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Lewis acids have been studied as catalysts in the organosolv treatment of wheat straw. Fractionation of
the lignocellulosic biomass and fragmentation of lignin have been performed in aqueous ethanol in the
presence of FeCl2, CuCl2, FeCl3, Ga(OTf)3, ZrOCl2 or Sc(OTf)3. The lignins were characterised in terms of
molecular weight, � O 4 linkage content and chemical functions through size exclusion chromatogra-
phy; thioacidolysis; 31P and 13C NMR spectroscopies. The degree of delignification and the yield of Klason
lignin increased with the hardness of the Lewis acid. About half of the delignification products were
water-soluble monomers and oligomers. The nature of the Lewis acid influenced also the characteristics
of the precipitated lignins. The molecular mass, the amount of OH groups and of aliphatic C O bonds
decreased as cation hardness increased.

1. Introduction

Lignin is a polyphenolic amorphous material derived primarily
from the dehydrogenative radical polymerization of monolignols
(p-coumaryl-, coniferyl- and sinapyl-alcohols). Each of these mono-
lignols results in a different type of lignin units: p-hydroxyphenyl
(H), guaiacyl (G), and syringyl (S) units, respectively, which vary
according to growing place, maturity and localization in the cell.
Lignin generally shows an irregular structure with a highly con-
densed cross-linked polymer network. Lignin composition varies
in different groups of vascular plants, being G-, GS-, and HGS-
type lignin characteristic for softwoods (woody gymnosperms),
hardwoods (woody angiosperms), and grasses plants, respectively.
These native lignins include both condensed inter-unit linkages (5-
C-5′, 4-O-5′, and 5–5′) and aryl ether linkages (� O 4, � � and
� 5), the � O 4 bonds being the most frequent in natural lignins
(Fig. 1) (Gösta and Knut, 2010).

The characteristics of extracted lignins (technical lignins) are
dependant both on biomass resource and extraction process.
Lignin obtained as a by-product of the kraft pulping has high
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sulphur content and is primarily burned for thermal energy pro-
duction and sulphur recycling. Organosolv process was developed
in the 70–80s as an efficient and sulphur-free way to pro-
duce high-quality pulp from northern hardwoods (Berlin et al.,
2013; Pye and Lora, 1991). In this process, biomass is treated
with an aqueous solution of organic solvent (e.g. ethanol) at
high temperature with or without a catalyst (sulphuric or other
acids). This pre-treatment achieves an efficient fractionation of
the cellulose-hemicellulose-lignin matrix in three separate streams
containing cellulose, hemicellulose-derived products and lignin-
derived products. The recovered insoluble cellulosic substrate
is more susceptible to enzymatic hydrolysis and the solubilised
organosolv lignins are recognised as high-quality technical lignins
(Stephen et al., 2012). Lewis acids have been proposed to improve
fractionation of lignocellulose by acidolysis (Lachenal et al., 2004)
and organosolv pulping (Yawalata and Paszner, 2004). Recently,
while studying the pre-treatment for enzymatic degradation of
cellulose, Kim et al., 2010 have shown that using Lewis acids
during organosolv process allows an effective dissolution of
hemicelluloses contained in the straw, liberating lignin–although
the authors did not specifically isolate and characterise it.
Recently Huijgen et al. studied, among others, a MgCl2-catalyzed
organosolv fractionation process which seemed to more selec-
tively improve delignification of willow wood (Huijgen et al.,
2011).

1



Fig. 1. Main inter-units linkages and building blocks found in lignin.

Disruption of linkages in lignin represents a potential route for
the production of a wide range of phenolic compounds for adhe-
sives, resins, flavours, biochemicals and biofuels (Stewart, 2008;
Sun, 2010; Thakur et al., 2014; Wang et al., 2009). The catalyst and
the process for catalytic fragmentation of lignins have to be chosen
according to the structural and chemical properties of the lignin to
be fragmented (Zakzeski et al., 2012; Zakzeski and Weckhuysen,
2011).

In this context, the present paper evaluates the interest of Lewis
acid catalysed organosolv fractionation of wheat straw. Transition
metal salts are known to be effective catalysts of oxidative degrada-
tion of lignin (Zakzeski et al., 2010). The present process is expected
to couple fractionation and fragmentation. The impact of several
transition metal salts on the structural and chemical characteristics
of the technical lignins obtained is addressed.

2. Materials and methods

2.1. Materials

The straw used in this study was collected from a single harvest-
ing of soft wheat (Triticum aestivum) from a local organic farm. The
straw stock, which was collected in summer 2010, consists of 90 kg
in 6 bales. Straw drying was performed at room temperature on
field. The straw was subjected to a succession of knife mill grind-
ings, first with a 5 cm grid, then with a 1 cm grid. The composition of
the straw was cellulose 44.3%, hemicelluloses 24.5% (xylose 19.1%,
arabinose 3.3%, galacturonic acid 1.1%), lignin 22.34%, proteins 3.1%,
and ashes 3.4%. The metal salts and reagents were purchased from
Sigma–Aldrich. Gallium triflate was purchased from Strem.

