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Nuclear magnetic resonance (NMR) spectroscopy has been applied worldwide to study the chemical composition
of lignocellulosic biomass and to analyse changes resulting from the chemical processing of these materials. In
this work, solid-state 13C NMR was used to study the lignin contents of a large set of lignocellulosic materials
derived from various Brazilian plant species. To determine the lignin content by NMR, the integrated intensity of
the deconvoluted signal due to methoxyl groups in the 13C NMR spectra was used to obtain a calibration curve

using mixtures of cellulose and lignin standards. The lignin contents obtained by NMR were, in general, in good
agreement with the results obtained by methods based on acid hydrolysis (AH). For some samples, the NMR
results showed that the AH methods were ineffective for the complete carbohydrate hydrolysis, indicating that
the NMR-derived values represented more reliable estimates of the lignin contents in these cases.

1. Introduction

Lignocellulosic biomass is an important source for the production of
biofuels and biomaterials aiming at different technological applications
[1-3]. There are several examples of lignocellulosic feedstocks, such as
forest biomass, agricultural residues, marine algae and herbaceous
grasses, which can be used to replace non-renewable energy sources,
such as oil and coal [4,5]. However, the application of lignocellulosic
components faces some limitations that need to be overcome in order to
reduce the production cost of the final products. These include the ne-
cessity of breaking down the intricate network that constitutes the
lignocellulosic structure, which can involve chemical, mechanical or
biological methods, among others [6,7].

Plant cell wall in lignocellulosic biomass has three main components:
cellulose, hemicellulose and lignin. These organic components form a
recalcitrant structure responsible for the plant mechanical strength and
that allows water and nutrient transportation through the plant [8,9].
Cellulose is made up from p-glucose chains organised in a linear struc-
ture known as cellulose microfibril. In turn, hemicellulose — which is
considered as the connection between cellulose and lignin - is amor-
phous and formed by different monosaccharides, linked to cellulose
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microfibrils by hydrogen bonds [10,11].

Lignin is a three-dimensional, predominantly aromatic polymer,
with a structure mainly composed of three different phenylpropane
units: p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S). The differ-
ence between these units is the occurrence of methoxyl groups attached
to carbons 3 and 5 of the aromatic ring [12]. Lignin is responsible for
binding the cells and supporting the cellulosic network [8]; it has been
widely used as a fuel in paper industry and biorefineries, but there are
also several applications as a polymer precursor due to its thermoplastic
properties and high percentage of hydroxyl groups [13,14]. Lignin can
also be used as an inexpensive feedstock to produce chemicals and as an
additive in materials for mechanical reinforcement, improvement of
antioxidant and antimicrobial activity, ultraviolet protection and in
biomedical applications [15,16].

In the lignocellulosic framework, the carbohydrate fractions are
embedded into a lignin-rich matrix that is the principal barrier to
degradation of the polymeric structure and its conversion into fuels and
chemical feedstocks [4,17]. Several methods have been successfully
applied for the separation and utilization of the lignocellulosic compo-
nents, including mechanical pretreatments, chemical and/or biochem-
ical reactions [7,18]. Knowledge about lignin and carbohydrate contents
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of lignocellulosic materials is of chief importance to monitor the changes
in these fractions during the course of the used treatments [19,20]. Most
analytical methods for the determination of lignin and carbohydrate
contents are destructive, time-consuming, demand high amounts of
material and generate a lot of chemical residues [21]. Consequently, it is
highly desirable to develop simple and quick spectroscopic-based
methods for the determination of these contents, among which
solid-state 13C nuclear magnetic resonance (NMR) appears as one of the
most attractive alternatives.

NMR has been worldwide used to study the chemical composition of
lignocellulosic biomass and to analyse changes resulting from the
isolation processes of lignocellulosic components or from several types
of thermal/chemical processes [22-24]. However, some problems can
hamper quantitative analyses in lignocellulosic materials by solid-state
NMR, including the overlapping of signals, the long spin-lattice relaxa-
tion of 13C nuclei in quantitative direct polarization (DP) experiments
and the non-homogeneous transfer of polarization in 'H-'3C
cross-polarization experiments (CP) [25]. Even so, some studies have
been able to show that it is possible to use solid state NMR as a fast
method to study the lignin contents in biomass from the analysis of the
intensity of lignin signals in the spectrum [26-29].

In 1984, Haw et al. employed a combination of CP with magic-angle
spinning (MAS) in 3C NMR spectroscopy to study the lignin content of
wood samples, by assuming an average molecular formula for conifer
lignin [28]. More recently, Sievers et al. (2009) used linear combina-
tions of solid-state 13C NMR spectra to determine the lignin and carbo-
hydrate contents of residues from acid hydrolysis of wood. Other
authors used a calibration curve constructed from the intensity of the
aromatic signals in the solid-state 1C NMR spectra of pure lignin to
determine lignin contents in biologically modified samples [26]. In a
related work, Gao et al. (2015) proposed a similar approach to predict
the lignin content of different kinds of biomass materials, but also taking
advantage of the use of an internal intensity standard.

Whereas these recent efforts demonstrate the potential of the use of
solid-state NMR for quantitative analyses of lignin contents in ligno-
cellulosic materials, some points still remain open. For instance, the
choice of an adequate lignin standard, since lignin chemical composition
and structure can vary among distinct biomass materials so that there is
no universal standard for this lignocellulosic component [24,30]. Also,
the number of different types of lignocellulosic materials encompassed
in these studies is quite limited.

