
Review Article
Evaluating Lignin-Rich Residues from
Biochemical Ethanol Production of Wheat Straw
and Olive Tree Pruning by FTIR and 2D-NMR

José I. Santos,1 Raquel Martín-Sampedro,2 Úrsula Fillat,2 José M. Oliva,3 María J. Negro,3

Mercedes Ballesteros,3 María E. Eugenio,2 and David Ibarra2

1NMR Facility of Research (SGIker), Joxe Mari Korta Center, University of the Basque Country (UPV/EHU),
Avenida Tolosa 72, 20018 San Sebastián, Spain
2INIA-CIFOR, Forestry Products Department, Cellulose and Paper Laboratories, Ctra de la Coruña Km 7.5, 28040 Madrid, Spain
3CIEMAT, Renewable Energy Division, Biofuels Unit, Avenida Complutense 40, 28040 Madrid, Spain

Correspondence should be addressed to David Ibarra; ibarra.david@inia.es

Received 15 December 2014; Revised 24 February 2015; Accepted 5 March 2015

Academic Editor: Alireza Ashori
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Lignin-rich residues from the cellulose-based industry are traditionally incinerated for internal energy use.The future biorefineries
that convert cellulosic biomass into biofuels will generate more lignin than necessary for internal energy use, and therefore value-
added products from lignin could be produced. In this context, a good understanding of lignin is necessary prior to its valorization.
The present study focused on the characterization of lignin-rich residues from biochemical ethanol production, including steam
explosion, saccharification, and fermentation, of wheat straw and olive tree pruning. In addition to the composition and purity,
the lignin structures (S/G ratio, interunit linkages) were investigated by spectroscopy techniques such as FTIR and 2D-NMR.
Together with the high lignin content, both residues contained significant amounts of carbohydrates, mainly glucose and protein.
Wheat straw lignin showed a very low S/G ratio associated with p-hydroxycinnamates (p-coumarate and ferulate), whereas a strong
predominance of S over G units was observed for olive tree pruning lignin.Themain interunit linkages present in both lignins were
𝛽-O-4 ethers followed by resinols and phenylcoumarans. These structural characteristics determine the use of these lignins in
respect to their valorization.

1. Introduction

Fossil fuel exhaust and greenhouse gas (GHG) effects make
renewable biofuels, such as bioethanol and biodiesel, attrac-
tive options for oil replacement. In recent years, some
international policies, such as the European Union Directive
2009/28/CE, have been adopted to gradually replace fossil
fuels by biomass-based fuels or biofuels [1]. In this context,
the progress towards the production of bioethanol from
lignocellulosic biomass is fundamental.

Lignocellulosic biomass is an abundant, cheap, and
widely distributed feedstock. Among different lignocellulosic
raw materials, agriculture residues such as wheat straw and
olive tree pruning have shown a great potential for bioethanol
production [2, 3]. Wheat straw is an abundant lignocellulosic

biomass from wheat production, mainly in Europe. The
average yield of straw is 1.1 Kg/Kg of wheat grain [4], with
a world production of wheat straw estimated to be around
680 million tons in 2011 [5]. Generally, wheat straw is used
as animal feeding and bedding straw, being the remainder
burned or left on the land to fertilize the soil. Regarding
olive tree pruning, it is a yearly generated lignocellulosic
agricultural residue, largely available inMediterranean coun-
tries, with a production estimated at 3000 kg/ha worldwide
[4]. This residue, composed mainly of a woody fraction and
a remaining fraction consisting of leaves, pith, and young
stems, is usually disposed of either by burning or by grinding
and scattering on the field.

Biochemical ethanol production process is based on
the utilization of carbohydrates contained in the plant cell

Hindawi Publishing Corporation
International Journal of Polymer Science
Volume 2015, Article ID 314891, 11 pages
http://dx.doi.org/10.1155/2015/314891



2 International Journal of Polymer Science

walls. The conversion process comprises the following steps:
pretreatment, enzymatic hydrolysis of cellulose and hemicel-
luloses, sugars fermentation, separation of lignin-rich solid
stream, and distillation [4]. About 40% of the residual lignin
stream is necessary in order to obtain energy for processing
plant, mainly by combustion [6]. The rest of lignin could be
transformed into value-added products including biobased
aromatic chemicals, as well as building blocks for materials
and fuels [7]. In the same way, the traditional pulp and paper
industry is looking for new value-added products from their
side-stream lignins. Thus, the conversion of these processes
into biorefineries will help to enhance the profitability of
bioethanol plants and paper mills.

Lignin is a complex three-dimensional polymer built
up of p-hydroxyphenyl (H), guaiacyl (G), and syringyl
(S) phenylpropanoid units, derived from the correspond-
ing hydroxycinnamyl alcohols (p-coumaryl, coniferyl, and
sinapyl alcohols) [8], which give rise to a variety of subunits
including C–C and ether bonds. Due to the complexity and
heterogeneity of this polymer, a precise understanding of
the lignin composition and structure is needed in order to
determine the feasibility of a specific application and to select
a better lignin source for a particular product. In this sense,
spectroscopy techniques such as Fourier transform infrared
(FTIR) and two-dimensional nuclear magnetic resonance
(2D-NMR) are methods that offer an in-depth knowledge
of the lignin structure. FTIR gives an overall picture on the
lignin purity and composition [9], whereas 2D-NMR pro-
vides detailed information on the various lignin moieties and
interunit linkages [10]. The use of these techniques has been
successfully applied for the analysis of side-stream lignins
from pulp and paper industry prior to their valorization
[11–16]. However, little information by these spectroscopy
techniques is available for bioethanol process lignins.

