them, steam pretreatment is one of the
most frequently used [11], often in combination with an acid
catalyst [12e14]. Biomass impregnation with acid catalyst prior to
steam explosion has often demonstrated higher pretreatment ef-
ficiency than steam explosion alone, this latter also called autohy-
drolysis [14]. Sulphuric acid and sulphur dioxide have been tested
as acid catalysts, using variable concentrations, temperatures and
residence times. However, sulphuric compounds involve serious

Abbreviations: AD, anaerobic digestion; ANOVA, analysis of variance; FPU, filter
paper units; HMF, 5-hydroxymethylfurfural; HPLC, high performance liquid chro-
matography; IR, infra-red; Log R0, severity factor; LSD, lowest significant difference;
SD, standard deviation; SSF, simultaneous saccharification and fermentation; TS,
total solids; VS, volatile solids; WIS, water insoluble solids; WL, residual lignin;
YETOH, overall ethanol yield.
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drawbacks such as acid corrosion of equipment, and the need to
implement extensive processing of downstream effluents, resulting
in high water consumption [15]. Thus, pretreatments without
sulphur would be preferable, if they can bridge the gap with
sulphur-based processing. In a biorefinery concept, the choice of a
catalyst is not only important for its ability to increase the yield in
final product, but also for catalyst fate [16]. This leads to the use of
chemicals enhancing ethanol yield, while at the same time
releasing by-products that have a market value or are easily
disposable.

Lignin is the only fraction of biomass that is not converted into
bioethanol [17], restricting enzymatic access to cellulose [18],
which results in lower ethanol yield [19]. Compared to acids,
alkaline catalysts as lime (Ca(OH)2) have been shown to reduce the
lignin content of herbaceous biomass [20]. Lime can be easily
removed before steam explosion, by carbonating the impregnation
liquid with CO2. The resulting CaCO3may be recovered to be used in
several applications, such as the mitigation of drought stress in
tomato [21]. Hence, limemay be regarded as a by product having no
negative impact, and which is cheaper and safer to handle than
sodium hydroxide [22].

Saccharomyces cerevisiae is the microorganism most commonly
used for the fermentation of hexoses. A process configuration
involving pentose utilization is of paramount importance to in-
crease the overall energy output and value of biomass. Recently,
new engineered strains have been developed to ferment pentoses
[23], although improvements are sought to bring this technology to
the scale of industrial processing. At present, methane production
through anaerobic digestion (AD) remains the most feasible
method to exploit the residual energy content of a raw material
[24]. Moreover, converting biomass into a spectrum of energy and
marketable products appears a more advisable approach in the
frame of biorefinery [25].

Given these premises, the aim of this work was to investigate
the influence of lime impregnation before steam explosion, on
ethanol and methane production from switchgrass. As reference
practice, steam explosion after impregnation with sulphuric acid
was also included. Time, temperature and lime concentration
during pretreatment were varied, and the sugar yield determined
in each case. Pretreated solid fraction was subjected to simulta-
neous saccharification and fermentation (SSF) at high solids
loading for ethanol production. Pretreatment liquid was subjected
to AD for methane production.

2. Material and methods

2.1. Origin of the raw material

Switchgrass (P. virgatum L.) was used as substrate in this study.
The lowland cultivar “Alamo” had been seeded in 2002 at the
experimental farm, University of Bologna, Cadriano (BO), Italy (44�

330 N, 11� 210 E, 32 m above sea level), on a deep alluvial soil with a
clayey-loamy texture. The area features amean annual temperature
of 13.3 �C and precipitation of 700 mm, which are typical of the
Mediterranean North environmental zone [26]. This is a zone with
mild winter and long growing season, although precipitation is
mostly concentrated in the cold semester. Switchgrass was still in
full production in 2011. In that year, crop management consisted of
nitrogen fertilization in the springtime (120 kg N ha�1 as urea), no
irrigation and no spraying for weed, pest or disease control. At the
end of the growing season (October 5, 2011), switchgrass was
harvested as whole plant at seed-ripening stage and chopped in ca.
20 mm pieces. Biomass samples were oven dried (40 �C) and
ground to a particle size of 0.5 mm for the analysis of structural
carbohydrates, lignin (Klason lignin and acid soluble lignin),

extractives, and ash [27,28].