In this work, '>C CP/MAS NMR spectra were used for the assessment
of the lignin contents in a wide variety of biomass materials, including
wood samples, fruit shells and lignocellulosic residues in a total of 41
analysed samples. The NMR-derived lignin contents were compared to
the results obtained with one of the standard methods of lignin quan-
tification based on acid hydrolysis (AH) of carbohydrates, also known as
Klason method [31]. With this approach, it was possible to ascertain the
potential and limitations of solid-state NMR methods for lignin quanti-
fication. In some cases, the NMR method was more appropriate than the
laborious AH-based methods, since the solid residue obtained by the
latter (which is assumed to represent insoluble lignin and ash in the
material) clearly contained significant amounts of residual carbohy-
drates, as revealed by >C CP/MAS NMR spectroscopy. Besides that, the
differences in the lignin chemical structure of different lignocellulosic
materials played an important role in the effectiveness of the NMR
quantification method. The proposed approach is particularly promising
as a fast and non-destructive method to assess the variation of lignin
contents in chemically modified lignocellulosic materials, thus allowing
the monitoring of the changes brought about by chemical/biochemical
treatments performed with biomass feedstocks.
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2. Materials and methods
2.1. Materials

The standard cellulose sample used in the NMR analyses was pro-
vided by Sigma-Aldrich (reference 22183). The standard lignin sample
was obtained by the Kraft method from eucalyptus wood, and kindly
provided by Fibria (Aracruz, ES, Brazil). This standard lignin was chosen
due to its high purity, as revealed by 3C CP/MAS NMR spectroscopy,
thermogravimetry (TG) and energy dispersive X-ray spectroscopy (EDX)
analyses conducted for a set of lignin samples (including the eucalyptus
lignin sample and two commercial ones). The standard lignin exhibited
the lowest ash content (ca. 2%) and the best signal-to-noise (S/N) ratio
in the corresponding *C CP/MAS NMR spectrum. On the other hand,
the commercial lignin samples presented higher ash contents (ca.
18-20%) and significant amounts of sulphur in their composition, as
observed by EDX analyses. Thus, the better S/N ratio obtained in the 3C
NMR spectrum of the standard lignin sample is probably due to its lower
ash content, since only the organic compounds contribute to the recor-
ded '3C NMR spectra. The cellulose and lignin standard samples were
then used to prepare eleven mixtures in the following cellulose: lignin
mass ratios: 90:10, 85:15, 80:20; 75:25; 70:30, 67:33, 60:40; 50:50;
40:60; 33:67; 15:85.

As for the biomass materials, 20 raw lignocellulosic samples from
several plant sources were selected, as detailed in Table 1. The two
samples named lignocel (LC) and Monterey pine whole (MPW) (Pinus
radiata) are commercial samples of softwood provided by J. Rettenmaier
& Sohne and by Sigma-Aldrich, respectively. The other samples
described in Table 1 are agricultural wastes abundant in Brazil,
including sugarcane bagasse (Saccharum spp.) and different species of
palms used for oil extraction. Sugarcane bagasse 1 (SB1) and sugarcane
bagasse 2 (SB2) were kindly provided by the sugarcane mill Sao

Table 1

Lignin contents determined by NMR and AH methods for the raw lignocellulosic
materials, together with the values of the ratio rSG obtained by '*C CP/MAS
NMR.

Sample Lignin rSG (=I1153/
Content (%) 1148+145)
NMR AH

Sugarcane bagasse 1 (SB1) 19 22 0.601"
©]

21 (3) 23 0.64
23 (4) 19 0.59
26 (4) 27 0.17
29 (4) 32 0.42
28 (4) 29 0.18
Acai stone (AS) 21 (4) 21%* 2.11
Endocarp of babassu coconut 1 (EBC1) 38 (3) 38* 1.01
Endocarp of babassu coconut 2 (EBC2) 36 (4) 44* 1.14

Sugarcane bagasse 2 (SB2)
Sugarcane bagasse 3 (SB3)
Monterey pine whole (MPW)
Lignocel 1 (LC1)

Lignocel 2 (LC2)

Oil palm leaf (OPL ) 27 (4) 26 2.81

Oil palm empty fruit bunch (OPEB) 26 (4) 20 2.00

Oil palm fruit bunch (OPFB) 30 (4) 35% 215

Oil palm sterilized empty fruit bunch 30 (3) 24 1.63
(OPSB)

Oil palm bunch straw (OPBS)

Oil palm rachis (OPR)

Palm kernel shell 1 (PKS1)

Palm kernel shell 2 (PKS2)
Macatiba empty fruit bunch (MB)
Macatba kernel shell 1 (MKS1)
Macatiba kernel shell 2 (MKS2)

31 (4 34 1.31
29 (4 30 1.79
33 (4) 59*  1.32
40 (4) 65* 1.45
28 (3) 34 0.61
26 (3) 67*  0.57
28 (3) 62*  0.61

1The numbers between parentheses are the uncertainties in the last digit.
t1The parameter rSG is defined as the ratio between the intensity of the 13C
NMR signal at 153 ppm (1153) and the sum of the intensities of the signals at 145
and 148 ppm (1148+145).

