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a b s t r a c t

Renewable and green energy sources are much sought. Bioethanol is an environmentally friendly
transportation fuel. Pine cones from Pinus radiata were shown to be a potential feedstock for the pro-
duction of bioethanol. Alkaline (NaOH) pretreatment was carried out to delignify the lignocellulosic
material and generate holocellulose (72 wt. % yield). The pretreated biomass was hydrolysed using HCl as
catalyst under microwave irradiation and hydrothermal conditions. Microwave irradiation was found to
be better than the hydrothermal process. Microwave irradiation accelerated the hydrolysis of biomass
(42 wt. % conversion) with the reaction conditions being 3 M HCl and 5 min of irradiation time. Inter-
estingly, even the xylose, which is the major component of the hydrolyzate was found to be metabolized
to ethanol using Baker's yeast (Saccharomyces cerevisiae) under the experimental conditions. 5.7 g of
ethanol could be produced from 100 g of raw pine cones.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Towards the realization of the objective of practical biorefinery,
enormous efforts are beingmade for converting biomass to biofuels
(Baeyens et al., 2015; Fan et al., 2014; Horvath et al., 2008; Kang
et al., 2014a, 2014b, 2014c; Kim et al., 2003; Meerbeek et al.,
2015; Pulidindi et al., 2014a, b; Victor et al., 2014). The hypothesis
tested in the current work ise Can pine cones from Pinus radiata be
a renewable feedstock for fuel ethanol production? Wood of P.
radiata is well studied for ethanol production (Reyes et al., 2013;
Franco et al., 2011; Fissore et al., 2010; Monrroy et al., 2010;
Munoz et al., 2007). Unlike wood chips, the pine cones are a
waste and renewable resource from P. radiata plantation. The use of
pine cones would be a better choice relative to wood for bioethanol
production. Currently pine cones are of minor importance relative
to the first (sugarcane, corn, wheat, cassava), second (lingo cellu-
losic biomass) and third (algae) generation bioethanol feedstock
which have been extensively investigated (Baeyens et al., 2015).
Extensive studies need to be made before pine cones could be
, Bar-Ilan University, Ramat-

ken).
economically collected and transformed into a promising biomass
source and the present study is an effort in that direction.

Baeyens et al., critically reviewed the challenges involved in
improving the state-of-the-art bioethanol production processes.
Raw material production cost is an important factor in addition to
the improvements in fermentation (very high gravity), micro
filtration of the broth, bioethanol distillation (integrated con-
densers and reboilers), and ethanol dewatering (membrane tech-
nology) (Baeyens et al., 2015; Kang et al., 2014c).

Typical challenges in the production of bioethanol include,
pretreatment, hydrolysis, ethanol tolerance of the yeast, ethanol
yield, and fermentation rate (Pulidindi and Gedanken, 2015). The
generation of fermentation inhibitors like acetic acid, hydroxy
methyl furfural, furfural, glycol aldehyde and soluble phenolic
compounds is also a prominent issue to be solved (Cavka et al.,
2011; Sanda et al., 2011; Carter et al., 2011a, b; Raghu et al., 2011;
Yong-Jin et al., 2011; Lee et al., 2011; Huang et al., 2011; Zhang
et al., 2011; Bellido et al., 2011; Geddes et al., 2011; Sainio et al.,
2011; Jayakody et al., 2011). A variety of biomass (cashew apple
pulp, coffee pulp waste, switch grass, oil palm empty fruit bunches,
seaweeds, bamboo, sugar-cane tops) are being examined as
economically viable feedstock for the production of bioethanol
(Sindhu et al., 2011; Zhao-Yong et al., 2011; Shenoy et al., 2011;

Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:gedanken@mail.biu.ac.il
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jenvman.2015.07.038&domain=pdf
www.sciencedirect.com/science/journal/03014797
http://www.elsevier.com/locate/jenvman
http://dx.doi.org/10.1016/j.jenvman.2015.07.038
http://dx.doi.org/10.1016/j.jenvman.2015.07.038
http://dx.doi.org/10.1016/j.jenvman.2015.07.038