In this study, two lignin-rich residues from biochemical
ethanol production, including steam explosion pretreatment,
saccharification, and fermentation, of wheat straw and olive
tree pruning, were characterized. In addition to the purity
and composition, the lignin structures (S/G ratio, interunit
linkages) were analyzed using FTIR and 2D-NMR as a prior
step in the development of value-added products. Several
applications of studied lignins were considered based on their
structural characteristics.

2. Materials and Methods

2.1. Raw Materials. Wheat straw (Triticum aestivum L.),
10% moisture, was supplied by DONG Energy (Skærbæk,
Denmark).Olive tree pruning (Olea europaea), 10%moisture,
was provided by University of Jaén (Spain). The biomass
samples were milled to a particle size smaller than 10mm,
homogenized, and stored until being used. On average, wheat
straw contained the following (% dry weight): cellulose,
40.2; hemicelluloses, 25.6 (xylan, 22.3; arabinan, 3.3); acid-
insoluble lignin, 18.6; extractives, 6.3; and ash, 5.2. Olive tree
pruning showed the following composition (% dry weight):
cellulose, 22.5; hemicelluloses, 14.2 (xylan, 10.0; galactan, 1.3;
arabinan, 2.2; and mannan 0.7); acid-insoluble lignin, 16.6;

extractives, 31.4 (27.5 water extract (of which 7.9 is glucose)
and 3.9 ethanol extract); and ash, 3.4.

2.2. Steam Explosion Pretreatment. Wheat straw, without
previous impregnation, was pretreated in a steam explosion
pilot plant (Mini IBUS equipment, Technical University of
Denmark, Risø Campus, Denmark) as previously described
[17]. Steam explosion of olive tree pruning, with previous
water impregnation (1% w/w, overnight), was carried out
in a prototype small plant (CIEMAT, Spain) as previously
described [18]. After the steam explosion pretreatment, the
materials were recovered, cooled, and filtered for solids recov-
ery. The solids fractions were thoroughly washed obtaining
the water insoluble solids (WIS) fractions. Temperature and
residence time conditions of the pretreatment for wheat straw
(210∘C, 10min) and olive tree pruning (240∘C, 5min) were
based on optimal sugars recovery and enzymatic hydrolysis
yield of each raw material [3, 19].

2.3. Enzymes. A standard mixture of Celluclast 1.5L and
Novozyme 188, both provided by Novozymes (Bagsvaerd,
Denmark), was used for saccharification. Celluclast 1.5L is a
cellulase preparation with some xylanase activity, but prac-
tically no 𝛽-glucosidase activity; therefore, supplementation
with Novozyme 188, which mainly presents 𝛽-glucosidase
activity, is typically applied in bioethanol production process.
Overall cellulase activity was determined using filter paper
(Whatman number 1 filter paper strips), and 𝛽-glucosidase
activity was measured using cellobiose as substrate [20].

One unit of enzyme activity was defined as the amount of
enzyme that transforms 1 𝜇mol of substrate per minute.

2.4. Microorganism. Saccharomyces cerevisiae (Fermentis
Ethanol Red, Marcq en Baroeul Cedex, France) was used as
fermenting microorganism. Active cultures for inoculation
were obtained in 100mL flasks with 50mL of growthmedium
containing 30 g/L glucose, 5 g/L yeast extract, 2 g/L NH

4
Cl,

1 g/L KH
2
PO
4
, and 0.3 g/L MgSO

4
⋅7H
2
O. After 16 h on a

rotary shaker at 150 rpm and 35∘C the precultures were cen-
trifuged at 9000 rpm for 10min. Supernatant was discarded
and cells were washed once with distilled water and then
diluted to obtain the inoculum level needed.

2.5. Simultaneous Saccharification and Fermentation Process
(SSF). SSF processes with wheat straw and olive tree pruning
WIS fractions were carried out at the optimum temperature
(35∘C) and time conditions (72 h) in 100mL erlenmeyer
containing sodium acetate buffer 0.1M (pH 4.8) supple-
mented with the growth medium without glucose described
above [3, 19]. A solids concentration of 20% (w/w) with
an enzyme loading of 30 FPU/g glucan of Celluclast 1.5L
(65 FPU/mL and 660 IU/mL of cellulase and xylanase activi-
ties, resp.), 30 IU/g glucan ofNovozyme 188 (664 IU/mL of𝛽-
glucosidase activity), and 0.25 g/L (dry weight) of inoculum
was used for wheat straw WIS fraction. The same enzyme
loading of Celluclast 1.5L and Novozyme 188 and inoculum
size were used for olive tree pruning WIS fraction at a solids
concentration of 30% (w/w).
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Prior to SSF, a presaccharification step was performed
by incubating the cellulolytic mixture and the pretreated
biomass samples at 50∘C for 8 h previous to inoculation.

After SSF, the lignin-rich fermentation residues were
rinsed with water and dried overnight at 60∘C according to
Sannigrahi and Ragauskas [6].