*Samples for which carbohydrate signals were detected in the 13C CP/MAS
NMR spectra of the corresponding AH residues.
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Martinho (Praddpolis, SP, Brazil). Sugarcane bagasse 3 (SB3) was kindly
provided by the sugarcane mill Cruz Alta (Guarani, SP, Brazil). Acai
stone (AS) (Euterpe oleracea) is a processing residue that was collected at
several acai stores in the metropolitan region of Belém, PA, Brazil.
Endocarp of babassu coconut 1 (EBC1) (Orbignya speciosa) was provided
by local producers from the municipality of Acailandia, MA, Brazil.
Endocarp of babassu coconut 2 (EBC2) was kindly provided by the
babassu oil and activated carbon industry TOBASA Bioindustrial de
Babacu S.A. (Tocantindpolis, TO, Brazil). Oil palm leaf (OPL) (Elaeis
guineensis), oil palm empty fruit bunch (OPEB), oil palm fruit bunch
(OPFB), oil palm sterilized empty fruit bunch (OPSB), oil palm bunch
straw (OPBS), oil palm rachis (OPR), palm kernel shell 1 (PKS1) and
palm kernel shell 2 (PKS2) are by-product streams of palm oil produc-
tion process and they were kindly provided by Companhia Refinadora
da Amazonia - Agropalma Group (Belém, PA, Brazil). Macaiba empty
fruit bunch (MB) (Acrocomia aculeata), macatiba kernel shell 1 (MKS1)
and macatiiba kernel shell 2 (MKS2) were obtained from the cooperative
Cooper Riachao (Montes Claros, MG, Brazil).

Another group of materials analysed here comprises samples from
three different kinds of biomass sources (sugarcane bagasse, elephant
grass and eucalyptus bark), which underwent distinct chemical treat-
ments, as described in Table 2. Sugarcane bagasse (SB) (Saccharum spp.)

Table 2

Lignin contents determined by NMR and AH methods for the chemically treated
lignocellulosic materials, together with the values of the ratio rSG obtained by
'3C CP/MAS NMR.

Sample Lignin Content rSG (=I1153/
(%) 1148+-145)
NMR AH
Sugarcane bagasse (SB) 22 22.2 0.9911
@ (3]
SB after 1% H2S04 (SBH1) 23 (4 29.5 0.50
6)
SBH1 after 0.25% NaOH (SBNO0.25) 21 (4) 25.2 0.45
3)
SBH1 after 0.5% NaOH (SBNO0.5) 17 (3) 23(7) 0.97
SBHI after 1% NaOH (SBN1) 11(3) 11.0 n.d.ff
()]
SBH1 after 2% NaOH (SBN2) 12 (3) 9.5 (5) n.d.
SBH1 after 3% NaOH (SBN3) 9(3) 9.5(5) n.d.
SBH1 after 4% NaOH (SBN4) 733 9.3(4) n.d.
Elephant grass (EG) 19(3) 25 (2) 0.69
EG after 5% NaOH (EGN5) 12 (3) 13.7 n.d.
@
EGNS5 after 4% of NaOH and 7 % of H202 8 (3) 9.9(2) nd.
(EGN4)
Eucalyptus bark (EB) 24(4) 23 2.59
EB after 1% NaOH for 40 min (EBN1_40) 25 (4) 21.8 2.77
EB after 5% NaOH for 40 min (EBN5_40) 25 (4) 20.3 3.63
EB after 1% NaOH for 80 min (EBN1_80) 23 (4) 23.4 2.94
EB after 5% NaOH for 80 min (EBN5_80) 27 (4) 19.9 3.65
EB after 1% H2S04 and 1% NaOH for 40 27 (4) 24.3 2.87
min (EBHIN1_40)
EB after 1% H2S04 and 5% NaOH for 40 23 (4) 21.3 3.09
min (EBHIN5_40)
EB after 1% H2S04 and 1% NaOH for 80 26 (4) 25.2 1.98
min (EBHIN1_80)
EB after 1% H2S04 and 5% NaOH for 80 22 (4) 23.6 2.35
min (EBHIN5_80)
EB after 0.5% H2S04 and 3% NaOH for 60 23 (4) 23.5 3.20

min (EBHO.5N3_60)

1The numbers between parentheses are the uncertainties in the last digit.
t1The parameter rSG is defined as the ratio between the intensity of the 13C
NMR signal at 153 ppm (I153) and the sum of the intensities of the signals at 145
and 148 ppm (1148+145).

t17n.d. = not determined; for these samples, it was not possible to obtain reliable
values of the deconvoluted intensities in the aromatic spectral region, due to the
low intensity of the corresponding 13C NMR spectra in that region, associated
with the reduced amounts of lignin.
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was kindly provided by the Cosan Group (Ibaté, SP, Brazil) and used as
received, after drying in a convection oven at 60 °C for 24 h. Typically,
the sugarcane stalks were harvested 12 months after planting and the
possible varieties of sugarcane contained in the SB sample are SP81-
3250, RB85-5156, RB86-7515 and/or SP83-2847. The samples were
passed through a 9.8 mm sieve, treated with diluted HySO4 (1% v/v) and
then submitted to alkali treatments using different concentrations of
NaOH (0.25, 0.5, 1, 2, 3, 4 and 5% w/w). More details about the
treatments carried out can be found in a previous work [19].

Elephant grass (EG) (Pennisetum purpureum) leaves were kindly
provided by the Institute of Animal Science (Instituto de Zootecnia,
Nova Odessa, SP, Brazil) from plants harvested 12 months after planting.
This sample was dried at 60 °C for 24 h and knife milled (SL-31 SOLAB)
until passing through a 2 mm sieve. Next, the sample was treated with
NaOH (5% w/w) and the resulting product was named sample EGN5.
This material was then submitted to two bleaching steps with a 1:1 so-
lution of NaOH (4% w/w) and Hy0, (7% v/v), giving rise to sample
EGN4. More details about the performed treatments can be found else-
where [32].