A. Victor et al. / Journal of Environmental Management 162 (2015) 215e220216
Martin and Grossmann, 2011; Han et al., 2011; Yanagisawa et al.,
2011a, 2011b). Bioethanol is a renewable and environmentally-
friendly (carbon neutral) fuel in contrast to the fast depleting,
petroleum-based fuels (Pulidindi et al., 2012; Parmar et al., 2011;
Sasaki et al., 2011; Paivi et al., 2011; Dias et al., 2011). Glucose
based raw materials like sugarcane juice or molasses (Brazil), corn
(US), cassava (China, Nigeria) were extensively used worldwide for
bioethanol production as they readily release glucose and facilitate
fermentation (Kang et al., 2014a). Cellulosic (second generation)
bioethanol could be a promising alternative to first generation
bioethanol provided the current bottlenecks (number of opera-
tional steps, production of inhibitors, alcohol tolerance and con-
version efficiency) are surmounted (Kang et al., 2014b). Intense
research is devoted to the exploitation of marine algae for bio-
ethanol (third generation) production (Korzen et al., 2015a, 2015b).
Baeyen's have recently reviewed the possibilities and challenges in
the third generation bioethanol production (Baeyens et al., 2015).

Biomass (terrestrial or marine) constitutes an abundantly
available and renewable feedstock for the production of bioethanol.
The objective of the present work is to exploit the pine cones, a
sustainable waste material, from the tree, P. radiata, as a viable
feedstock for the production of bioethanol. Such a lignocellulosic
biomass which is available in plenty remained unused for bio-
ethanol production. The feasibility of xylose metabolism to ethanol
using Saccharomyces cerevisiae (Baker's yeast) was demonstrated.

2. Experimental

Pine cones fallen from the trees were collected from the Eli
Cohen park near Bar Ilan University, Israel. Various experimental
stages involved in the conversion of pine cones to bioethanol
include delignification, hydrolysis of holocellulose and fermenta-
tion of carbohydrate monomers to ethanol. Pine cones were sub-
jected to grinding in a mechanical blender and sieved with a USA
standard testing sieve to a mesh size of 250 mm. The powder ma-
terial obtained was subjected to delignification. Typical delignifi-
cation process consists of treating 10 g of ground pine cones with
100 mL of 0.125 M NaOH for 1 h at 70 �C under stirring in a water
bath (Han et al., 2011). The contents were then filtered through a
filter paper (Whatman® 150 mmF) and washed with excess water.

The hydrolysis of pretreated biomass was carried out in the
presence of HCl as catalyst. Two methods, namely, microwave
irradiation as well as hydrothermal treatment in a polytetra-
fluoroethylene (Teflon) lined stainless steel autoclave, were used
for the hydrolysis of biomass. Microwave irradiation was carried
out in two devices: a domestic as well as commercial (MARS, CEM)
microwave ovens. The domesticmicrowave oven (DMWO) operates
at 2.45 GHz in a batch mode under atmospheric pressure. The
output of the domestic microwave reactor was 1100 W. The mi-
crowave ovenwas modified so as to have provision for a distillation
column passing through the MW oven (for enhanced safety of
operation) as well as a stirring facility during the reaction (Pulidindi
et al., 2014a, b). The temperature attained by the reaction batch
(90 �C) upon microwave irradiation is measured using a pyrometer
(Fluke, 65 Infrared Thermometer). Use of commercial (MARS, CEM)
microwave oven permitted the precise control as well as variation
of temperature of saccharification. Typical hydrolysis of pretreated
biomass on domestic microwave oven involves irradiating 0.5 g
biomass with 10 mL of HCl (1, 3 and 5 M) for 5 min. So as to obtain
significant amount of the fermentable sugars to be converted to
ethanol, the hydrolysis process was also scaled up to 2.6 g of raw
pine cones.

Typical hydrolysis of pretreated biomass on commercial mi-
crowave oven involves irradiating 0.25 g of the sample with 5 mL of
3 M HCl for 10 min at 80, 100 and 120 �C. The devices used for the
process of saccharification are depicted in Fig. 1.
In addition to using microwave irradiation for the hydrolysis

reaction, conventional hydrothermal method has also been
employed. Typical hydrolysis of delignified biomass in an autoclave
involves subjecting 0.5 g of the sample with 10 mL of HCl (1, 3 and
5 M) to hydrothermal treatment for 60 min at 120 �C.