2.2. Pulping

The process is a classical organosolv process. In a typical exper-
iment, 40 g of wheat straw was mixed in 1.25 L of aqueous ethanol
(EtOH 65%, H2O 35%) with 8 mmol L−1 catalyst in a 2 L autoclave
(Autoclave France®). A benchmark experiment was carried out by
using 4.4 mmol L−1 H2SO4 in the same conditions. The mixture was
stirred during 2 h at 160 ◦C. Upon completion of the reaction, the
reactor was cooled down to room temperature. Pulp and black
liquor were separated from the reaction mixture using a nylon
filter. The pulp was washed three times with 300 mL of an aque-
ous ethanol solution at 60 ◦C and the washes combined with the
black liquor. Three volumes of water were added to the resulting
liquor in order to precipitate the lignin. The solution obtained was
centrifuged at 20 ◦C with 4950 rpm for 20 min and filtered under
vacuum using Whatman® No 1 filters. The precipitate was washed
with water and dried at 50 ◦C for 72 h. In this paper, the precipi-
tate is defined as lignin fraction and the filtrate as aqueous ethanol
fraction in which extractible compounds were dissolved.

2.3. Lignin characterization

The different lignins are characterised by the common proce-
dure described in literature (Tamminen, 1999).

2.3.1. Klason method
The carbohydrate and lignin compositions of the extracted

lignins were measured using a Klason method (Sluiter et al., 2008)
in conditions optimised for the analysis of sugars (Renard et al.,
1998). The dried samples (100 mg) were treated with 1.25 mL of
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Table 1
Influence of Lewis acids on the degree of delignification and the yields of phenolic products (w/w).

Catalyst Cation
hardness
(eV)

Straw delignification
(%)

Precipitated lignina

(%)
Phenolic monomers
(%)

Soluble phenolic derivativesb

(%)

H2SO4 / 90 47.1 1.5 41.8
FeCl2 7.2 61 31.4 1.2 28.1
CuCl2 8.3 64 33.1 0.5 30.2
FeCl3 13.1 85 43.8 1 40.3
Ga(OTf)3

c 16.6 85 66 1.3 17.9
ZrOCl2 23 86 42.6 1.4 42.2
Sc(OTf)3 24.4 85 44.6 0.8 39.7

a Phenolic derived Expressed as Klason lignin.
b Missing lignin including oligomers and lignin carbohydrate complexes.
c The catalytic extraction with Ga(OTf)3 was performed in triplicate to confirm this high value.

72% H2SO4 at ambient temperature for 1 h. The solutions were
diluted with water to 12% H2SO4 and heated at 100 ◦C for 2 h. The
hydrolysates were filtered under vacuum with Whatman® GFF F
filters. The Klason lignin content (Lks) was determined as the gravi-
metric residue after H2SO4 hydrolysis. For this purpose, assumption
has been made that the Klason lignin of the starting material is not
overestimated with non-lignin acid insoluble products. The deter-
minations reported here have been duplicated.

In order to correctly evaluate the effectiveness of Lewis acids in
organosolv pulping, yields, degree of delignification and selectivi-
ties are expressed in Klason lignin with an ash content correction
(Table 1). Knowing the quantity of Lks initially present in the native
wheat straw and the quantity of Lks in the lignocellulosic residue
allowed determining the degree of straw delignification as shown
in Eq. (1):

Degree of delignification = mLks straw −mLks residue

mLks straw
(1)

with mLk s straw = mstraw × %Lks straw and mLks residue = mresidue ×
%Lks residue.

The yield of Lks was calculated from the amount of Lks in the
precipitate relative to the initial quantity of Klason lignin in the
straw (Eq. (2)):

Yield of Lks = mLks precipitate

mLks straw
× 100 (2)

withmLks precipitate = mprecipitate × %Lks precipitate
The selectivity was defined as the yield of lignin reported to the

degree of delignification. The monomer selectivity in the deligni-
fication products was calculated by analysis with GC–MS and the
selectivity in oligomer and LCC was determined from the balance
of the delignification products.

The filtrates were analyzed for sugars on high-pressure liq-
uid chromatography (HPLC). HPLC analysis was used to quantify
monosaccharides (glucose, xylose, arabinose). The analysis was
done with a combined HPLC water system, using a BioRad HPX-
87H column at 50 ◦C. The solvent was 0.005 M H2SO4 and flow
rate 0.3 mL/min. The recovery of monosaccharides was determined
by standard addition (d-fucose) to the samples. A refractive index
(RI) detector (waters) was used to quantify carbohydrates. The
system was calibrated with glucose, xylose, arabinose standards
(Sigma–Aldrich). Before measurements, all the samples (1 mL)
were filtered through 0.22 �m nylon filters.

The compositions of lignins in Klason insoluble lignin, sugars
and residual metals and ashes are reported in Table S1. Metal
content were measured by inductively coupled plasma optical
spectroscopy after mineralization in acid medium at CNRS Central
Analysis Service in Solaize (France).

2.3.2. Mass spectrometry analysis
Thioacidolysis: the extracted lignin polymers were degraded

using thioacidolysis to estimate the content of � O 4 linked struc-
tures according to Lapierre’s procedure (Lapierre et al., 1986).
Before each injection, the samples were derivatised with N,O-
bis(trimethylsilyl) trifluoroacetamide. Tetracosane was used as
internal standard. All the determinations reported here have been
performed twice.

To elucidate the monomer structures, the aqueous ethanol frac-
tions were extracted with ethyl acetate with a separatory funnel,
concentrated under reduced pressure and then analysed by GC–MS.