2.6. Analytical Methods. Chemical composition of raw and
pretreated materials (WIS) and lignin-rich residues was
determined using the Laboratory Analytical Procedures for
biomass analysis provided by the National Renewable Ener-
gies Laboratory [21]. Carbohydrate content was quantified
by high-performance liquid chromatography (HPLC) in a
Waters chromatograph equipped with a refractive index
detector (Waters, Milford, MA). A CARBOSep CHO-682
carbohydrate analysis column (Transgenomic, San Jose, CA)
operated at 80∘C with ultrapure water as a mobile-phase
(0.5mL/min) was employed for the separation. Sugars con-
tent in SSF was also measured by HPLC.

The total nitrogen content of the lignin residues was
determined by the conventional Kjeldahl method [22].

2.7. FTIR Analyses. FTIR spectra of lignin-rich residues
were obtained using a JASCO FT/IR 460 Plus spectrome-
ter, equipped with an accessory single reflection diamond,
operating with a resolution of 1 cm−1, 400 scans, and a
spectral range of 4000–600 cm−1. FTIR bands were assigned
by comparison with those reported in the literature [9,
16, 23–25]. For S/G ratio estimation the intensities of the
bands around 1320 cm−1 (S units) and 1268 cm−1 (G units)
were estimated, after resolution enhancement (subtraction of
×1000 s derivative), moving-average smoothing (×100), and
baseline correction between valleys ca. 1401 and 1172 cm−1
[26].

2.8. NMR Spectroscopy. NMR spectra were recorded at 25∘C
in a Bruker AVANCE 500MHz equipped with a z-gradient
double resonance probe. Around 40mg of lignin-rich
residues was dissolved in 0.75mL of deuterated dimethylsul-
foxide (DMSO-d

6
) and HSQC (heteronuclear single quan-

tum correlation) experiment was recorded. The spectral
widths for the HSQC were 5000Hz and 13200Hz for the 1H
and 13C dimensions, respectively. The number of collected
complex points was 2048 for 1H-dimension with a recycle
delay of 5 s. The number of transients for the HSQC spectra
was 64, and 256 time incrementswere always recorded in 13C-
dimension. The J-coupling evolution delay was set to 3.2ms.
Squared cosine-bell apodization functionwas applied in both
dimensions. Prior to Fourier transform the data matrixes
were zero filled up to 1024 points in the 13C-dimension.
Residual DMSO (from DMSO-d

6
) was used as reference for

chemical shifts. Two-dimensional NMR cross signals were
assigned by comparison with those reported in the literature
[5, 10–15, 24, 27–32]. Semiquantitative analysis of the HSQC
cross signal intensities was performed [33]. Volume integra-
tion of the cross signals was performed (without internal
standard) separately for the different regions of the HSQC
spectra, which contain signals that correspond to chemically

analogous carbon-proton pairs. In the aliphatic oxygenated
region, interunit linkages were estimated from C

𝛼
–H
𝛼
cor-

relations to avoid possible interference from homonuclear
1H–1H couplings, and the relative abundance of side chains
involved in interunit linkages and terminal structures was
calculated (with respect to total side chains). In the aromatic
region, C

2
–H
2
correlations fromH, G, and S lignin units and

from p-coumarate and ferulate were used to estimate their
relative abundances.

3. Results and Discussion

3.1. Pretreatment and SSF Process: Chemical Composition.
Thebiochemical platform, based on the enzymatic hydrolysis
and the subsequent fermentation by microorganisms of the
carbohydrates contained in the plant cell walls, has been
considered the most promising technology for lignocellu-
losic bioethanol production [4]. This bioconversion platform
requires a preliminary pretreatment of lignocellulose to
increase cellulose accessibility to the hydrolytic enzymes
and consequently to improve the enzymatic hydrolysis and
increase the fermentable sugars yields [34]. Among the
different pretreatment methods developed to date, steam
explosion is one of the most widely exploited pretreatments.
During this process, water at high temperature and pressure
causes an autocatalyzed cleavage of glycosidic bonds in hemi-
celluloses and lignin-hemicelluloses linkages.This alongwith
the production of acetic acid from acetyl groups facilitates the
removal of hemicelluloses from the plant cell wall, making
cellulose more accessible to enzymes [34].These effects could
be seen in wheat straw and olive tree pruning after being sub-
jected to steam explosion pretreatment (Table 1). Compared
to cellulose content of both untreatedmaterials (40.2%,wheat
straw; 22.5%, olive tree pruning), pretreatment increased
the cellulose proportion in their respective WIS fractions
(49.7%, wheat straw; 39.2% olive tree pruning) due to the
extensive removal of hemicelluloses content (from 25.6% of
untreated wheat straw to 14.8% of WIS fraction; from 14.2%
of untreated olive tree pruning to 1.6% of WIS fraction).
It was also clear that the relative lignin content increased
after pretreatment (from 18.6% of untreated wheat straw to
23.5% of WIS fraction; from 14.2% of untreated olive tree
pruning to 48.0% ofWIS fraction).This lignin increment was
attributed not only to the removal of hemicelluloses but also
to the accumulation of nonlignin-based material formed by
acid catalyzed condensation of polysaccharides or extractives
during pretreatment [3, 35]. In this regard, particularly high
lignin content was observed in the WIS fraction from olive
tree pruning, value that may be interfering with the high
content of extractives (31.4%) from raw material.