The unreacted solid mass was separated from the hydrolyzate
by filtration through a filter paper (Whatman® 150 mmF). The
filtrate was analyzed by 13C NMR for fermentable sugars. The res-
idue was dried in an air oven at 100 �C overnight. The wt. % con-
version of holocellulose was calculated from the difference in the
weight of the initial and final amounts (Pulidindi et al., 2014a, b).
Fermentation of the hydrolyzate was carried out using S. cerevisiae
(Baker's yeast procured from super market) in an incubator at 37 �C
and at 150 rpm shaking. Typical fermentation process comprised of
placing the 60 mL hydrolyzate (obtained from the hydrolysis of
1.85 g pretreated biomass) in a 250 mL Erlenmeyer flask. The hy-
drolyzate was neutralized with NaOH solution. To the neutral hy-
drolyzate 1.2 g Baker's yeast was added. The contents were
incubated at 37 �C. Aliquot of sample from the fermentation broth
was collected at 18th h. The duration of fermentationwas arbitrarily
chosen. Qualitative analysis of the sugars in the hydrolyzate and
ethanol in the fermentation broth was carried out using 13C and 1H
NMR respectively. D2O was used as the solvent. 1H NMR and 13C
NMR spectra were recorded on a Bruker Avance DPX 300. Quanti-
fication of fermentable sugars in the hydrolyzate and ethanol in the
fermentation broth was carried out using HPLC analysis using a
strong cation-exchange column (Aminex HPX-87H, 300 � 7.8 mm).

3. Results and discussion

3.1. Pretreatment of pine cones

High cost (~33% of the total cost) of pretreatment of biomass is
one of the stumbling blocks for the commercialization of 2nd gen-
eration bioethanol (Baeyens et al., 2015). Kang et al., made a
detailed review of the biomass pretreatment methods that have
been developed so far. Alkaline (dil. NaOH) pretreatment is one of
the practically viable methods yielding high fermentable sugars
with low investment, among several physical (steam explosion,
ultrasound, microwave and gamma ray irradiation) and chemical
(acid, alkali, salt, wet oxidation) methods (Kang et al., 2014b).

The alkaline (NaOH, 0.125 M) pretreatment was effective in the
delignification of the pine cones. From the original 10 g of pine
cones 72 wt. % holocellulose was generated.

The XRD patterns of raw (original pine cone power before
delignification), alkali treated (pine cone powder after delignifica-
tion) and the residual biomass (the unreacted holocellulose upon
acid hydrolysis under microwave irradiation) were shown in Fig. 2.

It is known that naturally occurring cellulose (from biomass)
exists in a mixture of triclinic (Ia) and monoclinic ((Ib) phases with
the Ib phase being the dominant one. The peaks typical of cellulose
were indexed (Park et al., 2010). The relative intensities of I002 and
I101 peaks did not change upon delignification, meaning that the
cellulose component remain unaffected during alkali pretreatment.

On the contrary, the XRD pattern of the residual biomass after
hydrolysis reaction, the I002 and I101 appear more or less equally
intense. In general, the I002 peak is attributed to amorphous cel-
lulose. Decrease in I002 and increase in I101 peak intensities in the
residue are expected upon hydrolysis. Generally during acid hy-
drolysis, the amorphous cellulose is preferentially converted rela-
tive to the crystalline fraction. Thus the value of I002/I101 close to
unity indicates that the residual unreacted component largely
comprise of the crystalline fraction of the biomass. Other minor
aspects of the XRD patterns include the appearance of additional



Fig. 1. Teflon lined stainless steel autoclave, (b) modified domestic microwave oven and (c) commercial microwave oven, MARS, CEM.

Fig. 2. XRD of raw, alkali pretreated and residual (unreacted during hydrolysis)
biomass.

Fig. 3. 13C MAS NMR spectrum of holocellulose from pine cones.

Fig. 4. 13C NMR spectra of the hydrolyzate from hydrothermal hydrolysis of
holocellulose.
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sharp lines (at 16.9, 36.9, 40.1, 50.4 and 68�) for the alkali pretreated
and residual biomass which could be due to the oxide species of Na
bound to the cellulose component as a result of alkali (NaOH)
pretreatment. The exact nature of the oxide species is out of the
scope of this study.