Eucalyptus bark (EB) samples were obtained from Eucaliptus grandis
clones and were kindly donated by Suzano Papel e Celulose (Suzano, SP,
Brazil). The EB samples were dried at 60 °C for 24 h and knife milled (SL-
31 SOLAB) until passing through a 2 mm sieve; next, the samples were
treated with different concentrations of H,SO4 (0.5 and 1% v/v) and
NaOH (1, 3 and 5% w/w) during different treatment times, as shown in
Table 2.

2.2. Determination of the lignin contents by wet chemical methods

The acid insoluble lignin contents of the natural biomass materials
presented in Table 1 were determined using the AH method [31].
Briefly, milled and dried samples were extracted with acetone, followed
by hydrolysis with a 72% (w/w) HySO4 solution at 30 °C for 1 h; the
hydrolysate was diluted in water and taken to a reactor where it
remained at 120 °C for 1 h. The solid residue was separated by filtration
and, after correction for moisture and ash contents (determined using
TG), the solid material was assumed to represent the lignin content of
the samples (“Klason lignin™).

For the samples listed in Table 2, the total lignin (soluble and
insoluble) content is reported. Insoluble lignin was determined as
described above and in other reports in the literature [19,32], while acid
soluble lignin was determined using UV-Vis spectroscopy to analyse the
liquor resulting from the AH step [30].

2.3. Solid-state NMR analysis

NMR spectra were recorded in a Varian/Agilent 400 MHz NMR
spectrometer operating at 9.4 T (NMR frequency of 100.5 MHz for 13C),
using a solid-state NMR probe equipped with zirconia rotors (4 mm
diameter). Prior to the analyses, all samples passed through a 60 mesh
sieve and were then packed into the rotors.

All the '3C CP/MAS NMR spectra were recorded with samples at
room temperature. A ramp CP pulse sequence was used, with high-
power 'H decoupling (SPINAL method) during acquisition of the free
induction decay (FID). Other acquisition parameters were: 10 kHz of
MAS rate; 3.6 ps of 'H pulse duration (n/2 pulse); 5 s of recycle delays;
20.48 ms of acquisition time; 50 kHz of spectral width; 1500 recorded
transients and 1 ms of contact time (chosen after careful optimization in
variable contact time experiments). The spectra were obtained by
Fourier transform of the FIDs and were externally referenced by tetra-
methylsilane (TMS), using hexamethylbenzene (HMB) as a secondary
reference (17.3 ppm for the methyl groups).

The 13C DP/MAS NMR spectra were recorded for three selected
samples: standard lignin, sugarcane bagasse and palm kernel shell. The
13C pulse duration was 4.3 ps (/2 pulse), with a 20.48 ms acquisition
time, around 2000 recorded transients and a 100 s recycle delay. The
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pulse sequence included also a pair of n pulses applied just after the x/2
pulse, in order to avoid probe background signals [33].

All recorded spectra were deconvoluted using a combination of
Gaussian and Lorentzian lines in the program ACD/NMR Processor Ac-
ademic Edition [34].

2.4. Determination of the lignin contents by solid-state *3C NMR

After careful spectral deconvolution of all 13C CP/MAS NMR spectra,
the spectral region associated with lignin methoxyl (OCHs) groups was
chosen for the assessment of the lignin content in the material. As an
alternative procedure, the intensity obtained by direct integration of the
methoxyl signal was also calculated for a selected group of cellulose-
lignin mixtures and for the biomass materials analysed in this work, as
detailed in the Supplementary Material. Though it is quite well known
that lignin derived from different types of plants exhibits distinct rela-
tive amounts of methoxyl groups [35,36], the analysis of the lignin
contents for the materials described in this work did not seem to be
decisively influenced by this choice. Alternative calibration procedures
using the spectral intensity due to aromatic carbons — similarly to the
methods described by Fu et al. (2015) and Gao et al. (2015) — were also
tested, but the obtained results were not improved in comparison with
the method based on the spectral intensity due to methoxyl groups, as
detailed in Section 3.1. The signal assigned to methoxyl groups (at ca.
56.3 ppm) as the indicator of lignin contents was therefore preferred due
to its larger S/N ratio as compared to the signals due to aromatic car-
bons. This allowed the NMR experiments to be carried out in moderate
experimental time (~2 h), in contrast to previous works, where 24 h
were necessary for each spectrum [26,29].

To determine the lignin contents in the samples, a calibration curve
was obtained with *C CP/MAS NMR spectra recorded for the cellulose/
lignin mixtures. The integrated intensity of the signal due to methoxyl
groups (obtained by spectral deconvolution) was plotted as a function of
the lignin mass in the mixture. >C CP/MAS NMR spectra were also
recorded for the samples of lignocellulosic materials under the same
experimental conditions and the lignin content was determined using
the calibration curve and considering the dry sample weight in the rotor.
For each lignocellulosic material analysed, the mass of lignin in the
sample was calculated using the calibration curve and the deconvoluted
intensity of the methoxyl signal; then, the lignin content was obtained
by the ratio between the calculated lignin mass and the mass of the dry
sample in the rotor. The uncertainty in the lignin contents was estimated
by propagation of uncertainties obtained by repeating the whole pro-
cedure for triplicates taken from the same standard lignin sample and
also by considering the error bars associated with the equation corre-
sponding to the calibration curve.