Simultaneous saccharification and fermentation (SSF)
process has been one of the most successful methods
for lignocellulosic bioethanol production [4]. During this
process, the glucose released by the action of hydrolytic
enzymes is converted directly to ethanol by the fermenting
microorganism, minimizing the end-product inhibition of
enzymes caused by cellobiose and glucose accumulation
[4]. Then, the SSF process was carried out with the WIS
fractions fromwheat straw and olive tree pruning at optimum
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Table 1: Composition of WIS fractions and lignin-rich residues.

WIS Lignin-rich residue
Composition (% dry
weight) Wheat straw Olive tree pruning Composition (% dry

weight) Wheat straw Olive tree pruning

Cellulose 49.7 39.2 Glucose 13.8 7.1
Hemicelluloses 14.8 1.6 Xylose 0.9 0.0
Lignin 23.5 48.0 Galactose 0.1 0.1

Arabinose 0.0 0.6
Mannose 1.0 0.0
Lignin 69.3 77.0

Enzymatic hydrolysis yields of 75% and 50% for wheat straw and olive tree pruning, respectively.
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Figure 1: FTIR spectra, 4000–600 cm−1 region, of the lignin-rich residues from wheat straw (a) and olive tree pruning (b) WIS fractions.

conditions based on enzymatic hydrolysis yields [3, 19].
Despite the higher severity factor Log(𝑅

𝑜
) (𝑅
𝑜
= time ∗

𝑒[Temperature−100/4.75]) of the steam explosion pretreatment on
olive tree pruning (4.82), compared to wheat straw (4.23),
the enzymatic hydrolysis yield of the WIS fraction from
olive tree pruning was lower (50%) than that of wheat straw
(75%). It could be explained by the condensation reactions
between extractives and acid-insoluble lignin during steam
explosion of olive tree pruning, mentioned above, hindering
the accessibility of cellulose and consequently lowering the
successive enzymatic hydrolysis yield [36]. As expected, the
SSF process concentrated the lignin in both fermentation
residues, showing lignin content of 69% and 77% for wheat
straw and olive tree pruning, respectively (Table 1). Nev-
ertheless, certain sugars, mainly glucose, still remained in
both residues (15.8%, wheat straw; 7.8% olive tree pruning)
together with a high nitrogen content (1.1%wheat straw; 0.8%
olive tree pruning), which indicates the presence of protein
residues from hydrolytic enzymes used for saccharification.
This contamination by sugars and protein impurities may
significantly affect the valorization of these residual lignins.
Impurities can produce the formation of undesirable by-
products, result in lower yields, and lead to deterioration in

the properties of final products. Then, several lignin purifi-
cation methods based on enzymatic treatments or acid/base
extractions have been proposed [37].

3.2. FTIR Spectral Analysis. Figure 1 shows the FTIR spectra
of the lignin residues resulting from SSF process of wheat
straw and olive tree pruning WIS fractions. According to
the chemical composition reported above, these spectra were
clearly dominated by lignin bands. The wide band observed
around 3334 cm−1 represented the O–H stretching vibration
in aromatic and aliphatic structure, and the bands at 2926
and 2838 cm−1 were due to a C–H vibration sketch in the
CH
2
and CH

3
groups, respectively. The bands at 1710 cm−1

(shoulder) and 1653–1647 cm−1 represented the C=O bonds
in nonconjugated and conjugated ketones, respectively. Nev-
ertheless, the latter also may be associated with carbonyl
stretching in amide bonds from hydrolytic enzymes used for
saccharification [23]. The bands at 1601, 1507, and 1422 cm−1
were attributed to aromatic skeleton vibrations, whereas
the band at 1455 cm−1 corresponded to the C–H asym-
metric vibrations and deformation (asymmetric in methyl
and methylene) was also observed. The bands at 1320 cm−1
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(aromatic ring breathing, S and Gcondensed units), 1268 cm−1
(guaiacyl ring breathing with C=O stretching), and 1215 cm−1
(ring breathing with C–C, C–O, and C=O stretching) were
also present. Moreover, the bands at 1115 and 1029 cm−1 arose
from the aromatic in plane C–H bending deformation for S
and G type lignin, respectively. Finally, the band at 913 cm−1
was indicative of aromatic C–H out-of-plane bending in G
units, whereas the band at 833 represented C–H out-of-plane
bending in positions 2 and 6 of S units and all positions of H
units. The intensity differences of the lignin bands observed
in both spectra reflected S/G values very differently, revealing
the presence of a G type lignin in wheat straw (S/G ratio of
0.5) and a S type lignin in olive tree pruning (S/G ratio of
5.1).

The remaining sugars content of the lignin-rich residues
was also visible in both spectra, revealed by different bands
at 1153, 1115, 1055, and 1029 cm−1. The C–O asymmetric band
was observed at 1153 cm−1, while 1115 cm−1 is associated with
the C–OH skeletal vibration characteristic of cellulose. The
absorption band at 1055 cm−1 is an effect of the C–O–C
ether linkage of the skeletal vibration of both pentose and
hexose unit contribution from hemicellulose and cellulose.
Finally, 1029 cm−1 is attributed to C–O stretching vibration
characteristic of cellulose [38].

3.3. 2D-NMR Spectral Analysis: 2D-NMR Spectra. HSQC
NMR spectra of the lignin-rich residues also showed the
predominance of lignin signals together with the remaining
sugars and some protein contamination (Figure 2).Themain
structural characteristics of both lignins, including different
units linked by ether and C–C bonds, and carbohydrates are
represented in Figure 3, and their corresponding cross signals
listed in Table 2.