The GC–MS apparatus used was a Shimadzu GC–MS – QP 2010
Plus equipped with a SLBTM −5 ms column and a Quadrupole mass
detector.

2.3.3. Size exclusion chromatography
2.3.3.1. Acetylation of lignins. Approximately 200 mg of lignins
were acetylated with acetic anhydride/pyridine (1/1, v/v) at room
temperature for 24 h in 100 mL round-bottom flask, under nitrogen,
as described previously (Heitner et al., 2001). The concentration
of the lignin in this solution was approximately 50 mg mL−1. After
24 h, the solution was diluted with ∼30 mL of ethanol and stirred
for an additional 30 min, after which the solvents were removed
with a rotary evaporator. Repeated addition and removal of ethanol
allowed for the removal of acetic acid and pyridine from the sample.
The residue was then dissolved in chloroform, washed twice with
filtered de-ionised water in a separatory funnel, and dried with
anhydrous sodium sulphate. The chloroform solution (∼10 mL)
was added dropwise to approximately 150 mL of anhydrous ether
and the product collected as a precipitate. The precipitate was
washed twice with ether, each time being collected by centrifu-
gation (20 min, 3000 rpm). The precipitate was dried under high
vacuum at 40 ◦C for 24 h.

2.3.3.2. Molecular weight distributions. Molecular weight distri-
butions of lignins and acetylated lignins were analyzed by
gel permeation chromatography (GPC) using Varian apparatus
equipped with an RI Shodex refractive index detector. Two PL-gel
Mixed-D columns were used at 70 ◦C with a 0.8 mL min−1 flow rate
of DMF, calibrated with poly(methyl methacrylate) standards.

Molecular weight distributions of phenolic derived oligomers
were analyzed by GPC using a Varian Q50 GPC with a differential
refractive index detector and a column PL-gel Mixed-C. Tetrahy-
drofuran was used as eluent at 1.0 mL min−1. Calibration of the GPC
equipment was carried out using polystyrene standards.

2.3.4. NMR analysis
2.3.4.1. Lignin and reagents. Prior to derivatization, all lignins
were dried for 48 h under vacuum at 40 ◦C in the presence
of silica gel (Sigma, type III). All solvents and chemicals from
Sigma were of reagent grade. Pyridine was stored over molecular
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sieve (type 4 Å) under nitrogen. 2-Chloro-4,4,5,5-tetramethyl-
1,3,2-dioxaphospholane and chromium(III) acetylacetonate were
stored at 3 ◦C.

2.3.4.2. Phosphorylation. A solvent mixture composed of pyridine
and CDCl3 in a 1.6/1 v/v ratio was prepared, on the basis of con-
siderations outlined previously (Granata and Argyropoulos, 1995).
The solution was protected from moisture with molecular sieves
(type 4 Å) and kept in a sealed container under nitrogen.

Internal standard solution: cyclohexanol (10 g L−1) in
pyridine/CDCl3 1.6/1 v/v ratio.

Relaxation reagent solution: chromium(III) acetylacetonate
(5 g L−1) in pyridine/CDCl3 1.6/1 v/v ratio.

30 mg of lignin were accurately weighed into a 1 mL vol-
umetric flask. The sample was then dissolved in 0.5 mL of
the above solvent mixture. 2-Chloro-4,4,5,5-tetramethyl-1,3,2-
dioxaphospholane (100 �L), internal standard solution (100 �L)
and relaxation reagent solution (100 �L) were added. Finally, the
solution was made up to the 1 mL mark with more solvent mix-
ture. The volumetric flask was tightly closed and shaken to ensure
thorough mixing.

2.3.4.3. NMR spectroscopy. The NMR spectra were obtained on a
Bruker Avance I 400 MHz spectrometer. The solutions were ana-
lyzed using a 5 mm NMR tube.

The 31P NMR spectra were obtained by the methods described
by Granata and Argyropoulos, 1995 with a 5 mm QNP probe. More
specifically, an observation sweep width of 6600 Hz was used, and
the spectra were accumulated with a delay time of 25 s between
successive pulses. All chemical shifts reported are relative to
the reaction product of water with tetramethyldioxaphospholane,
which has been observed to give a sharp signal in pyridine/CDCl3 at
132.2 ppm. For each spectrum 512 scans were acquired; zero filling
and decoupling were not used.

Semi-quantitative 13C NMR spectra were recorded in the FT
mode at 100.6 MHz with a 5 mm Dual probe in acetone-d6. The
inverse gated decoupling sequence, which allows quantitative
analysis and comparison of signal intensities, was used with the
following parameters: 90 pulse angle; 1.4 s acquisition time; 2 s
relaxation delay; 64 K data points; and 30 K scans. Chromium(III)
acetylacetonate (0.01 M, Sigma) was added to the lignin solution to
provide complete relaxation of all nuclei (Xia et al., 2001).

2.3.5. FTIR
FTIR spectra were recorded with a Nicolet 6700 FTIR spectrom-

eter equipped with an ATR diamond single reflection crystal. All
spectra were collected in absorbance in the 4000–700 cm−1 range.