2.2. Process configuration

After 1 h of impregnation with either water alone, alkaline
(Ca(OH)2) or acid solution (H2SO4), switchgrass was subjected to
steam explosion under different conditions of time and tempera-
ture, making up a total of 13 combinations (Table 1). Pretreated
samples were separated into solid (slurry) and liquid fraction. The
former was repeatedly washed with distilled water and subjected
to enzymatic hydrolysis. Both fractions were analysed for glucose
and xylose. Enzymatic hydrolysis and the subsequent analysis
served to identify pretreatments that resulted in the highest
glucose yields, to be selected for SSF. The corresponding liquid
fractions were used in AD. Fig. 1 describes process configuration
from raw biomass to final energy products, including the imple-
mentation of enzymatic hydrolysis to test pretreatment efficiency.

2.3. Pretreatments

The 13 pretreatments assessed in the experiment (Table 1) can
be divided into three main groups: autohydrolysis, consisting of
steam alone at increasing time (P1eP3); alkaline pretreatment,
consisting of nine combinations of steam (195 and 205 �C) and lime
(Ca(OH)2 at 0.4 or 0.7% w/w) for 5, 10 and 15 min (P4eP12); acid
pretreatment (P13) using sulphuric acid (0.2% w/w) as reference
catalyst, i.e. that most frequently used in steam pretreatment.

Using steam alone, the raw material (20 mm air-dried samples)
was previously immersed in water for 1 h at a 20:1 water to dry
weight ratio. When adding calcium hydroxide, the raw material
was impregnated in an aqueous solution containing 0.4% or 0.7%
Ca(OH)2 at a 20:1 water to dry weight ratio, and stored in a sealed
bucket for 1 h. With sulphuric acid, the same procedure was fol-
lowed, using a 0.2% concentration of H2SO4 with the same 20:1
water to dry weight ratio. In all pretreatments, after 1 h of
impregnation switchgrass was dewatered in order to remove the
excess solution using a 3 L capacity press (Tinkturenpressen HP5M,
Fischer Maschinenfabrik GMBH, Germany), reaching a dry matter
content between 50 and 60%.

Following this step, steam explosion was performed in a reactor
of 10 L capacity, loadedwith an amount of impregnated switchgrass
corresponding to 400 g dry matter. Steam temperature and resi-
dence time were set according to each specific pretreatment
(Table 1). The reactor was connected to a computer controlling
process parameters and the final discharge of pretreated material
into a downstream vessel.

Discharged material was then divided into two fractions:

Table 1
Experimental conditions and associated severity factor (Log R0) in switchgrass
pretreatment.

Pretreatment Ca(OH)2
(% w/w)

H2SO4

(% w/w)
Time
(min)

Temperature
(�C)

Log R0

1 e e 5 195 3.5
2 e e 10 195 3.8
3 e e 15 195 4.0
4 0.4 e 5 195 3.5
5 0.4 e 10 195 3.8
6 0.4 e 15 195 4.0
7 0.7 e 5 195 3.5
8 0.7 e 10 195 3.8
9 0.7 e 15 195 4.0
10 0.7 e 5 205 3.8
11 0.7 e 10 205 4.1
12 0.7 e 15 205 4.3
13 e 0.2 10 195 3.8
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pretreatment liquid resulting from filtration through a 2.5 mm sieve,
and a residual solid (slurry). The slurry was analysed for structural
carbohydrates and lignin using the aforementionedmethods, while
pretreatment liquid was analysed for the content of total sugars
(glucose, xylose and arabinose), their monomeric fractions and, by
difference, the oligomeric fractions, and some inhibitors (acetic
acid, formic acid, furfural and 5-hydroxymethylfurfural (HMF)),
according to a U.S. National Renewable Energy Laboratory proce-
dure [29]. In the slurry, the content of water-insoluble solids (WIS)
was also determined using the method developed by Weiss et al.
[30]. All the chemical and physical traits were analysed in
duplicates.

2.4. Enzymatic hydrolysis

The slurries from the 13 pretreatments were repeatedly washed
with distilled water to remove pretreatment liquid, and were
subjected to enzymatic hydrolysis (Fig. 1) at a loading of 5% WIS.
Hydrolysis was carried out in plastic tubes (50 mL volume) con-
taining two steel balls to improve mixing in a rotating incubator at
100 rpm. The enzyme, CelliCTec3 (Novozymes, Bagsvaerd,
Denmark), was added at an amount corresponding to 10 FPU g�1

WIS. Enzymatic activity was measured according to Adney and
Baker [31]. Sodium acetate was used as buffer adjusted at pH 5.
Hydrolysis went on for 48 h at 50 �C. The pH was set manually at 5
with 10% sodium hydroxide. Following enzymatic hydrolysis, the

concentrations of glucose and xylosewere determined in the slurry.
All tests were conducted in duplicates.