In addition to XRD, 13C MAS (magic angle spinning) NMR was
also employed to analyze the structure of the holocellulose ob-
tained from pine cones after alkali treatment. The NMR peak
pattern of the pretreated biomass is typical of Avicel PH-101 (Park
et al., 2010) and microcrystalline cellulose (Earl and VanderHart,
1980). The peaks were assigned to respective carbon nuclei of
cellulose and the regions of amorphous and crystalline cellulose
were indicated in the spectrum (Fig. 3).

3.2. Hydrolysis of holocellulose e hydrothermal method

The conventional hydrothermal method for the hydrolysis re-
action was carried out in a stainless steel autoclave placed in an air
oven. Conversion values of 32, 40 and 42 wt. % were observed with
1, 3 and 5 M HCl concentrations. 3 M HCl is the optimum concen-
tration of HCl. 13C NMR spectra of the hydrolyzate at different
concentrations of HCl are shown in (Fig. 4).

As expected glucose (C6 sugar) and xylose (C5 sugar) are
observed in the hydrolyzate. The cellulose and hemicellulose frac-
tions of the holocellulose yield glucose and xylose respectively
upon hydrolysis (Jacobsen andWyman, 2000). Even though the 13C
NMR spectra appears complexwith a cluster of peaks, we assign the
13C NMR peaks (92.2 (C1a), 72.8 (C2a), 74.0 (C3a), 71.4 (C4a), 60.9
(C5a) and 96.6 (C1b), 75.8 (C2b), 75.8 (C3b), 69.2 (C4b), 65.1 (C5b))
to xylose and the peaks at (60.6 (C6), 75.8 (C5), 69.5 (C4), 74.2 (C3),
72.7 (C2), 92.0 (C1a), 95.3 (C1b)) to glucose.



Fig. 5. 13C NMR spectra of the hydrolyzate from 1.85 g holocellulose hydrolyzate and
aliquot of sample from the fermentation broth (at 18th h).

Fig. 6. 1H NMR of the aliquot of sample from the fermentation broth at 18th h.
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Thus we could identify the presence of the sugars in the com-
plex spectrum with ease and authenticity. Interestingly the 13C
NMR spectra of both glucose and xylose appear exactly alike except
the additional peak at 65 ppm typical of C5 of a-D xylose. Thus the
hydrolyzate from the holocellulose of pine cones is a complex
mixture of a and b isomers of glucose and xylose. The highest
amount of conversion of holocellulose under optimal hydrothermal
conditions (120 �C, 1 h, 3 M HCl) is 40 wt. %.

3.3. Hydrolysis of holocellulose e microwave irradiation method

Microwave (0.3e300 GHz) irradiation accelerates the hydrolysis
of biomass. The biomass structure is degraded by the localized
heating. Enormous heat is generated within the material upon
absorption of microwave by the components (water, carbohy-
drates) of biomass. As a result of the disruption of biomass struc-
ture, carbohydrate components become accessible to catalytic
species leading to the acceleration of the hydrolysis process. Con-
trary to conventional heating, during microwave irradiation,
interaction takes place between the electromagnetic field and the
biomass resulting in rapid and volumetric heating. Such a heating
causes explosive effect on biomass particles and the cellulosic
structure is altered at the nano regime (Pulidindi and Gedanken,
2015).

Microwave irradiation (in domestic oven) of the holocellulose
was carried out for 5 min. Holocellulose conversion values of 38, 42
and 44 wt. % respectively were obtained with 1, 3 and 5 M HCl,
respectively. The 13C NMR spectra of the hydrolyzate obtained at
different acid concentrations were shown in Fig. S1.

Irrespective of the concentration of acid, the product selectivity
remained the same (the products being only glucose and xylose).
No dehydration product (hydroxyl methyl furfural, HMF) of glucose
is observed. HMF was known to inhibit the fermentation of sugars
in the hydrolyzate to ethanol. Absence of HMF is advantageous
from the viewpoints of absence of subsequent decomposition
products of HMF (namely, levulinic and formic acids) and also
prevention of inhibition of fermentation kinetics.