3. Results

The extraction procedure was adapted from a published pro-
cedure (Pan et al., 2006). Pulping was performed at 160 ◦C in
batch reactor, pressure rising up to 10 bars. The ratio of sol-
vent to straw was chosen to allow stirring of the mixture. In
this study, six different Lewis acids have been investigated as
catalysts for lignin extraction. The hardness of each acid was esti-
mated with the Pearson model (Parr and Pearson, 1983), under
the assumption that the metal was present in its cationic form
in the aqueous ethanol solution. Anions from the Lewis acids
were not considered for this hardness estimation. A wide range
of Lewis acids were used with increasing and well spread val-
ues of hardness (Table 1). In the following study, the results
will always be reported in order of increasing hardness of the
cation: FeCl2 < CuCl2 < FeCl3 < Ga(OTf)3 < ZrOCl2 < Sc(OTf)3. Triflate
salts were used because of their higher activity than chlorides as
Lewis acid catalysts in aqueous environment (Prakash et al., 2012).

An extraction catalysed by sulphuric acid was conducted as a ref-
erence procedure. Values of pH have been measured and found to
be in the range 2.0–2.5 for the initial batch and 2.4–3.2 at the end
of the extraction. The variation of the pH through the extraction
process, due to the neutralisation of acid groups by straw fractions,
was relatively limited due to the dilution of the straw in the sys-
tem: the used solvent/straw mass ratio higher than 30 was higher
than the ones used in other acid organosolv processes (Pan et al.,
2005; Huijgen et al., 2011; Wildschut et al., 2013),

3.1. Influence of the nature of the catalyst on yields and
selectivities in lignin isolation.

The degrees of straw delignification, the Klason lignin yields
(Lks) and the distribution of phenolic compounds obtained with
the different catalysts are reported in Table 1.

Two catalysts, FeCl2 and CuCl2, were less effective than H2SO4
and all the other systems gave quite the same degree of delig-
nification, close to 80%. The same trend was observed for the
lignin yields (30% for FeCl2 and CuCl2 and close to 40% for most
other catalysts) suggesting an increase of the performance of the
catalyst with the hardness of the Lewis acid. Ga(OTf)3 exhib-
ited a peculiar behaviour: with 62% yield and 78% selectivity, it
was the most efficient system for the recovery of solid lignin. In
most cases the selectivity to lignin represented around 50% of the
delignification products. The other phenolic products dissolved
in the aqueous ethanol solution complete the mass balance. Gas
chromatography coupled to mass spectrometry (GC/MS) analysis
allowed to identify several aromatic monomers derived from the
degradation of the main units of lignin (G/S), namely 3-methoxy-4-
hydroxyacetophenone (a), 1,3-dimethoxy-2-hydroxybenzene (b),
2-methoxyphenol (c), 2,6-dimethoxy-1,4-benzoquinone (d), 2-
methoxy-4-vinylphenol (e), 3-methoxy-4-hydroxybenzaldehyde
(f), 4-hydroxy-3,5-dimethoxybenzaldehyde (g), 4-hydroxy-3,5-
dimethoxyacetophenone (h) (Fig. 2).

However, these monomers were present in very low quantities,
accounting for only 2% of the delignification products (Table 1).
Whatever the catalyst, except Ga(OTf)3, around 47 ± 2% of delig-
nification products remained in the aqueous ethanol solution as
soluble compounds and were analysed by size exclusion chro-
matography. The mass distribution evidenced molecular masses
varying between 150 and 1500 g mol−1, which can be attributed to
lignin-based monomers and oligomers up to hexamers or to cor-
responding lignin–carbohydrate complexes. The mass distribution
spectra are reported in Supporting information, Fig. S1. The sol-
ubility of a fraction of lignin (Fig. S1) may have resulted in some
lignin loss in the precipitation step, probably related to the dilution
conditions used.

3.2. Effect of the catalyst on lignin structures

The effects of the Lewis acid extraction were evaluated by con-
sidering two different properties: the molar mass and the chemical
structure.

3.2.1. Molar mass and primary structure of the lignins
The effects of each Lewis acid on the molar masses and poly-

dispersity of lignins and acetylated lignins produced are reported
in Table 2 (molar mass distributions of lignins and acetylated
lignins are shown in Supporting information, Figs. S2 and S3).
According to their nature and properties, lignins have different sol-
ubility in organic solvents. An incomplete solubility in the eluent
is an additional source of error. To reduce errors, it is possible to
acetylate lignins and improve their solubility in organic solvents
(Baumberger et al., 2007).
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Table 2
Structural properties of lignins extracted with Lewis acids.

Catalyst Lignin Acetylated lignin Thioacidolysis

Mw(g mol−1) Mw/Mn Mw(g mol−1) Mw/Mn � O 4(�mol g−1 Kls) S/G(� O 4)

Straw / / / / 1150 1.02
H2SO4 5300 1.8 8000 1.6 670 0.67
FeCl2 5800 1.9 7000 2.1 260 0.9
CuCl2 8300 1.7 9500 2.2 180 0.86
FeCl3 5100 1.8 9500 1.9 260 0.94
Ga(OTf)3 3300 1.6 4600 1.4 0 n.a.
ZrOCl2 4700 1.7 6000 1.5 70 0.74
Sc(OTf)3 3800 1.7 4400 1.4 10 0.86