3. Results and discussion

3.1. Determination of the lignin contents of lignocellulosic materials from
various sources using solid-state 1C NMR

13C CP/MAS NMR spectra obtained for pure lignin, for pure cellu-
lose, for a 50:50 cellulose: lignin mixture and for sugarcane bagasse
(sample SB1, as a representative lignocellulosic material chosen among
the analysed samples) are shown in Fig. 1a, 1b, 1c and 1d, respectively.
In the SB1 spectrum (Fig. 1d), the signals associated with the three main
components of the lignocellulosic structure - i.e., lignin (L), cellulose (C)
and hemicellulose (H) - are identified [28,37]. The most intense peaks
in the spectra shown in Fig. 1c and d are associated with the carbohy-
drates, containing superimposed contributions of carbon atoms from
cellulose and hemicellulose. This overlap imposes barriers to the proper
separation of the information about these two components in this type of
spectra. With respect to lignin, the signals due to methoxyl and aromatic
carbons are detected in spectral regions more easily separated from the
carbohydrate signals. These lignin signals are thus potentially useful for
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Fig. 1. 3¢ cP/MAS NMR spectra of (a) pure lignin, (b) pure cellulose, (c)
50:50 cellulose: lignin mixture and (d) sugarcane bagasse sample. The letters C,
H and L indicate the signals associated with cellulose, hemicellulose and lignin,
respectively. The main carbohydrate signals are labelled according to the
common terminology used to identify the carbon atoms in the anhydroglucose
repeating unit in cellulose and hemicellulose. Part (e) shows the calibration
curve correlating the lignin contents with the area of the signal due to methoxyl
groups in the '3C NMR spectra, obtained by deconvolution of the spectra.

determining the lignin contents in biomass materials [26]; however, in
the spectra obtained for lignocellulosic materials (as the one shown in
Fig. 1d), the aromatic signals are weaker and poorly resolved compared
to the signal due to methoxyl groups. Fig. 1a shows that the methoxyl
signal (at ca. 56.3 ppm) is dominant in the 13C CP/MAS NMR spectrum
of lignin and that it can be easily separated from the carbohydrate C6
peak by spectral deconvolution (as shown in the Supplementary Mate-
rial); this suggests that the methoxyl signal may be an interesting choice
for the quantification of lignin content in lignocellulosic materials. On
the other hand, the fact that lignin from different plant sources presents
distinct amounts of methoxyl groups in their molecular structure [38,
39] poses some questions on the accuracy and limits of validity of this
quantification method, as discussed later.

To construct a calibration curve from the intensity of the signal due
to methoxyl groups, the '3C GP/MAS NMR spectra of mixtures of cel-
lulose and lignin (such as the one shown in Fig. 1¢) were deconvoluted
and the absolute integrated intensity (i.e., the non-normalized area of
the peak used in the spectral deconvolution) of the signal at ca. 56.3 ppm
was separately determined for each mixture. This area was correlated
with the mass of lignin in each mixture, leading to the linear regression
shown in Fig. le. Using this calibration curve, the lignin contents of a
large set of different biomass materials were determined. These NMR
lignin contents were then compared to the contents determined by the
AH method, as shown in Tables 1 and 2. The corresponding results ob-
tained using an alternative method of direct integration of a chemical
shift window around the methoxyl peak (instead of spectral deconvo-
lution) are also discussed in the Supplementary Material.

As it can be clearly seen in the comparison shown in Tables 1 and 2,
the agreement between the NMR results and the AH method is quite
good, with the exception of 5 samples in Table 1 (EBC2, PKS1, PKS2,
MKS1 and MKS2); for these samples, the hydrolysis of the carbohydrates
was not complete, as revealed by the *C CP/MAS NMR spectra recorded
for the AH residues. Excluding for the time being these outliers (which
will be analysed in detail in Section 3.3), the AH lignin contents of all
other natural samples are plotted as a function of the respective NMR
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lignin contents in Fig. 2. The correlation between these values is
remarkably good, with 11 of the 15 values agreeing within the uncer-
tainty limits for the different analysed samples. Similar results were also
obtained when a different NMR spectrometer (operating under another
magnetic field) was used to record the NMR spectra, as described in the
Supplementary Material, which illustrates the robustness of the devel-
oped quantification method and its general applicability using different
instruments, when the appropriate calibration procedures are correctly
implemented.

It is known that the methoxyl group occurrence in the lignin struc-
ture varies among different plants, for different parts of the plants and
even for plants of the same variety but grown in different climatic and
soil conditions [21]. Generally, guaiacyl units are predominant in lignin
derived from softwood, whereas in hardwood both guaiacyl and syringyl
units are present in similar amounts in the lignin structure. In grasses,
the amount of p-hydroxyphenyl units may be slightly higher than in
other plants [14,36].

Considering the occurrence of these lignin units in different amounts
for distinct biomass materials, it is reasonable to conclude that any
spectroscopic (e.g., NMR) method aimed at quantifying the lignin con-
tent in a given material will be more accurate if a lignin sample extracted
from the same material is used as a reference standard. This approach
was recently followed by Fu et al. (2015), who used the intensity of the
aromatic signals in '3C NMR spectra as an indicator of the lignin content
in kenaf-derived samples and took lignin derived from the same source
as an intensity standard [26]. However, for a method widely applicable
to different biomass materials, this approach has little practical use.
Thus, the use of a common lignin standard sample is required, which
undoubtedly limits the accuracy of the obtained lignin contents.

In a study of the chemical composition of biomass materials using
near infrared spectroscopy, Sanderson et al. (1996) showed that it is
possible to predict the lignin contents with acceptable accuracy using a
calibration curve constructed from the analysis of a broad set of different
samples. It was also noted in their work that, though this approach re-
duces the accuracy of the method, it allows the achievement of
reasonable estimates of the lignin contents without the costs involved in
the development of a specific calibration curve for each type of biomass
material to be analysed [40].