2.5. Simultaneous saccharification and fermentation

Slurries showing the highest glucose yields during enzymatic
hydrolysis, were chosen for SSF. Slurries were pressed to reach a
15% WIS content with the same procedure described previously.
SSF was performed in 2 L fermenters (Infors AG, Bottmingen,
Switzerland) previously sterilized at 121 �C for 20 min, using 650 g
of unwashed material at 15% WIS. The pH was adjusted at 5 with
10% NaOH. Temperature in the fermenter was set at 45 �C, then
Cellic CTec3 (Novozymes, Bagsvaerd, Denmark) enzyme was added
at 10 FPU g�1 WIS, and temperature was maintained at 45 �C for
20 h as a pre-hydrolysis step. Thereafter, the mixture was cooled to
35 �C and supplemented with 3 g L�1of S. cerevisiae Ethanol Red
(Lesaffre, Marq-en-Barceul, Roubaix, France) yeast, and
0.5 g L�1 NH4PO4 as nutrient source. SSF was performed at 35 �C for
96 h. Samples were taken after 2, 4, 7,10,12, 24, 48, 72 and 96 h, and
analysed by HPLC for ethanol, monomeric sugars, acetic acid, for-
mic acid, and sugar degradation products. All SSFs and analyses
were performed in duplicates.

2.6. Anaerobic digestion

AD was performed using the method described by Hansen et al.

Fig. 1. Process configuration from the raw material to final ethanol and methane. Dashed graphics indicate the assessments carried out to select pretreated slurries for simultaneous
saccharification and fermentation (SSF), and the corresponding liquids for anaerobic digestion (AD).
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[32], to determine potential methane yield in the four pretreatment
liquids corresponding to the slurries chosen for SSF. Prior to AD, the
total organic carbon (TOC) contentwas determined in pretreatment
liquids by a total carbon analyser (Shimadzu, TOC-5050A) with an
auto-sampler (ASI-5000A). The carrier gas flow was set at
150 ml min�1, and the working temperature was 680 �C. In parallel
to this, total solids (TS) were determined drying the samples at
105 �C for 24 h, and volatile solids (VS) were determined by ashing
the dried samples at 550 �C for 2 h. All analyses were conducted in
duplicates.

Inoculum (active sludge) from an anaerobic digester was
collected from a municipal water-treatment plant (K€allbyverket,
Lund, Sweden), and was maintained in mesophilic conditions
(35 �C in the dark with repeated manual stirring) until the end of
biogas emission. TS and VS content of the starved inoculum were
determined with the same procedure used for pretreatment liquid.
Thereafter, inoculum and pretreatment liquid were mixed in a 2:1
(VS/VS) ratio, to give a total 500 g broth in bottles of 1 L volume,
which were kept in an incubator at 37 �C for 10 days. Anaerobic
digestionwas monitored using the system Yieldmaster (BlueSens ®,
Herten, Germany): biogas volume was measured with precision
mass flow metres (Ritter MilliGascounter®, Bochum, Germany);
methane concentration was determined with an infrared (IR)
sensor, and the data were collected via BACCom units to BACVis
software (BlueSens ®, Herten, Germany).

2.7. Analytical determinations

Sugars from structural carbohydrates in the raw material, slurry
and pretreatment liquid were determined by HPLC equipped with a
refractive index detector. Glucose, xylose, arabinose, galactose and
mannose were separated using an Aminex HPX-87P column (Bio-
Rad, Hercules, CA, USA) at 85 �C with a flow rate 0.5 ml min�1 using
water as eluent.

Ethanol, acetic acid, formic acid, furfural and HMF in pretreat-
ment liquid were determined by HPLC with a refractive index de-
tector, using an Aminex HPX-87H column (Bio-Rad, Hercules, CA,
USA) operating at 50 �C with a flow rate of 0.5 ml min�1, using
5 mmol l�1 sulphuric acid as eluent. All samples had been filtered
through a filter of pore diameter 0.2 mm before analysis.

2.8. Calculations and statistical analysis

Lignin removal was calculated as proposed by Kim et al. [33]:

Lignin removal ¼ 1� WL (1)

where WL is the fraction of residual lignin expressed as follows:

WL ¼
L,YT
L0

(2)

where L is the amount of Klason lignin in the pretreated material
(g), YT the yield of total solids (%) determined after pretreatment,
and L0 the amount of Klason lignin in the raw material (g).