The average molecular masses of the lignins were in
the range 3000–8000 g mol−1 for non acetylated lignins and
4000–9500 g mol−1 for acetylated lignins, which is higher than
masses, found in other organosolv lignins (Arshanitsa et al., 2013).
The lowest masses were observed for the lignin obtained from
treatment with gallium triflate and scandium triflate. Conversely,
copper chloride provided the highest molecular mass of lignin and
acetylated lignins. Most of the harder Lewis acids (Ga(OTf)3, ZrOCl2,
Sc(OTf)3) produced lignins with the smallest molecular masses.
Surprisingly, the precipitated lignin obtained with Ga(OTf)3 is not
soluble in the aqueous-ethanol liquor despite its low molecular
weight. The nature of the functional groups of this particular lignin
is probably responsible for the low solubility. The polydispersity
indexes of all the lignins produced lie around 1.7 (1.6–1.9) and, in
the case of the acetylated lignins, were in the range 1.4–2.2.

In order to get some insight about the primary structure of
lignins, the frequency of �-aryl ether bonds (� O 4) in the lignin
has been determined by analysis of the thioacidolysis products. This
method also allowed the ratio between syringyl and guaiacyl units
linked by the � O 4 linkages (S/G) to be calculated.

The quantities of cleaved � O 4 links, expressed in �mol g−1 of
Klason lignin, in the lignins extracted with the different Lewis acids
are reported in Table 2. In the initial wheat straw 1150 �mol g−1 of
� O 4 bonds were measured, in good agreement with previous
reports (Lapierre et al., 1989, 1988). After treatment with sulphuric
acid, the number of � O 4 links decreased to 650 �mol g−1, cor-
responding to around one � O 4 link per 10 phenolic units. The
action of the Lewis acids further lowered the amount of � O 4
bonds, which decreased to 10 �mol g−1 with Sc(OTf)3 and even
below detectable levels with Ga(OTf)3. A progressive decrease in
the quantity of �-aryl ether links is observed while the hardness

of the Lewis acid increases, Ga(OTf)3 having an extreme behaviour
also on this account.

The decrease of � O 4 bonds in acid-catalyzed organosolv
treatment can be related to a significant decrease of �-aryl ethers
observed in the hydrothermal treatment of wheat straw without
addition of acids (Yelle et al., 2013). No comparable decrease of
� O 4 bonds is observed in milling, alkaline or enzymatic treat-
ment of wheat straw (Billa and Monties, 1995).

The S/G ratio of the � O 4 bonds in the initial straw was 1.02
and in all acid-treated lignins this value was lower. However, for all
the Lewis acid-treated lignins, the ratio was much higher than for
the H2SO4-issued lignin. This preferential cleavage of the � O 4
bonds connected to syringyl units was not observed for milder
straw treatments (Billa and Monties, 1995) but was observed for
lignin issued from straw oxidative treatments (Lequart et al., 1998).

3.2.2. Chemical structure by NMR spectroscopies
3.2.2.1. 31NMR spectroscopy. All precipitated lignins were stud-
ied by quantitative 31P NMR analyses after phosphorylation with
2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane in the pres-
ence of a known amount of cyclohexanol as internal standard
(Table 3). Spectra and attributions are reported in Supporting infor-
mation, Figs. S4 and S5. Residual metal from the catalyst in the case
of CuCl2, FeCl2 and ZrOCl2 did not allow proper quantitative NMR
analyses.

Recently, Arshanitsa et al., 2013 published a 31P NMR study
on an organosolv wheat straw lignin obtained by CIMV pro-
cess and Huijgen et al., 2014 reported a study on wheat straw
lignins resulting from H2SO4 organosolv treatment. In table 3, the
amount of p-hydroxyphenyl, guaiacyl and syringyl units of lignin
resulting from H2SO4 treatment are slightly different from pre-

Fig. 2. Identified monomers in aqueous ethanol solution during catalytic lignin extraction.
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Table 3
31P NMR spectral data for hydroxyl contents.

Assignment Lignin sample

H2SO4 FeCl3 Ga(OTf)3 Sc(OTf)3

OHaliphatic content, mmol g−1 1.82 2.01 1.62 1.55
OHphenolic content in condensed substructuresa, mmol g−1 0.93 0.86 0.9 0.9
OHphenolic content in syringyl substructures, mmol g−1 0.58 0.48 0.48 0.5
OHphenolic content in guaiacyl, mmol g−1 0.64 0.6 0.49 0.49
OHphenolic content in p-hydroxyphenyl substructures, mmol g−1 0.2 0.19 0.17 0.15
Total OHphenolic content, mmol g−1 2.35 2.13 2.05 2.03
COOH, mmol g−1 0.09 0.07 0.11 0.11
Total OH groups content, mmol g−1 4.26 4.21 3.77 3.69
S/G ratio 0.89 0.8 0.98 1.01

a Biphenyl-, diphenylether and diphenylmethane substructures.