Furthermore, it is important to observe that the comparison shown in
Fig. 2 includes a large number of lignocellulosic materials from various
plant sources (e.g., fruit shells, straw, wood, bagasse and others). There
is no reason to suspect that the lignin chemical composition would be
exactly the same in all samples of this group, and not even to assume that
any of these lignin forms would be similar to the standard lignin sample
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Fig. 2. Comparison between the lignin contents of several lignocellulosic ma-
terials obtained by the NMR-based method and by the acid hydrolysis (AH)
method. The full line indicates the identity function (IF).
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used to construct the NMR calibration curve. Therefore, the successful
correlation shown in Fig. 2 illustrates the robustness of the quantifica-
tion method based on the use of the intensity of the signal due to
methoxyl groups in the 3G CP/MAS NMR spectra, at least for the pur-
pose of estimating the lignin contents of different biomass materials with
a tolerance of ca. 5% in comparison with the AH lignin contents.

It is also interesting to note that the use of a calibration curve con-
structed using a common lignin standard sample to assess the lignin
contents of a diversified group of lignocellulosic materials is somewhat
similar to assuming a single average molecular formula to describe the
lignin composition in these materials. This approach has been used, for
example, for the determination of the lignin contents in softwoods
directly from the integration of '3C CP/MAS NMR spectra [28]. The
problems and limitations with this type of assumption have been dis-
cussed for a long time and are in many cases unavoidable when spec-
troscopic methods are employed to quantify the carbohydrate and lignin
contents in lignocellulosic materials [30,41]. However, the results pre-
sented in this work show that this approach can indeed be useful when
quick (and not too accurate) estimates of the lignin contents of different
biomass materials are desired.

The quantitative analyses of the lignin contents of the same biomass
materials were also performed using the intensity of the signals due to
aromatic carbons in the '3C CP/MAS NMR spectra, similarly to the
method described by Fu et al. (2015) [26]. However, the agreement
between the NMR-derived and the AH lignin contents, as presented in
the Supplementary Material, was worse in this case, in comparison to the
values obtained using the intensity of the signal due to methoxyl groups.
The reason for this is probably related to the inferior S/N ratio of the
aromatic signals, which are spread over a chemical shift range (~50
ppm) considerably larger than the one corresponding to the methoxyl
signal (~10 ppm). Also, it is important to note that, similarly to what
was discussed above for the methoxyl signal, the aromatic signals in the
13C CP/MAS NMR spectra are expected to be distinct among the lignin
types present in different biomass materials (as discussed in detail in
Section 3.4), which clearly contributes to the ineffectiveness of this
method as well. In addition to the aforementioned points, the problem of
non-uniform CP excitation profile may have a detrimental effect
regarding the evaluation of the intensities of the aromatic signals, since
these cover a wider chemical shift range in comparison with the
methoxyl signal and the process of polarization transfer from 'H to '3C
nuclei is in general more difficult to be uniformly achieved for the ar-
omatic signals than for the aliphatic ones [42,43]. This is an additional
aspect that makes the use of the methoxyl signal analysis preferable and
it can explain why this method gives better results, at least for the group
of different types of biomass materials studied in this work.

3.2. Study of chemically treated samples

The same NMR method was used for the analysis of chemically
treated lignocellulosic materials (see Table 2). In these cases, the anal-
ysis of the lignin contents determined by NMR allowed the monitoring of
the effects of the chemical processes employed. In the case of the SB-
derived samples, for example, the NaOH treatments caused a progres-
sive reduction of the lignin content, from 22% in the untreated sample to
ca. 9% in the most severely treated samples. These trends were verified
both using the proposed NMR approach and the much more laborious
AH method, illustrating how useful solid-state NMR-based methods can
be in cases where fast assessments of lignin contents are desirable in
order to follow the effectiveness of chemical processing of lignocellu-
losic feedstock.

For the EG samples, the slightly higher content of p-hydroxyphenyl
(around 5% w/w, relatively to the total lignin content) can cause an
underestimation of the NMR-based lignin contents, as can be seen for the
raw EG sample [15]. However, for the chemically treated EG samples, a
good agreement between both methods was also observed, indicating
the reduction of the lignin content with the sequence of chemical
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treatments, which reinforces the potential of the NMR method in the
study of NaOH-treated samples.

In the case of the EB-derived samples, on the other hand, the varia-
tions in the lignin contents caused by the chemical treatments occurred
within the error ranges associated with the NMR method. Therefore, the
proposed NMR approach was not useful in this case; for the accuracy
level required in the case of these analyses, improvements in the method
would be necessary, such as the use of a calibration curve constructed
directly from the lignin extracted from the feedstock used in the
chemical treatments.

Fig. 3 shows a comparison between the lignin contents obtained by
AH and by the NMR-derived method for the chemically treated samples.
These data can be divided into two groups with considerably different
lignin contents. The group with lower lignin contents (below 15%)
exhibited better agreement between the contents determined by NMR
and by the AH method. On the other hand, the group with higher lignin
contents (mostly above 20%) presented a larger difference between the
values predicted by the two methods. As also shown in the same plot,
these data can be further subdivided, considering the ratio between the
intensity of the 13C NMR signal at 153 ppm and the sum of the intensities
of the signals at 145 and 148 ppm (represented by the symbol rsg),
which are all due to aromatic carbons in lignin [44]. The relative in-
tensities of these signals are dependent on the chemical composition of
the lignin present in each precursor and this affects the accuracy of the
lignin contents determined by the NMR method, as it will be further
discussed in Section 3.4.