Sugar yields were calculated as percent sugar recovered after
pretreatment, on the raw material basis. Specifically, glucose and
xylose yields were calculated by dividing the total of each sugar
determined in pretreatment liquid and washed slurry after enzy-
matic hydrolysis, by the total amount contained in the rawmaterial.
For each sugar, the former proportion represents pretreatment
yield, while the latter is enzymatic hydrolysis yield.

Ethanol yield was calculated using the measured amounts of
glucose and ethanol in the fermentation broth at the end of SSF, by
the following formula:

YEtOH ¼ CEtOHð1�WISendÞ, M
1000

0:51,
h
WIS,M,sglc þ Vhyd,cglc

i (3)

where YETOH is the overall ethanol yield resulting from SSF (% of
theoretical value); CETOH is the final concentration of ethanol (g
L�1); M is the total mass (g); WIS and WISend are the fractions of
water insoluble solids (%) calculated at the beginning and the end of
SSF, respectively; sglc is the mass fraction of glucose in pretreated
fibres (g g�1); Vhyd is the starting volume in the reactor (L); cglc is
the concentration of glucose at the start of SSF (g L�1).

To better evaluate the effectiveness of Ca(OH)2 as catalyst, a
response surface analysis was carried out with the SigmaPlot 10
software (Systat Software Inc., Chicago, IL, USA), using Ca(OH)2
concentration and a severity factor (Log R0) that combines resi-
dence time and temperature, to identify optimal conditions for
lignin removal. The severity factor [34] was calculated as follows:

Log R0 ¼ Log
�
t,ε

�
T�Tref
14:75

�
�

(4)

where t is the residence time (min), T pretreatment temperature
(�C), and Tref the reference temperature (100 �C).

The combined energy yield, i.e. ethanol from SSF, methane from
AD and the amount of energy in the residual solid after SSF, was
calculated per unit dry weight of the raw material, assuming 27.1,
50 and 17.4 kJ g�1 energy content for ethanol, methane and solid
residue, respectively [14,35].

In all traits, normal distribution and equal variance of data were
controlled through the KolmogoroveSmirnov and Bartlett tests,
respectively. Data were then submitted to one way analysis of
variance (ANOVA) through the CoStat 6.3 software (CoHort Soft-
ware, Monterey, CA, USA). The lowest significant difference (LSD)
test at P � 0.05 was used to separate means of significant traits.

3. Results and discussion

3.1. Raw material composition

On a dry weight basis, switchgrass biomass consisted of
16.0± 0.1% extractives, 30.3± 0.3% glucan, 29.0± 0.7% xylan,
4.2± 0.3% arabinan, 16.4± 1.3% lignin, and 2.5± 0.5% ash. These data
are in the range of other analysis carried out on switchgrass [46,37].
However, a wide analytical range was also observed in other works,
concerning extractives and ashes [10,16,38].

3.2. Pretreatment evaluation

3.2.1. Sugars and inhibitors in pretreatment liquid
Fig. 2 shows the concentration of inhibitors in pretreatment

liquid: acetic acid and furfural are pentose degradation products,
while formic acid and HMF are hexose degradation products. For-
mic acid exerts a stronger inhibition on S. cerevisiae [39] than acetic
acid. Both acids were below the thresholds of cell death of the yeast,
although concentrations above the thresholds of inhibition (6 and
4.6 g L�1 for acetic and formic acid, respectively) [40] were detected
in the two pretreatments conducted at high temperature (205 �C)
and lime concentration (0.7%) for 10 and 15 min (P11e12). In
general, even a low addition of Ca(OH)2 (0.4%) to steam explosion
enhanced the content of acetic and formic acid: 5.2 and 1.5 g L�1

(average of P4e6) vs. 2.4 and 0.6 g L�1 (average of P1-3), respec-
tively. Lime concentration and temperature further augmented the
level of the two respective compounds: 5.6 and 2.5 g L�1 (average of
P7e9); 6.2 and 4.0 g L�1 (average of P10e12). Lastly, residence time
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only enhanced formic acid when passing from 5 to 10min (average,
1.5 g L�1) to 15 min (3.1 g L�1).

In contrast to this, furfural and HMF contents were significantly
increased only by acid addition to steam explosion (H2SO4 at 0.2%).
Even so, HMF remained quite low (0.7 g L�1), whereas furfural rose
to a critical level (2.3 g L�1). This is based on the fact that concen-
trations so low as 1e5 g L�1 are acknowledged to affect fermen-
tation, although final ethanol yield is generally uninfluenced [41].