Fig. 3. Quantitative 13C NMR spectra of the different lignin fractions.

vious studies. The H/G/S ratio is 14/45/41 in our case is more
similar to the ratio 14/38/48 obtained in wheat dioxane lignin
(Kanitskaya et al., 1998) than to the ratios obtained in more severe
acid treatments, like the 22/54/31 ratio in wheat CIMV lignin
(Arshanitsa et al., 2013), the 25/51/24 ratio in wheat aqueous
ethanol lignin catalysed by 15 mmol/L H2SO4 (Huijgen et al., 2014)
or the traces/67/32 ratio from aqueous ethanol treatment catalysed
by 2 mol/L H2SO4 (Heiss-Blanquet et al., 2011). Also the amount
of carboxylic acid groups in our aqueous ethanol lignin catal-
ysed by 4 mmol/L H2SO4 (0.09 mmol g−1) is lower than the values

previously measured in CIMV lignin (0.69 mmol g−1) (Arshanitsa
et al., 2013) and 0.43 mmol g−1 reported in wheat aqueous ethanol
lignin catalysed by 15 mmol/L H2SO4 (Huijgen et al., 2014).

3.2.2.2. 13NMR spectroscopy. Fig. 3 summarises the 13C NMR
spectral data acquired for H2SO4, FeCl3, Ga(OTf)3 and Sc(OTf)3
organosolv lignin. Attributions are based on previously published
results (Ralph and Landucci 2010; Ralph et al., 2004; Zeng et al.,
2013).

Table 4
Assignment and integration of 13C NMR spectra as equivalents per average aromatic ring.

Spectroscopic range (ı, ppm) Assignment H2SO4 FeCl3 Ga(OTf)3 Sc(OTf)3

172–169.9 Aliphatic AcC O 0.54 0.81 0.32 0.44
169.3–168.2 Phenolic AcC O 0.4 0.4 0.41 0.68
156–142 Aromatic C O bond 1.54 1.61 1.45 1.46
142–125 Aromatic C C bond 1.94 1.98 2.21 2.08
125–101 Aromatic C H bond 2.59 2.52 2.44 2.58
114–110 C2 in Gunits 0.64 0.46 0.36 0.39
108–103 C2,6 in S units 0.75 0.7 0.57 0.62
76–74 C� in ß O 4 0.14 0.23 0.02 0.04
89.5–87.5 C� in ß 5 0.05 0.05 0 0
87–86 C� in ß ß 0.03 0.02 0 0
90–72 Aliphatic CH O 1.06 0.62 0.49 0.42
72–59 Aliphatic CH2 O 1.03 0.52 0.57 0.41
58–55 Methoxyl OCH3 1.12 1.28 0.82 1.02
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Table 5
Lignin structural characteristics calculated from 13C NMR Spectra.

H2SO4 FeCl3 Ga(OTf)3 Sc(OTf)3

Aliphatic etherified C/Aromatic C 0.34 0.19 0.17 0.14
S units 0.38 0.35 0.28 0.31
G units 0.64 0.46 0.36 0.39
S/Gratio 0.6 0.8 0.8 0.8
Condensation (%) 41 48 56 42

The lignin 13C NMR spectra (Fig. 3) were integrated by setting the
area of the aromatic region (ı 154–106 ppm) equal to 6.12, assum-
ing that it includes contributions from 6 aromatic carbons and 0.12
vinylic carbons (Capanema et al., 2004). Therefore, all other func-
tional group results are reported as equivalences per aromatic ring
(equiv/Ar) in Table 4. The number of methoxyl carbons per aromatic
ring is 1.12 for the H2SO4-lignin. This value is changing according
to the catalyst, with a maximum of 1.28 for FeCl3 and a mini-
mum of 0.82 for Ga(OTf)3. Demethylation of aromatic ring may
occur by hydrolytic cleavage of C O bounds with water-tolerant
Lewis acids (Yang et al., 2014), and could explain a bias in G units
quantification by 31P NMR spectroscopy (Argyropoulos, 1995). The
syringyl/guaiacyl ratio (S/G) was calculated on the basis of the num-
ber of carbons per aromatic ring in C2 for guaiacyl and C2 and C6 for
syringyl units (Capanema et al., 2005). The integral value between
ı 108 and 103 ppm divided by 2 can then be used to estimate the
content of syringyl moieties, and the guaiacyl moieties were deter-
mined by the integral value between ı 114 and 110 ppm. No H units
were detected by 13C NMR at ı 158–156 (H-4). The results reported
in Table 5 indicate a lower S/G ratio for H2SO4 treated lignin than
for the Lewis acid-treated ones, in good agreement with the results
of thioacidolysis. However, it is noteworthy to mention that both
S and G lignin contents are lower for Lewis acid-treated samples
than for the H2SO4-treated lignin. The decrease is probably due to
condensation reactions occurring on C2, C5, or C6 of the aromatic
ring of lignin, resulting in the formation of new structures that shift
these signals downfield (Hallac et al., 2010).

The aliphatic region (90–59 ppm) of the 13C NMR spectra dis-
plays signals because of the aliphatic C O bonds implying �, �
and � carbons on the lignin side-chain. � O 4 linkages (C� at ı
76–74 ppm) were present in small amount in the H2SO4 (0.14/Ar)
and FeCl3 (0.23/Ar) lignin, and absent in Ga(OTf)3 and Sc(OTf)3
lignin. C� of � 5 and � � bonds can be identified in the regions
79.5–77.5 and 77–76 ppm, and were quantified as 0.14 and 0.05/Ar

in H2SO4; and 0.23 and 0.05/Ar in FeCl3, respectively, while these
structures were not observed for the Ga- and Sc-treated samples.