3.3. Study of the “outlier samples” and solid-state 1>C NMR analyses of
the AH lignin residues

For the samples EBC2, PKS1, PKS2, MKS1 and MKS2 the AH lignin
contents were found to be substantially higher than the NMR-derived
lignin contents and also noticeably high in comparison with values re-
ported in the literature for typical lignocellulosic materials [24,29,41],
which suggests that they may actually be overestimated for these
samples.

In order to check this, the solid residues left after the chemical pro-
cessing used in the AH method (which supposedly should represent the
lignin and the ash content in the material) were also analysed by solid-
state NMR. Fig. 4 shows the '3C CP/MAS NMR spectra obtained for the
AH lignin residues (indicated by the suffix “AH”) of a number of sam-
ples, compared to the spectra recorded for the same respective raw
lignocellulosic materials. The samples whose AH lignin residues were
analysed by 13C CP/MAS NMR were the following: AS, EBC1, EBC2,
MKS2, PKS1, PKS2, SB3, MB, OPL, OPEB; all these spectra are shown in
the Supplementary Material and an asterisk was used in Table 1 to mark
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Fig. 4. '3C CP/MAS NMR spectra of the AH lignin residues (indicated by the
suffix “AH”) compared to the spectra recorded for the respective raw materials
for samples (a) PKS2, (b) SB3 and (c) EBC1. In the case of sample EBC1, the
spectrum obtained for the residue of a more severe acid hydrolysis treatment
(120 °C, 2 h) is also exhibited.

the samples for which carbohydrate signals were observed in the >C CP/
MAS NMR spectra.

As it is well known [31], the chemical reactions used in the pro-
cedure to determine the AH lignin aim to hydrolyse all the carbohy-
drates present in the sample, obtaining at the end a solid residue that is
assumed (after subtraction of the ash and moisture contents) to repre-
sent the insoluble lignin content in the analysed material. However, the
NMR spectra exhibited in Fig. 4 show that there are high amounts of
carbohydrates in the residues obtained from PKS, for example; this is an
evidence of the limited effectiveness of the acid attack to the carbohy-
drates present in some lignocellulosic precursors (notably those ob-
tained from fruit kernel shells), which can be related to the morphology
and chemical composition of each individual lignocellulosic matrix and
constitutes a clear limitation on the reliability of AH-derived lignin
contents [24,45].

A further test to solve this problem was performed in the case of the
EBCI1 sample, changing the reaction time in the acid hydrolysis reactor
at 120 °C to 2 h, in an effort to try to dissolve completely the carbohy-
drates; however, the amount of carbohydrates in the residue was not
reduced, as shown in Fig. 4c. On the other hand, it is interesting to
observe in Table 1 that, in the case of the EBC1 sample, the relatively
small amount of carbohydrates present in the residue (as seen in the
spectra exhibited in Fig. 4c) did not cause a significant overestimation of
the AH lignin contents, as there was a reasonable agreement with the
NMR-derived values; the same was also true for the AS sample, where a
small amount of carbohydrates was detected in the AH lignin residue, in
spite of a good agreement between the NMR-derived and AH lignin
contents.

On the other hand, the !3C CP/MAS NMR spectra recorded for the
residue obtained for other precursors (such as SB, as also illustrated in
Fig. 4b) were completely free of carbohydrate contributions. It is not
surprising, therefore, the good agreement observed between the AH and
the NMR-derived lignin contents in the case of SB and the huge
discrepancy observed for PKS and for some of the other precursors



D.F. Cipriano et al.

shown in Table 1. In these cases, the presence of significant amounts of
carbohydrates in the AH residues indicates that the AH lignin contents
are certainly overestimated; the NMR-derived method constitutes then a
better alternative to deal with these materials, as also noted for other
spectroscopic methods [40,46,47].

3.4. Influence of the type of lignin present in each material on the
accuracy of the NMR-derived lignin contents

As discussed in Section 3.1, the choice of the intensity of the
methoxyl peak in the *C CP/MAS NMR spectra as an indicator of the
lignin content in lignocellulosic materials may compromise the accuracy
of the method when applied to a very diverse group of samples, since the
amount of methoxyl groups can vary for the different phenolic units that
can constitute the lignin structure. Therefore, a more detailed analysis of
the '3C CP/MAS NMR spectra of the different lignocellulosic materials
investigated in this work can help to understand the limits of application
and to propose improvements in the method.

Based on an extensive compilation of previous reports in the litera-
ture (detailed in the Supplementary Material), the ratio of syringyl to
guaiacyl units (S/G) in a lignocellulosic material can be inferred from an
analysis of the chemical shift region in the 13C NMR spectra associated
with the signals due to aromatic carbons in the lignin structure. Fig. 5
shows this expanded region of the 3C CP/MAS NMR spectra obtained
for a group of samples analysed in this work. In general, it is possible to
associate the signal near 153 ppm mainly with contributions due to
syringyl units, whereas the signals at 145 and 148 ppm are mostly
associated with guaiacyl units [48] and a distinct signal near 158 ppm is
mostly due to carbon 4 of p-hydroxyphenyl units [23,49].

The values of the ratio (represented by the symbol rsg) between the
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Fig. 5. Expanded view of the '*C CP/MAS NMR spectra obtained for selected
lignocellulosic materials, showing the chemical shift region associated with the
signals due to aromatic carbons in the lignin structure. The black line is the
experimental spectrum, the red line is the fitted spectrum and the other lines
correspond to the spectral components due to the indicated groups, as detailed
in the text. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)
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intensity of the 13C NMR signal at 153 ppm and the sum of the intensities
of the signals at 145 and 148 ppm, calculated from the 13¢ cp/MAS NMR
spectra of all samples analysed in this work, are given in Tables 1 and 2.
The same calculation was also carried out using quantitative >C DP/
MAS NMR spectra for a set of selected samples. A good agreement was
observed in the comparison between the CP- and DP-derived values
(given in the Supplementary Material), showing that the calculated rsg
values are indeed meaningful for inferring on the changes in the S/G
ratio among the different lignocellulosic materials analysed in this work
[44,50].