To have a precise control over the reaction temperature and also
to carry out the hydrolysis process at different temperatures, the
reaction was carried out in a commercial microwave oven at 80,
100 and 120 �C with 3 M HCl for 10 min. Conversion values of 32,
36 and 46 wt. % were obtained at 80, 100 and 120 �C respectively.
The product selectivity remained the same in the temperature
range of 80e120 �C. Only glucose and xylose were observed in the
hydrolyzate (Fig. S2). No HMF, levulinic acid and formic acid are
noticed indicating the selective conversion of holocellulose to
glucose and xylose under microwave irradiationwith the optimum
reaction conditions being 10 min of irradiation at 120 �C with 3 M
HCl.

3.4. Fermentation of hydrolyzate e ethanol production

To produce significant amount of fermentable sugars from the
pretreated biomass, the hydrolysis batch was scaled up from 0.5 to
1.85 g pretreated biomass in a domestic microwave oven. Conver-
sion value of 36 wt. % of fermentable sugars (glucose and xylose)
was obtained in 5 min of irradiation with 3 M HCl.

The 13C NMR spectrum of the hydrolyzate thus obtained is
depicted in Fig. 5. 13C NMR revealed peaks at 17.2 and 58.0 ppm
corresponding to eCH3 and eCH2O fragments of ethanol (Fig. 5).

The spectral features (product distribution) were similar to that
obtained with 0.5 g batch. So as to produce ethanol from the
fermentable sugars obtained from the neutral hydrolyzate,
fermentation reaction was carried out with the addition of 1.2 g
Baker's yeast to the hydrolyzate. After 18 h of the fermentation, an
aliquot of the sample from the fermentation broth was taken and
analyzed by 13C NMR (Fig. 5) and 1H NMR (Fig 6).

Ethanol (3H, t at 1.3 ppm and 2H, q at 3.8 ppm) is also identified
through 1H NMR (Fig. 6). It can therefore be concluded that both 13C
NMR and 1H NMR showed the formation of ethanol from the
fermentable sugars (glucose and xylose). It was interesting to note
that, almost no trace of fermentable sugars was observed in the 13C
NMR spectrum of the aliquot of sample from the fermentation
broth at 18th h (Fig. 5). This indicates that in addition to glucose,
xylose (generated from hemicellulose) from pine cones could also
be metabolized by the Baker's yeast strain.

Quantitative estimation of sugars in the hydrolyzate and
unreacted monomer carbohydrates and the ethanol formed in the
fermentation broth was carried out using HPLC. Interestingly, the
hydrolyzate from pine cone holocellulose comprised of xylose
(27.8 mM) and glucose (4.5 mM). Upon fermentation, the xylose
(0.62 mM) and glucose (1.7 mM) levels were significantly reduced
resulting in the formation of ethanol (41.2 mM) as depicted picto-
rially in Fig. 7. This corresponds to an ethanol yield value of 5.7 wt. %
from raw pine cones.

The amount of ethanol was found to be 0.1485 g from 1.85 g
holocellulose (8.03 wt. %). It should be noted that 2.59 g original
pine cones yield 1.85 g holocellulose. Thus 0.1485 g ethanol could
be produced under optimal reaction conditions from 2.59 g pine
cones. Rezic et al., have reported an ethanol yield of 10 wt. % from
the sugar beet pulp (Rezic et al., 2013). De-oiled rice bran was re-
ported to yield 10.5e11.4 % ethanol (Beliya et al., 2013). Switch grass



Fig. 7. HPLC analysis of the aliquot from the pine cone hydrolyzate, and the fermen-
tation broth at 18th h (replicate no. n ¼ 3, error bars indicate standard deviation, SD).
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germplasms yielded 0.082 g ethanol/g of raw biomass (Yang et al.,
2009). Thus the yield of ethanol from pine cones was similar to the
yield obtained from other feedstock like sugar beet pulp, de-oiled
rice barn and switch grass. Moreover, the feasibility of the xylose
metabolism to ethanol using Baker's yeast is demonstrated in the
specific instance of P. radiata cones as biomass feedstock.

4. Conclusion

Pine cones which are usually a waste were utilized for the
production of bioethanol. Dilute alkali treatment was found to be
effective for the removal of lignin from the pine cones. Microwave
irradiation accelerated the acid hydrolysis of holocellulose to
fermentable sugars (xylose and glucose) relative to the conven-
tional hydrothermal process. Pine cones from P. radiata form a
potential and sustainable feedstock for ethanol production with
5.7 wt. % yield of ethanol.
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