The aromatic region of the 13C NMR spectrum can be sub-
divided into three regions of interest, which provide additional
information on the lignin structure. These are the protonated aro-
matic (ı 125–101 ppm), the condensed aromatic (ı 142–125 ppm),
and the oxygenated aromatic (ı 154–142 ppm) regions (Ralph and
Landucci, 2010). The oxygenated aromatic region contains mainly
the C3 and C4 carbons on the aromatic ring for G units (plus C5
for S units). The condensed aromatic region consists of C1 car-
bons plus any ring carbons involved in cross-linking, such as the
5–5 or � � substructures present in lignin. The protonated aro-
matic region comprises C2, C6, and any uncondensed C5 carbons.
Because the oxygenated aromatic and condensed aromatic regions
have some degree of overlapping, calculation of the degree of con-
densation is less precise when using these regions (Holtman et al.,
2006). However, a comparison of the integration values of these
three regions can provide some information on the degree of con-
densation of the lignin fractions. Within the aromatic region, the
proportion of oxygenated aromatic carbons is lower in Ga(OTf)3
and Sc(OTf)3 compared to H2SO4 and FeCl3. The degree of conden-
sation of the lignin structure is calculated as 3 – the total area of
the protonated aromatic region and is expressed in Table 5.

3.2.3. Chemical structure of lignin by FT-IR spectroscopy
Fig. 4 shows the infrared spectra between 1800 and 700 cm−1 of

the different lignins. They were classified in relation to the hardness
of the Lewis acid used for the extraction (the softest acid at the top
and the hardest at the bottom). The spectra have been normalised
to allow comparison and, for sake of clarity, the curves have been
placed at equal intervals on the y-axis.

All the infrared spectra are characteristic of lignins. According
to the characterization of Faix, 1991, the presence of an absorbance
peak at 1220 cm−1, along with the conjugated ester band around
1160 cm−1, corresponds to HGS type lignins; which contain at the
same time syringyl, guaiacyl and p-hydroxyphenyl units. The rel-
ative intensity of the bands around 1120 and 1710 cm−1 is typical
for organosolv-extracted lignins (Tejado et al., 2007). The attribu-
tion of the bands and their relative absorbance for each lignin are
presented in Table 6.

The most intense bands of the precipitated lignin formed in the
presence of CuCl2 vibrate at 1036 and 1051 cm−1 and are clearly not
lignin-related, like relatively weak bands at 1539 and 1736 cm−1.
These bands are typical of organosolv hemicelluloses and the C O
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Fig. 4. Infrared spectra of the precipitated lignins.
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Table 6
Attributions and relative absorbance of the infrared bands for the various precipitated lignins.

Relative absorbances

cm−1 H2SO4 FeCl2 CuCl2 FeCl3 Ga(OTf)3 ZrOCl2 Sc(OTf)3

� C O non-conjugated 1736 0.29
1714–1707 0.26 0.33 0.32 0.36 0.47 0.32 0.33

� C O conjugated 1657–1654 0.45 0.4 0.36 0.41 0.66 0.49 0.48
1634–1628 0.53 0.52 0.53

� C C aromatic 1602–1595 0.64 0.77 0.66 0.75 0.83 0.76 0.77
1539 0.37

� C C aromatic 1515–1513 0.73 0.89 0.58 0.9 0.75 0.72 0.73
ı asym, C H en CH2, CH3 1462 0.69 0.78 0.59 0.78 0.7 0.69 0.69
� C C aromatic 1425 0.6 0.67 0.54 0.64 0.62 0.64 0.64
ı C H in CH3 or
ı O H phenolic

1371–1361 0.49 0.52 0.44 0.47 0.49 0.48 0.47

� C O syringyl unit 1340–1335 0.48 0.54 0.4 0.54 0.47 0.49 0.48
ı O H secondary alcohols 1321–1317 0.45 0.47 0.47
� C O guaiacyl unit 1271–1267 0.69 0.67 0.48 0.65 0.6 0.6 0.6
� C O phenolic OH or ethers 1232–1218 0.72 0.75 0.54 0.72 0.62 0.64 0.65
� C O diphenylethers 1209 0.75 0.52 0.76 0.64 0.67 0.69

1186–1181 0.54 0.58 0.44 0.6
� C O conjugated esters 1164–1156 0.6 0.59 0.52 0.59 0.6 0.56 0.6
ı C H in-plane aromatic syringyl and guaiacyl 1121–1119 1.00 1.00 0.75
ı C H in-plane aromatic syringyl 1114–1111 1.00 1.00 1.00 1.00
� C O secondary alcohols & aliphatic esters 1102–1087 0.82 0.83 0.82 0.9 0.98 0.91 0.92

1062–1051 0.68 0.74 0.94 0.76 0.92 0.8 0.8
ı C H aromatics. � C O primary alcohols & � C O non-conjugated 1036–1031 0.81 0.86 1 0.84 0.98 0.91 0.92
ı C H out of plane 1,2,4 substituted aromatics 921–914 0.02 0.06 0.02 0.09 0.02 0.04 0.03
ı C H out of plane 1,2,4 substituted aromatics 902 0.02 0.03 0.03
ı C H out of plane tetrasubstituted aromatics 839–836 0.35 0.4 0.29 0.33 0.36 0.28 0.27

stretching of carboxyl group at 1736 cm−1 indicate the presence
of esterified uronic acid residues (Xu et al., 2006). The incomplete
cleavage of polysaccharide units from lignin is a further confirma-
tion of the low delignification level that can be attained with the
least strong Lewis acids (see Table 1). Moreover, the increase of the
intensity of the bands related to primary and secondary hydrox-
yls with the hardness of the Lewis acid is in good agreement with
the level of sugar units measured after Klason treatment of the
precipitated lignins (see Table S1).