Glucose and xylose concentration in the liquid varied with
pretreatment conditions (Table 2). Glucose in its monomeric form
was above detection limit only in the autohydrolysis (P1-3) and
with H2SO4 addition (P13), which is in accordance with Balan et al.
[42]. Glucose oligomers were always found in amounts higher than
the corresponding monomer (Table 2).

Monomeric glucose concentrations with lime addition corre-
spond to pretreatment yields (ca. 0.1%) very similar to that calcu-
lated from data of Wyman et al. [43] with the same catalyst.
Conversely, our data with sulphuric acid corresponds to half the
yield observed in the cited work [43] (3.8 vs 7.4%) with the same
catalyst.

Monomeric xylose depicted a similar behaviour as glucose
(Table 2): detectable amounts were only shown using autohy-
drolysis and, to a greater extent, acid addition. Regarding oligo-
meric xylose, the highest values were found using autohydrolysis

(average, 19.6 g L�1). Conversely, low levels were evidenced with
alkaline pretreatment under mild conditions (195 �C for 5 min) (P4
and P7), and in acid addition (P13). This effect of autohydrolysis and
lime in enhancing the oligomeric vsmonomeric fraction of xylose is
consistent with the findings of Wyman et al. [43].

Similar pretreatment effects were observed by Kim et al. [44]:
high hemicellulose removal with autohydrolysis and mild acid
catalysis, and strong retention (�85%) of initial cellulose in the solid
phase. However, in the cited study [44] a higher concentration of
lime was used (1 g g�1 of biomass), in association with lower
temperature (120 �C), longer retention time (4 h), and higher water
to solid ratio. Especially this last condition is detrimental in a
perspective of full scale operation, hampering lime recovery at the
end of the process. Compared to this, our study aimed for a pre-
treatment route compatible with lime recovery in a frame of
reduced environmental impact.

3.2.2. Lignin removal
The amount of lignin removed from the raw material after

pretreatment ranged between 9 and 38% (data not shown). Steam
alonewas least effective in removing lignin (average of P1-3, 11.5%).
Supplying Ca(OH)2 at low concentration (0.4%) and standard tem-
perature (195 �C), lignin removal increased to an average 18.1%. At
high concentration (0.7%), the best delignification was achieved
(34.6%). At high concentration and temperature (205 �C), almost
the same result was obtained (30.9%). Compared to this, supplying
H2SO4 determined a modest lignin removal (14.6%).

The overall effect of lime concentration, time and temperature,
the latter two combined in the severity factor (eq. (4)), is best
depicted by the plot of lignin removal in response to Ca(OH)2 and
Log R0 (Fig. 3): the alkaline catalyst played a stronger role in lignin
removal, than the increase in severity. Based on this, the highest
delignification occurred at high lime concentration, in combination
with a moderate severity. In a previous study on sugarcane bagasse
with the same pre-treatments except acid addition, a similar
pattern was shown [45], although the severity factor was more
adversely related to the amount of lignin removed as the likely
consequence that bagasse is a post-process residue instead of a raw
substrate as switchgrass.

Garlock et al. [46] observed a similar pattern of lignin removal in
switchgrass upon the effect of multiple pretreatments. However,
they obtained a stronger lignin removal (50% vs 33% in this study)
with higher lime addition (1 g Ca(OH)2 g�1 vs 0.125 g g�1 in this
study) and water to solid ratio (16:1 vs 1:1), although less severe

0

1

2

3

4

5

6

7

8

1 2 3 4 5 6 7 8 9 10 11 12 13

In
hi

bi
to

rs
 (g

 L
-1

) 

Acetic acid

Formic acid

Furfural 

HMF

Pretreatment

LSD0.05

0.13

0.08

0.06

0.14

Fig. 2. Concentration of inhibitors in pretreatment liquid. Error bars show ±SD. LSD0.05 indicates least significant differences at P � 0.05.

Table 2
Sugars in pretreatment liquid.