As it can be seen in Tables 1 and 2, the calculated rsg values show
large scattering among the different studied samples, which confirms
that the samples are composed of different types of lignin. This fact can
also be observed in Fig. 5, where the relevant spectral region in the 13C
NMR spectra is compared for some of the studied lignocellulosic mate-
rials. It is important to note that the S/N ratio is low in this chemical shift
range, which limits the accuracy of the spectral fittings (also shown in
Fig. 5) and of the corresponding calculations of integrated intensities.

Even so, it is possible to observe from the analysis of the values given
in Tables 1 and 2 that the rgg values (which are expected to be roughly
proportional to the S/G ratios) were lower than 0.5 for samples MPW,
LC1 and LC2, which are typical softwoods; this finding is expected, since
softwoods are typically richer in guaiacyl units [14,36]. At the same
time, the rgg values obtained for the EB sample were well above 1.0,
indicating, as expected for hardwoods, a larger number of syringyl units
[51]. Based on these trends, one can conclude that the lignocellulosic
materials obtained from fruit endocarps, such as EBC, PKS, AS and MKS,
are rich in syringyl units (similarly to hardwoods).

It is also worth noting that the standard lignin used for the con-
struction of the calibration curve in the method described in this work
(whose expanded '3C CP/MAS NMR spectrum is shown in Fig. 5)
exhibited a small rsg value (0.10), which indicates it is not rich in
etherified syringyl units in comparison with guaiacyl units. The preva-
lence of guaiacyl units in this sample is thus supposed to contribute to
minimize the errors in the NMR-derived lignin contents resulting from
the variability of lignin chemical composition among the several
lignocellulosic materials that were analysed, since a lignin sample rich
in guaiacyl units is expected to present an intermediate average number
of methoxyl groups in comparison to lignin samples rich in di-
methoxylated (syringyl) or non-methoxylated (p-hydroxyphenyl) units.

Another important remark here is the presence of an intense signal at
158 ppm in the '3C CP/MAS NMR spectrum of sample MKS1 (Fig. 5),
which is associated with p-hydroxyphenyl units [49], indicating the
occurrence of a considerable amount of this phenolic unit in this sample.
As p-hydroxyphenyl units do not have attached methoxyl groups, it is
reasonable to assume that the lignin content predicted by the NMR
method previously described (based on the intensity of the signal due to
methoxyl groups) may be underestimated in the case of materials con-
taining lignin rich in p-hydroxyphenyl units. This fact can also
contribute to the large discrepancy observed between the NMR-derived
and the Klason lignin contents in the case of the MKS samples (see
Table 1).

As for the chemically treated samples, the subdivision presented in
Fig. 3 suggests that the samples rich in syringyl units (i.e., with high rgg
values) had their lignin contents slightly overestimated by the NMR
method, when compared to the AH method. Likewise, the samples with
low rgg values had their NMR-derived lignin contents slightly under-
estimated in comparison with the AH-derived values. This finding is an
evidence of the influence of the chemical nature of the lignin present in
each lignocellulosic material on the accuracy of the prediction of its
lignin content by the NMR method here described.

However, it is important to point out that the lignin contents ob-
tained by both methods were not in good agreement for just two
(EBN5_40 and EBN5_80) of the ten samples with rgg ratio higher than
1.98 presented in Table 2. For the eight other ones, the difference be-
tween the NMR- and AH-derived results was less than 1% for the samples
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EB, EBN1_80, EBH1N1_80, EBHIN5_80 and EBH0.5N3_60 and less than
3.2% for the others. These differences are smaller than the previously
estimated uncertainty intervals, which shows that the errors associated
with the NMR-derived method due to the structural chemical variation
of lignin falls within the uncertainty margin of the result in most cases.

Summarizing, from a practical point of view, the proposed NMR
method exhibits a number of advantages in comparison with the AH
methods, such as: i) the possibility of recovering the samples after the
analysis, since the NMR experiment is non-destructive; ii) the elimina-
tion of hazardous chemicals in the process; iii) the use of small amounts
of sample (~30-40 mg are enough to fill a 4 mm NMR rotor); iv) fewer
steps of sample manipulation and, lastly, v) reduced time to determine
the lignin contents. Once the calibration curve has been constructed, the
result of the lignin content can be obtained in a time considerably
shorter (ca. 4 h) by NMR than the AH methods (ca.12.5 h), as described
in Table S5 of the Supplementary Material. In most cases, good agree-
ment is achieved between lignin contents obtained by NMR and AH and,
in some cases, particularly in samples highly resistant to hydrolysis,
NMR method gave more reliable results.

4. Conclusions

13¢ CP/MAS NMR spectroscopy showed to be a useful tool to esti-
mate the lignin contents of different biomass materials. Variation in the
lignin chemical composition reduced the accuracy of the NMR-predicted
values, but the observed errors remained within the estimated un-
certainties, in most cases. The proposed method showed to be a good
alternative to acid hydrolysis methods in cases where the complete
hydrolysis of carbohydrates is not possible; it also constitutes an
industrially applicable methodology for monitoring treatment processes
of biomass materials, as it is fast, requires small sample amounts and
does not involve hazardous chemicals.
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