Other analytical differences induced by different hardness of
the Lewis acids can be observed. The harder the Lewis acid, the
more intense the bands of aliphatic alcohols around 1320, 1100
and 1035 cm−1. Interestingly, for all lignins issued from Lewis acid
treatments the bands attributed to aliphatic alcohols were more
intense than for the H2SO4-issued lignin.

The lignin formed in the presence of Ga(OTf)3 differs slightly
from the other lignins. On one hand, it shows the same high amount
of aliphatic alcohols observed with the other hard Lewis acids. On
the other hand, it produces particularly intense bands at 1706 and
1657 cm−1 and between 1096 and 1033 cm−1, suggesting the pres-
ence of a higher fraction of esterified acid groups.

Also observed at increasing strength of the Lewis acids is an
increase in the frequency of vibrations of the ester conjugates to
1160 cm−1 (Bayerbach and Meier, 2009) and a systematic shift to
lower frequencies of the band between 1121 and 1114 cm−1, due
to in-plane deformation of aromatic C H bonds. This last phe-
nomenon has been interpreted by Faix, 1991 and Tejado et al., 2007
as a reduction in the ratio between syringyl and guaiacyl units.
Moreover, the shift of the main band of out-of-plane vibration of the
aromatic C H bonds from 920 to 837 cm−1 corresponds to the shift
from trisubstituted to tetrasubstituted aromatics (Socrates, 2001).

4. Discussion

The nature of the Lewis acid catalysts induces important changes
in the yield of precipitated lignin. In most cases, the process leads
to the formation of a large amount of soluble phenolic-derived
oligomers. The valourisation of this kind of oligomers is worth to

study as a significant asset of reactive extraction processes in the
presence of Lewis acids. Another potential asset is represented by
the range of lignins with different structural properties that can be
obtained.

Indeed, the use of Lewis acid catalysts induces significant varia-
tions with respect to the results obtained by delignification with
H2SO4. The most striking effect is the cleavage of � O 4 link-
ages during delignification with the hardest Lewis acids. This is
consistent with the acid-catalyzed scission of �-ether and �-ether
linkages, which has been proposed as the major mechanism of
lignin dissolution in acidic organosolv systems (McDonough, 1993).
The cleavage of ether linkages is responsible for lignin break-
down in organosolv pre-treatment. Condensation is increasing as
aliphatic C O bond content is decreasing, except for Sc(OTf)3 lignin.
This effect is compatible with �-ether and �-ether linkages cleav-
age. In the case of Sc(OTf)3 lignin, a weak condensation associated
with a weak C O bond content may be due to the formation of
Hibbert’s ketone-type structures (Bauer et al., 2012). However, the
increase in condensation is weak and cannot compensate the total
breaking of aryl-ether bonds in the case of Ga(OTf)3 and Sc(OTf)3
lignins. Other multidimensional NMR studies should be done in
order to explain the possible formation of new structures such as
isochroman or C2/C6 condensed moieties (McDonough, 1993; Peng
et al., 1998).

It is interesting to compare the results of NMR spectroscopy
with the results of infrared spectroscopy, a technique which,
despite some complexity of interpretation, allows an analysis of
the chemical structure and functionalization of samples without
any chemical modification. The indication by IR spectroscopy of a
lower S/G ratio at higher hardness of the Lewis acid is apparently
contradictory with the increase of S/G ratio with Lewis acid strength
observed by 13C and 31P NMR spectroscopy. This discrepancy is of
difficult interpretation. It seems not to depend on the difficulty of
interpretation of the IR spectra, as some of the IR data are outside
the crowded spectral region of C H bending and C O stretching
vibrations, in which attributions are at a large extent empirical. On
the other side, 31P NMR spectroscopy of phosphorylated moieties
provides information only on the nature of the OH group present
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in the molecule and does not provide any information on etherified
phenolic groups. However, 13C NMR and infrared spectra have been
nominally measured on the same specimens.

Nevertheless, the use of complementary techniques allows a
better understanding of the results of each of the characterization
methods. It seems likely that advanced modelisation of the NMR
and IR spectra of models of lignin is needed to solve this quandary.

Under several aspects, lignins isolated in the presence of Lewis
acids are similar to other organosolv lignins. However, they present
a striking difference from other lignins: a spectacular decrease of
aryl ether bonds, shown by thioacidolysis and confirmed by spec-
troscopic methods.

5. Conclusions

Lewis acids have been studied as catalysts in the organosolv
treatment of wheat straw. Hard Lewis acids allow to obtain a greater
degree of delignification and a yield of Klason lignin greater than
that achieved with sulphuric acid. This process leads also to the
formation of aromatic monomers in very small amount, and a sig-
nificant amount of soluble phenolic-derived oligomers, issued from
delignification process. According to the chosen catalyst, the lignins
extracted from the same lignocellulosic resource present different
structural and chemical properties allowing different reactivities
to be expected in further chemical reactions.
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