Pretreatment Glucose (g L�1) Xylose (g L�1)

Monomer Oligomer Monomer Oligomer

1 1.9 3.2 1.1 17.1
2 1.8 3.2 3.9 25.4
3 1.5 2.1 5.1 17.7
4 b.d.l. 2.3 0.2 6.7
5 b.d.l. 3.9 0.3 16.7
6 b.d.l. 3.7 b.d.l. 15.6
7 b.d.l. 3.1 b.d.l. 12.4
8 b.d.l. 4.6 b.d.l. 20.1
9 b.d.l. 4.3 b.d.l. 19.1
10 b.d.l. 3.9 b.d.l. 18.8
11 b.d.l. 4.4 b.d.l. 18.2
12 b.d.l. 4.2 b.d.l. 14.0
13 4.3 2.5 16.0 13.8
LSD0.05 0.02 0.16 0.09 0.81

b.d.l. means below detection limit. LSD0.05 indicates least significant differences at
P � 0.05.
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conditions were adopted (Log R0 3.0 vs 3.9). Thus, it appears that
the two former factors played a major role in enhancing switch-
grass delignification. However, the cost and the burden associated
with higher catalyst dosage and more diluted pretreatment should
be accounted for, in the perspective of full scale operation.

3.2.3. Glucose and xylose yield
Glucose and xylose yields in the slurry after enzymatic hydro-

lysis and in pretreatment liquid exhibit a contrasting picture be-
tween the two sugars (Figs. 4 and 5), as observed in other studies on
switchgrass [38,40]. In general, glucose featured a much higher
recovery in the slurry following enzymatic hydrolysis (on average
61%), than in pretreatment liquid (on average 7%). Hence, this sugar

partitioned more to the solid fraction (slurry) aimed for SSF, in
accordance with its intended use. Xylose showed a more balanced
yield between slurry (on average 27%) and pretreatment liquid (on
average 33%). The overall yield of glucose and xylose in the two
combined fractions achieved a similar share (68 and 60%) of the
respective amounts of glucan and xylan contained in the raw
material.

Large differences were observed among pretreatment condi-
tions (Fig. 4). In general, the addition of alkaline catalyst did not
increase the two sugars' yield, whereas the acid catalyst improved
glucose recovery (in both fractions), and also xylose recovery (only
in pretreatment liquid). With strong lime addition, Wyman et al.
[43] obtained a 35% xylose release in pretreatment liquid vs. 27% in

Fig. 3. Lignin removal in response to severity factor (Log R0) and Ca(OH)2 concentration during pretreatment.
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this study, in exchange for a lower solubilisation of cellulose (1.5%
vs 6.5% in this study).

Concerning the effect of acid catalyst, Wyman et al. [43] re-
ported a higher xylose yield in pretreatment liquid (74% vs 53% in
this study) in exchange for a lower glucose yield (7% vs. 12%), under
conditions of higher acid concentration (2.5 vs 0.2%), lower severity
(Log R0, 2.8 vs 3.8), and higher water to solid ratio (9:1 vs 1:1) than
in this study. Dien et al. [47] obtained the same glucose release in
pretreatment liquid as in this study (11%), operating on switchgrass
at an earlier stage (anthesis), i.e. potentially easier to be degraded. It
appears, therefore, that in the cited work a lower severity (Log R0,
2.8 vs 3.8 in this study) compensated for a much higher acid con-
centration (2.5 vs 0.2%) and water to solid ratio (9:1 vs 1:1) than in
this study.

Increased residence time enhanced glucose enzymatic yield in
autohydrolysis (P1-3) and lime at low concentration and temper-
ature (P4e6), but not at high concentration and temperature
(P7e12). A generally higher yield in glucose enzymatic hydrolysis
was observed in a previous study on sugarcane bagasse [45],
apparently due to the fact that bagasse is a substrate loosened by
previous sugarcane processing, requiring lower pretreatment in-
tensity than switchgrass raw biomass.

A positive effect of time was also observed in xylose pretreat-
ment yield, including high Ca(OH)2 concentration (P7e9). How-
ever, for this sugar increases in pretreatment yield tended to be
compensated by decreases in enzymatic hydrolysis yield.

Lime did not improve enzymatic hydrolysis of the slurry, in
contrast to other studies [43,46], where higher yields were evi-
denced for both hemicellulose and cellulose. This difference could
be due to lower solid loading (1% vs 5%) associated to longer resi-
dence time (168 vs 48 h) than in this study. The two factors com-
bined contribute to enhance the solubilisation of the solid fraction,
as demonstrated by Pallapolu et al. [48].