The HSQC spectra showed three regions corresponding
to aliphatic, oxygenated aliphatic, and aromatic 13C–1H
correlations (Figure 2). No cross signals were observed in
the 𝛿C 150–205 ppm region (i.e., not shown in Figure 2).
The nonoxygenated aliphatic region (around 𝛿C/𝛿H 0–50/0–
4.5 ppm) showed a wide variety of saturated aliphatic moi-
eties with relatively high intensities, especially in the olive
tree pruning spectrum. Some strong signals in this area (𝛿H
0.8 and 𝛿H 1.2–1.3) correspond to extractives, mainly of lipid
nature [11, 39]. All other chemical shifts of about 𝛿H 1.5–
2.5 correspond to aliphatic groups neighboring alkene and
oxygen-containing groups such as alcohol, carbonyl, and
ethers, which may be a consequence of lignin degradation
products [13, 39].

In the oxygenated aliphatic region (around 𝛿C/𝛿H 50–
95/2.6–5.6 ppm), cross signals of methoxyl groups (–OCH

3
,

𝛿C/𝛿H 55.6/3.7 ppm) and the different interunit linkages of
wheat straw and olive tree pruning lignins were detected.
Both spectra showed signals corresponding to 𝛽-O-4 sub-
structures (A), being more prominent in the olive tree prun-
ing residue. The C

𝛼
–H
𝛼
correlations in 𝛽-O-4 substructures

were observed in overlapping signals at 𝛿C/𝛿H 71.4/4.75
and 72.3/4.86 ppm for structures linked to G or S lignin
units. Likewise, the C

𝛽
–H
𝛽
correlations were found at 𝛿C/𝛿H

84.1/4.3 ppm for 𝛽-O-4 G units and at 𝛿C/𝛿H 86.5/4.2 ppm

Table 2: Assignment of main lignin and sugars 13C–1H cross signals
in the HSQC spectra of lignin-rich residues from wheat straw and
olive tree pruning WIS fractions.

𝛿C/𝛿H (ppm) Assignment
53.7/3.42 C

𝛽
–H
𝛽
in phenylcoumaran substructures (C)

54.1/3.04 C
𝛽
–H
𝛽
in resinol substructures (B)

55.6/3.7 C–H in methoxyls (MeO)
60.1/3.4–3.7 C

𝛾
–H
𝛾
in 𝛽-O-4 substructures (A)

71.4/4.75 C
𝛼
–H
𝛼
in 𝛽-O-4 linked to a G type unit (A)

70.9/3.77–4.14 C
𝛾
–H
𝛾
in resinol substructures (B)

72.3/4.86 C
𝛼
–H
𝛼
in 𝛽-O-4 linked to an S type unit (A)

83.0/4.92 C
𝛼
–H
𝛼
in spirodienone substructures (D)

84.1/4.3 C
𝛽
–H
𝛽
in 𝛽-O-4 linked to a G type unit (A)

85.4/4.64 C
𝛼
–H
𝛼
in resinol substructures (B)

86.5/4.2 C
𝛽
–H
𝛽
in 𝛽-O-4 linked to an S type unit (A)

87.4/5.4 C
𝛼
–H
𝛼
in phenylcoumaran substructures (C)

92.3/4.88 (1→ 4)-linked 𝛼-D-Xylopyranosyl units
(𝛼-D-XR)

97.0/4.2 (1→ 4)-linked 𝛽-D-Xylopyranosyl units
(𝛽-D-XR)

102.5/4.37 (1→ 4)-linked 𝛽-D-Xylopyranosyl units
(𝛽-D-XC1–H1)

104.7/6.7 C2,6–H2,6 in S units (S)
104.0/7.31 C

2
–H
2
 and C

6
–H
6
 in tricin (T)

106.7/7.2 C2,6–H2,6 in oxidized (C
𝛼
=O) S units (S



)
111.0/6.99 C2–H2 in G units (G)
111.0/7.32 C2–H2 in ferulate (FA)
113.5/6.27 C

𝛽
–H
𝛽
in p-coumarate (PCA) and ferulate (FA)

115.2/6.7–6.9 C5–H5 in G units (G)
115.2/6.74 C3,5–H3,5 in p-hydroxyphenyl (H)
115.4/6.79 C3–H3 and C5–H5 in p-coumarate (PCA)
119.6/6.81 C6–H6 in G units (G)
123.2/7.15 C6–H6 in ferulate (FA)
128/7.17 C2,6–H2,6 in p-hydroxyphenyl (H)
129.8/7.51 C2–H2 and C6–H6 in p-coumarate (PCA)
143.8/7.49 C

𝛼
–H
𝛼
in p-coumarate (PCA) and ferulate (FA)

for 𝛽-O-4 S units. The C
𝛾
–H
𝛾
correlations in 𝛽-O-4 sub-

structures were observed at 𝛿C/𝛿H 60.1/3.4 and 3.7 ppm, par-
tially overlapped with other signals. Strong signals for resinol
(𝛽-𝛽) substructures (B) were also detected in the spectrum
of olive tree pruning, with their C

𝛼
–H
𝛼
, C
𝛽
–H
𝛽
, and the

double C
𝛾
–H
𝛾
correlations at 𝛿C/𝛿H 85.4/4.64, 54.1/3.04, and

70.9/3.77 and 4.14 ppm (i.e., the two diastereotopic protons
attached to the 𝛾 carbon are well separated). By contrast, the
signals for resinol substructures showed very low proportions
in wheat straw. Phenylcoumaran (𝛽-5) substructures (C)
were also clearly found in both spectra, the signals for their
C
𝛼
–H
𝛼
and C

𝛽
–H
𝛽
correlations being observed at 𝛿C/𝛿H

87.4/5.4 and 53.7/3.42 ppm, although with lower intensities
in olive tree pruning. Finally, weak signals corresponding
to spirodienone substructures (D) were also observed in
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𝛿
C

(p
pm

)

50

100

𝛿H (ppm)
8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0

DMSO

Carbohydrates

MeO C𝛽

𝐀𝛾 and others
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Figure 2: HSQC 2D-NMR spectra, 𝛿C/𝛿H 0–150/0–9 ppm region, of the lignin-rich residues from wheat straw (a) and olive tree pruning (b)
WIS fractions.The aliphatic, oxygenated aliphatic, and aromatic region are observed. Cross signals of the residual DMSO and protein residue
(Pr) are indicated.

the wheat straw spectrum, its C
𝛼
–H
𝛼

correlation being
observed at 𝛿C/𝛿H 83.0/4.92 ppm.

Regarding the carbohydrates, the remaining sugars
content was reflected in a set of unidentified cross signals in
the 𝛿C/𝛿H 67–75/3.0–3.8 ppm region that could correspond to
hexose units, beingmore visible in the wheat straw spectrum.
In addition, the reducing ends of (1→ 4) 𝛼-D-Xylopyranosyl
units (𝛼-D-XR) and (1→ 4) 𝛽-D-Xylopyranosyl units (𝛽-D-
XR) were also presented at 𝛿C/𝛿H 92.3/4.88 and 97.0/4.2 ppm,
respectively; and the C

1
–H
1

cross signal of (1→ 4)

𝛽-D-Xylopyranosyl units (𝛽-D-XC
1
–H
1) was presented at

𝛿C/𝛿H 102.5/4.37 ppm. By contrast, many of these signals
assigned to xylan units were not found in olive tree pruning
residue.

The main cross signals in the aromatic region (around
𝛿C/𝛿H 95–150/5.6–9.0 ppm) of both spectra corresponded to
the aromatic rings of the different S and G lignin units. The
S lignin units showed a prominent signal for the C

2,6
–H
2,6

correlation at 𝛿C/𝛿H 104.7/6.7 ppm. In addition, signals cor-
responding to C

2,6
–H
2,6

correlations at 𝛿C/𝛿H 106.7/7.2 ppm
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Figure 3: Main lignin and carbohydrate structures identified in the lignin-rich residues from wheat straw and olive tree pruning WIS
fractions:A, 𝛽-O-4;B, resinols with 𝛽-𝛽, 𝛼-O-𝛾, and 𝛾-O-𝛼 linkages;C, phenylcoumarans with 𝛼-O-4 and 𝛽-5 linkages;D, spirodienones
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ketone; T, tricin end unit; X, xylopyranose (R, OH).

in C
𝛼
oxidized S units were only present in the olive tree

pruning spectrum. It has been identified as C
𝛼
ketone by

HMBC (heteronuclear multiple bond correlation) 2D-NMR
experiments [40]. The G lignin units showed different cor-
relations for C

2
–H
2
(𝛿C/𝛿H 111.0/6.99 ppm) and C

5
–H
5
/C
6
–

H
6
(𝛿C/𝛿H 115.2/6.7 and 6.9 ppm and 𝛿C/𝛿H 119.6/6.81 ppm).

Signals corresponding toC
3,5
–H
3,5

andC
2,6
–H
2,6

correlations
in H lignin units were also observed at 𝛿C/𝛿H 115.2/6.74
and 𝛿C/𝛿H 128/7.17 ppm, respectively. Nevertheless, the signal
corresponding to C

2,6
–H
2,6

was partially overlapped in both
spectra by the cross signals at 𝛿C/𝛿H 128.5/7.24 and 130.1/7.03
from protein impurities [41], hindering H lignin analysis.

As is typical in spectra fromwheat straw and other grasses
[5, 27, 42], wheat straw lignin showed prominent signals
corresponding to p-coumarate (PCA) and ferulate (FA)
substructures. Cross signals corresponding to theC

2,6
−H
2,6

at
𝛿C/𝛿H 129.8/7.51 ppm and C

3,5
−H
3,5

at 𝛿C/𝛿H 115.4/6.79 ppm
correlations of the aromatic ring and signals for the corre-
lations of the unsaturated C

𝛼
–H
𝛼
at 𝛿C/𝛿H 143.8/7.49 ppm

andC
𝛽
–H
𝛽
at 𝛿C/𝛿H 113.5/6.27 ppmof the p-coumarates were

observed. Signals corresponding to the C
2
−H
2
and C

6
−H
6

correlations of ferulate substructures were also observed at
𝛿C/𝛿H 111.0/7.32 and 123.3/7.15 ppm, respectively. The correla-
tions corresponding to the unsaturated C

𝛼
–H
𝛼
and C

𝛽
–H
𝛽
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Table 3: Structural characteristic of lignin (main interunit linkages,
aromatic units, S/G ratio, p-hydroxycinnamate content, and p-
coumarate/ferulate ratio) from integration of 13C–1H correlation
peaks in the HSQC spectra of the fermentation residues from wheat
straw and olive tree pruning WIS fractions.