In general, a higher degradation of cellulose was obtained in
exchange for a lower hydrolysis of hemicellulose, with respect to
other experiments on switchgrass [43,45,48]. This contrasting ef-
fect on the two fibre components is likely due to the lowermoisture
of switchgrass during steam explosion in this study (ca. 45% vs. 90%
in the cited cases). In fact, a high water to solid ratio as in the cited
works [43,46,49] facilitates biomass degradation during steam
explosion. This is based on the assumption that high water

availability can better penetrate cell structure, hydrate cellulose,
but especially, remove hemicellulose [20]. This, in turn, may explain
the higher amount of hemicellulose hydrolysed during pretreat-
ment with biomass at high moisture content, or under high water
to solid ratio. However, massive use of water involves a propor-
tionally higher amount of energy required for pretreatment, sugar
recovery and downstream processes, resulting in a relevant draw-
back from several viewpoints.

3.3. Simultaneous saccharification and fermentation

Based on high glucose yields shown in enzymatic hydrolysis
(Fig. 4), pretreatments 3, 5, 9 and 13 were selected for SSF at high
WIS content (15%). The four slurries diverged in the amount of
initial glucose (Fig. 6): 41 g L�1 in P3 (steam pretreatment alone) vs.
an average of 49 g L�1 with alkaline (P5 and P9) or acid catalyst
(P13). Despite this, glucose depletion followed the same trend
during SSF: steep linear decrease from the aforementioned levels to
ca. 5 g L�1 in the first 10 h (average glucose consumption rate,
4.5 g L�1 h�1), followed by slow decrease to almost nil at the end of
the process (average consumption rate, 0.05 g L�1 h�1).

In parallel to this, ethanol concentration increased from zero to
ca. 30 g L�1 in the first 20 h, settling around this figure for the rest of
time. This pattern corresponds to a first-order kinetics: in fact, the
four pretreatments fit this curve with very good precision
(R2 � 0.95**) (function parameters not shown). However, the
cumulated amount of ethanol at the end of SSF outlined statistical
differences: autohydrolysis (P3) attained a ca. 10% lower ethanol
(29.8 g L�1) than Ca(OH)2 addition at 0.4% (P5) (33.5 g L�1). The
other two pretreatments with alkaline catalyst at high dose (P9),
and with acid catalyst (P13) featured an intermediate 31.5 g L�1of
ethanol.

This is in contrast with enzymatic hydrolysis showing a higher
glucose yield in P3 than P5 (80 vs. 70%) (Fig. 4): owing to this, the
former pretreatment was expected to yield more ethanol. However,
this result may be explained with a sort of alkaline detoxification
associated with use of calcium hydroxide in pretreatment, resulting
in a better fermentation [50].

In general, the ethanol yield obtained with lime addition ranged
between 65 and 76% of the theoretical (eq. (3)) for P9 and P5,
respectively. These data were slightly lower than those obtained on
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switchgrass by Chang et al. [20] (70e90%), which may be explained
by the slightly higher enzyme loading (25 FPU g�1 cellulose) and
moisture (WIS, ca. 5%) adopted in the cited work during SSF runs. It
has already been observed [51e53] that running SSF experiments at
high WIS concentration decreases percent ethanol yield on the
theoretical, even though the resulting sugar concentration and
subsequent ethanol concentration increase. In fact, ethanol con-
centrations at the end of SSF in this study (Fig. 6) were higher than
those obtained in SSF's conducted at lowerWIS: these latter ranged
between 14 and 22 g L�1 [20,54,55]. Final ethanol concentration
significantly affects processing costs, in particular distillation [56].
This is especially true in light of the fact that an industrial titre
40 g L�1 is indicated as threshold for profitable processing [57,58].

3.4. Anaerobic digestion

The four pretreatment liquids selected for AD consistently var-
ied in TOC, TS and VS (Table 3). Acid catalysis (P13) attained the
highest levels of TOC and TS, in accordance with a higher recovery
of soluble sugars in the liquid fraction (Figs. 4 and 5). Autohy-
drolysis (P3) exhibited slightly lower TOC and TS, in exchange for
higher VS. Lastly, lime (P5 and P9) featured the lowest TOC, TS and
VS. This, too, reflects a generally low concentration of xylose in the
two pretreatments with lime (Figs. 4 and 5). In fact, utilization of
alkaline conditions favours the release of polymeric sugars from
hemicellulose during pretreatment, compared to autohydrolysis or

acidic conditions. Most of these sugars are transformed into
monomeric sugars only after enzymatic hydrolysis, hence they are
not completely available for AD in pretreatment liquid.

AD demonstrated a much higher CH4 output per unit VS after
alkaline or acid addition to steam explosion (Table 3). In the case of
lime, a dose response is also perceived. The effect of chemical
pretreatment on lignocellulosic biodegradability is already
acknowledged in the literature [59,60]. However, in this study such
effect extends to a liquid with a low level of all inhibitors (Fig. 2),
thus assumed to be easily degradable.

3.5. Combined energy yield

Combined energy yield (ethanol, methane and residual solid)
best shows pretreatment effects referred to unit dry weight of
switchgrass biomass (Fig. 7). Energy from ethanol increased from
3.2 kJ g�1 in autohydrolysis (P3) to 4.2 kJ g�1 with lime at low
concentration (P5), whereas lime at high concentration (P9) and
acid addition (P13) did not improve this trait with respect to P3. In
contrast to this, energy from methane was remarkably increased
only by acid addition (1.7 kJ g�1 in P13 vs 0.8 kJ g�1 in P3). Lastly,
residual energy outlined the same trend as ethanol: significant
increase with lime at low concentration (8.3 kJ g�1 in P5 vs
7.2 kJ g�1 in P3); no increase with high lime concentration (P9) and
sulphuric acid (P13).

Therefore, pretreatments generally enhanced the energy output,
as it concerns the two biofuels ethanol and methane. Conversely,
strong pretreatments (P9 and P13) had less residual solid than
pretreatments with no (P3) or low (P5) catalyst concentration, and
this negatively affected the amount of residual energy. As a result,
autohydrolysis and the two strong pretreatments were substan-
tially equivalent in terms of combined energy yield (7.2, 7.2 and
7 kJ g�1 in P3, P9 and P13, respectively), while low lime concen-
tration (P5) was top ranking (8.3 kJ g�1).

Although residual energy may not completely be exploited as it
cannot easily be transported as a liquid (ethanol) or gaseous
(methane) fuel, the fact remains that residual solid can be used for
pellets, or for steam and power generation for internal uses at a
power plant. Thus residual energy has to be accounted for, in the
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Table 3
Characteristics of four selected pretreatment liquids, and methane yield after
anaerobic digestion.

Pretreatment TOC
(g L�1)

TS
(%)

VS
(% TS)

CH4

(NmL g�1 VS)

3 21.3 2.4 87.6 137.5
5 16.5 2.2 69.3 226.4
9 17.8 1.9 58.9 300.5
13 25.6 2.8 83.4 281.8
LSD0.05 2.2 0.6 14.9 139.3

TOC, total organic carbon; TS, total solids; VS, volatile solids. LSD0.05 indicates least
significant differences at P � 0.05.
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overall product yield. Its weight on combined energy yield
consistently declined from 44% in autohydrolysis to 33% in acid
catalysis, further proving that mild pretreatment conditions as
steam alone leave a relevant share of the total energy unexploited
in the final residue.

In the literature, higher values of energy output from analogous
configuration processes are reported for lignocellulosic sources as
corn stover [14] and oat straw [61]. However, the cited studies
evidenced a weaker benefit from pretreatments on the combined
ethanol and methane: ca. þ15% and þ3% energy output with acid
addition in the two respective sources, compared to þ29% with
lime addition at low concentration (P5) in this study.

4. Conclusion

The aim of this study was to compare the effects of steam ex-
plosion alone and after impregnation with calcium hydroxide or
dilute sulphuric acid on switchgrass, in order to test lime as po-
tential substitute for acid catalyst. Lime showed a great potential
when ethanol was focused, whereas acid addition produced higher
methane yield. The latter outcome, in association with low con-
centration of inhibiting compounds in pretreatment liquid, proves
that restrained use of sulphuric acid may not be detrimental in
steam explosion. However, low concentration of lime was less
aggressive and secured more residual solid after SSF, resulting in
higher energy potential per unit raw biomass.

More to this, utilization of lime favours the release of polymeric
sugars from hemicellulose during pretreatment. Thus, lime
impregnation could be well suited for applications where hemi-
cellulose sugars will be used for, e.g., production of bioplastics. This
could be an alternative pathway to anaerobic digestion, leading to
high added value products.

The low water to solid ratio adopted in this study is the premise
for reductions in the amount of water consumed during pretreat-
ment, while the use of calcium hydroxide and its final recovery as
calcium carbonate avoid to handle effluents containing toxic
compounds in downstream processing, and provide a marketable
by-product for agricultural applications.

Lastly, simultaneous saccharification and fermentation at high
concentration of solids (15% WIS) improved previous records in
final ethanol concentration. Further increases may be envisaged
through augmented solids concentration (20% WIS). However, this
option is responsible for lower ethanol yield on the theoretical
maximum, hence potential benefits are at least partially offset.
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