Wheat straw Olive tree pruning
Lignin interunit linkages
𝛽-O-4 (A) 50 65
Resinols (B) 15 25
Phenylcoumarans (C) 32 10
Spirodienones (D) 3 —

Lignin aromatic units
H 3 1
G 60 16
S 37 83
S/G ratio 0.6 5.2

p-Hydroxycinnamates
p-Coumarates (PCA) 4.3 —
Ferulates (FA) 2.7 —
PCA/FA ratio 1.6 —

overlapped with those of the p-coumarates. Previous studies
in wheat straw lignin have indicated that p-coumarates and
acetates are esterified to the lignin side chain [5, 32], acylating
the 𝛾–OH of the lignin side chain as established for other
grasses [24, 43]. Indeed, DFRC (derivatization followed by
reductive cleavage) analysis of wheat straw lignin has showed
that p-coumarates acylate the 𝛾–OH in structures other than
𝛽-ethers, whereas acetates acylate the 𝛾–OH in 𝛽-O-4 aryl
ether substructures [5]. However, the oxygenated aliphatic
region of wheat straw spectrum did not show the cross
signals (𝛿C/𝛿H 63.5/3.8 and 4.3 ppm) corresponding to the
C
𝛾
–H
𝛾
correlations of 𝛾-acylated 𝛽-O-4 substructures with

p-coumarates and acetates [5]. Ferulates, on the other hand,
are mostly linked to lignin by ether bonds [5, 32], mainly
at the 𝛼- and 𝛽-carbons contributing to lignin-carbohydrate
bridges [43].

Finally, a cross signal at 𝛿C/𝛿H 104.0/7.31 ppm in the
wheat straw spectra corresponded to aromatic C

2

,6
–H
2

,6


of tricin (T, 5,7,4-trihydroxy-3-5-dimethoxyflavone). As is
well known, tricin is widely distributed in grasses, including
wheat, rice, barley, sorghum, and maize [44]. Tricin skeleton
can be linked to a phenylpropanoid moiety through a 𝛽-O-4
bond, which may be incorporated into lignification of plants,
acting as lignin monomers [5].

3.4. 2D-NMR Spectral Analysis: Semiquantitative 2D-NMR.
The relative abundances of the main interunit linkages and
the molar abundances of the different lignin units (H, G, and
S), p-coumarates, and ferulates, as well as themolar S/G ratios
of the wheat straw and olive tree pruning, estimated from
volume integration of contours in the HSQC spectra [33], are
shown in Table 3.

It is well accepted in the literature that under steam explo-
sion pretreatment conditions 𝛽-O-4 bonds are degraded by
the organic acids formed from the acetylated lignocellulose

components [30–32, 34, 35, 39, 45, 46]. As explained pre-
viously, steam explosion pretreatment is an autohydrolytic
process catalyzed by the organic acids formed from the
acetylated lignocellulose components. During the steam
explosion, the steam cleaves the labile xylans acetyls (2-O-
Ac-𝛽-D-X and 3-O-Ac-𝛽-D-X) and 4-O-methyl glucuronic
acid (4-O-MeGlcA), thus releasing acetic acid and uronic
acid. Even the subsequent enzymatic hydrolysis of the steam
pretreated material again cleaves acetates via a different
mechanism compared to the steam explosion pretreatment
[32]. Then, the organic acids released lead to acid catalyzed
hydrolysis (acidolysis) of glycosidic bonds in hemicelluloses
and of 𝛽-O-4 linkages in lignin [34, 35]. In spite of 𝛽-O-
4 bond degradation during steam explosion reported in the
literature, the semiquantitative HSQC spectrum results of
wheat straw lignin demonstrated a relatively high content
of 𝛽-O-4 aryl ether linkages (50%), together with minor
amounts of𝛽-5 phenylcoumarans (32%),𝛽-𝛽 resinols (15%),
and spirodienones (3%). On these latter substructures, the
literature has described contradictory results during the
bioethanol production process. Yelle et al. [32] observed that
phenylcoumarans and resinols withstand the steam explosion
and subsequent enzymatic hydrolysis of wheat straw. By
contrast, Rahikainen et al. [45] and Heikkinen et al. [46]
described an increase in the level of 𝛽-5 interunit linkages
after the steamexplosion treatment ofwheat straw.This incre-
ment was explained as a possible rearrangement between
interunit linkages, starting with the homolytic cleavage of
the 𝛽-O-4, and followed by the formation of the new 𝛽-
5 linkages [47]. Finally, other studies have showed the
degradation of resinol and phenylcoumaran linkages during
the steam pretreatment of poplar wood and switchgrass [30,
31].

In agreement with the above FTIR analysis, the wheat
straw lignin was dominated by G lignin units (60%) followed
by S (37%) and H units (3%), resulting in a S/G ratio of
0.5. In addition, the abundance of p-coumarates (4.3%) was
higher than that of ferulates (2.7%), showing a PCA/FA
ratio of 1.6. Different changes in the lignin aromatics and
p-hydroxycinnamates during the bioethanol production has
been also described in the literature. Yelle et al. [32] have
suggested that the steam explosion of wheat straw does
not change the p-hydroxyphenyl/guaiacyl/syringyl distri-
bution and hydroxycinnamates to any significant degree.
Nevertheless, these authors observed some deacylation of p-
coumarates, a phenomenon that could support the absence of
the cross signals (𝛿C/𝛿H 63.5/3.8 and 4.3 ppm) corresponding
to the C

𝛾
–H
𝛾
correlations of 𝛾-acylated 𝛽-O-4 substructures

with p-coumarates in thewheat straw lignin residue spectrum
(Figure 2(a)). By contrast, Rahikainen et al. [45] and Heikki-
nen et al. [46] described a substantial decrease of S/G ratio
and hydroxycinnamates after the steam explosion treatment
of wheat straw. In the same way, other studies have reported
the same effects during the steam pretreatment of poplar and
switchgrass [30, 31].

Regarding olive tree pruning, the residual lignin also dis-
played a predominance of 𝛽-O-4 aryl ether linkages (65%),
followed by 𝛽-𝛽 resinols (25%) and 𝛽-5 phenylcoumarans
(10%). Despite the higher severity factor Log(𝑅

𝑜
) of steam
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explosion pretreatment on olive tree pruning (4.82), com-
pared to wheat straw (4.23), olive tree pruning lignin showed
less degradation than that of wheat straw, as revealed by the
higher intensities of lignin side chain signals, especially 𝛽-
O-4 and resinol substructures (Figure 2(b)). However, more
severe carbohydrate dissolution, particularly hemicelluloses,
was observed. This effect was already reported by Yelle et al.
[32], who described a more dramatic effect on wheat straw
lignin at lower pretreatment conditions (steam pretreatment
with a severity factor Log(𝑅

𝑜
) of 3.57) than that observed

on aspen lignin at higher pretreatment conditions (steam
explosionwith a severity factor Log(𝑅

𝑜
) of 3.79). One possible

reason proposed for this phenomenon is the presence ofmore
latent acid groups (i.e., more acylation by acetate, ferulate,
and p-coumarate) in wheat straw compared to aspen wood
and olive tree pruning in this study, which help catalyze
acidolysis of lignin side chains [32]. With regard to the
aromatic region of olive tree pruning lignin, the S/G ratio
calculated by 2D-NMR (5.2), similar to that estimated by
FTIR (5.1), was significantly greater than that of wheat straw
lignin (0.5), with a lower proportion of H units (1%).

3.5. Application Potential of Residual Lignins in Respect to
Their Characteristics: General Comments. Potential value-
added products from industrial lignins include their use as
macromolecule in lignin-based materials and the production
of lowmolecular weight chemicals [7].These applicationswill
be determined by the structural features of lignin, which are
different depending on raw material and industrial proce-
dure. Thus, the residual lignins from bioethanol production
of wheat straw and olive tree pruning clearly show a higher
abundance of native 𝛽-O-4 aryl ether linkages compared to
the traditional industrial lignins such as kraft and soda-AQ
lignins [13, 37, 48]. Consequently, the phenolic content of
these bioethanol residual lignins would be significantly lower
than that of traditional lignins. This feature makes residual
lignins frombioethanol unsuitable for resin applications (e.g.,
phenol-formaldehyde resins), a field where the phenolic units
of lignin are key functional groups for its reactivity [16]. By
contrast, the high content of 𝛽-O-4 linkages would result in
a higher molecular mass lignin. The high molecular weight
could be an advantage in lignin-based dispersants providing
better sorption properties [37]. Moreover, high molecular
weight lignin could also be beneficial in respect ofmechanical
properties of lignin-based composites [37].

Regarding lignin as source for aromatic chemicals, dif-
ferent approaches have been reported for its conversion into
low molecular weight chemicals, including thermochemi-
cal treatments, catalytic technology, and biotechnological
depolymerization [7, 37]. Lignin with a predominance of
syringyl units is more favorable for thermal or catalytic frag-
mentation because methoxy substituents in ortho-positions
of the aromatic ring minimize the presence of carbon-
carbon linkages [7]. Thus, the residual lignin from olive
tree pruning, with a higher S lignin content compared to
wheat straw, would be more reactive to thermal and chemical
depolymerization.

4. Conclusion

The lignin-rich residues frombioethanol production ofwheat
straw andolive tree pruningWIS fractionswere characterized
by FTIR and 2D-NMR. According to the chemical compo-
sition, both techniques confirmed the high lignin content
of both residues with some sugars and protein impurities.
Wheat straw showed a typical lignin with a low S/G ratio,
a certain proportion of H units, and the presence of p-
hydroxycinnamates, whereas a strong predominance of S
over G units was observed for olive tree pruning lignin.
A high content of 𝛽-O-4 aryl ether linkages, followed by
resinols and phenylcoumarans, was found in both residual
lignins. The high content of native aryl ether linkages in
both lignins would result in a high molecular mass lignin.
Based on this, the lignins studied herein could be beneficial as
macromolecules for dispersants and composites. In addition,
low molecular weight chemicals could also be produced
from residual lignins, with olive tree pruning lignin being
potentiallymore reactive to depolymerization reactions.Nev-
ertheless, these hypothetical target applications, that is, lignin
as macromolecule and lignin-aromatic chemicals, need to be
verified with the actual testing.
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