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ABSTRACT

Previous studies based on protic ionic liquids have shown them to be effective for
extracting lignins from biomass. Moreover, ILs synthesized with amine cations can
promote the insertion of nitrogen into lignin, favoring its valorization for industrial
applications. In this study, lignins extracted from sugarcane bagasse by eight different
PILs were analyzed. Several techniques of characterization were employed (2D HSQC
NMR, 3'P NMR, GPC, Py-GC/MS, TGA, FTIR, and elemental analysis), seeking a
deeper understanding of lignin structure post-PILS treatment. In particular, lignin
obtained with acetate and lactate anions with monoethanolamonium cations showed
similar structural compositions. Lignins obtained from ethylenediamonium cation
combined anions acetate and lactate exhibited relatively higher molecular weights
compared to the other lignins studied. The elemental analysis of these lignins further
revealed the presence of nitrogen in their structures, suggesting that amination occurred.
In this work we used PILs not yet reported in the literature for this purpose, and
consequently obtained lignins with specific structures. Overall, our results demonstrated
that depending on the PILs used, lignins with distinct properties could be obtained which
might be used for value-added applications. This work covered new advances in

elucidation of lignin chemical structure and opened a new path for lignin valorization.

KEYWORDS: Sugarcane bagasse, ionic liquid, lignin characterization, chemical

features, radar classification, biorefinery.
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1. INTRODUCTION

Lignin is the second most abundant, renewable and sustainable terrestrial carbon source
after cellulose. The biorefinery concept applied to lignocellulosic biomass is mainly based
on the isolation and conversion of polysaccharides into biofuels, with lignin often
regarded as a low-value by-product [1-3]. This macromolecule has a high potential for
the production of aromatic and fine chemicals due to it is high-functionality and aromatic
nature [4]. However, currently, it is primarily burned for energy production [5]. Lignins
are complex aromatic macromolecules most often composed of p-hydroxyphenyl (H),
guaiacyl (G) and/or syringyl (S) units which differ in the degree of aromatic ring
methoxylation according to their origin. Lignin isolated from grasses such as sugarcane
bagasse also contains a considerable amount of p-coumaric acids (pCA) and ferulic acids
(FA) [1,6]. Lignin units are cross-linked by different chemical bonds such as p—O—4', p—
5', B—B', 5-5', and 5-O-4' [6-8]. These structural features are influenced by several

factors, including biomass source and extraction conditions [7,8].

Pretreatment with protic ionic liquids (PILs) can extract large amounts of lignin from
biomass, approximately 70%, depending on the PILs employed [9,10]. PILs are
synthesized through the combination of a Brensted acid and base, there is no generation
of waste and by-products, loss of solvents, and generation of CO,. PILs are promising
green solvents, can be environmentally friendly, and the cost of their production is lower
than that of aprotic ionic liquids [11]. In addition, if the choice of PILs is appropriate,
carbohydrates solubilization could be minimized and subsequently enzymatically
hydrolyzed and fermented to products of interest. Besides that, studies have shown PILs
can be recycled and reused in the process, as they exhibit low vapor pressure, thermal

stability, and several adjustable properties, such as polarity, hydrophobicity, and solvent


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/vapour-pressure
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miscibility, which enable product separation and solvent recovery with low energy
consumption, highlighting an environmentally and economically friendly process
[11,12]. Nakasu et al. (2020) [13] have shown that it is possible to recycle PILs while

maintaining the delignification performance.

Ionic liquids pretreatment show advantage compared to other processes, such as high
lignin solubilization and preservation of the carbohydrates (cellulose and hemicellulose)
in the solid fraction. On the other hand, the cost is the main barrier in the biorefinery
application. Thus, the price of the IL needs to be taken into account. Aprotic ILs have
demonstrated promising results in terms of biomass fractionation, but their high cost
poses a significant economic hurdle on process development [14]. On the other hand,
protic ILs, as developed in this work, have more attractive prices in the biorefineries
applications [15]. However, recycling PILs is mandatory to an economically viable

process.

This pretreatment can produce tailor-made lignins with desired properties by modifying
the choice of cations and anions of the PILs as well as pretreatment severity. In PILs
pretreatments, the lignin structure can be modified through amination and
hydroxyalkylation reactions. Different lignin modification pathways have been
conducted in the literature to lignin valorization. Numerous modifications reactions can
occur on aromatic, aliphatic, or both parts, like phosphorylation [16], hydroxymethylation
[17], sulfonation [18], and others, which leads to lignin-derived products with different
properties for distinct applications. Lignin amination is a simple and common method
reported in the literature to introduce amine groups onto lignin structure, which usually
occurs through the SN2 route and involves the use of toxic and carcinogenic reactants as

formaldehyde [19].
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The use of amine cations can introduce amino groups into the lignin structure, altering
physical and chemical properties [20]. The literature reports many methods for the
chemical modification of lignin; however, these modifications are most often performed
post pretreatment. The possibility of obtaining targeted modified lignin in the
pretreatment step is a promising approach that could result in new pathways of lignin
valorization [20,21]. Introducing nitrogen containing groups into lignin can result in
brittleness decrease, enhance surface activity, water and organic solvents solubility,
charge density, molecular weight and improve processability through esterification,
etherification, carboxymethylation, and epoxidation [20,22]. Among these various
approaches, amination is one of the most promising modification methods, introducing
amine groups that are ionizable under acidic conditions [20]. There are many applications
for lignins with amino groups in their structures, such as polymeric materials [23], slow-
release fertilizers [24], cosmetics [25], pharmaceuticals [26], food additives with

antioxidant function [27] and magnetic hydrogel microspheres [28].

The impact of the PIL type on lignin structure plays a vital role in the formation of
products and aromatic chemicals. The structural components of the cation and anion of
PILs can affect their implementation for the extraction and recovery of lignin from
biomass [29]. In this study, lignins were extracted from sugarcane bagasse using eight
different synthetized PILs and their structural characteristics were analyzed in detail by
using two-dimensional (2D) heteronuclear single quantum coherence (HSQC),
phosphitylation/3'P nuclear magnetic resonance (NMR), pyrolysis gas chromatography
mass spectrometry (Py-GC/MS), gel permeation chromatography (GPC), thermal
gravimetric analysis (TGA), Fourier-transform infrared spectroscopy (FTIR), and
elemental analysis. These analyses will help to improve the understanding of the

mechanism behind lignin dissolution and extraction from biomass with PILs [29].
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Works on the structure of lignins obtained by solubilization of biomass with amine-
functionalized PILs are not encountered in the literature so far. This work suggests novel

applications for the lignin structures obtained instead of its use to burn as a fuel.

2. MATERIALS AND METHODS

2.1 Lignin obtention

Raw sugarcane bagasse (chemical composition are shown in S1) with 25.2% of lignin
was used on the extraction with PILs. Eight lignins were obtained from pretreatments
with PILs produced from different combinations of two amine cations and four organic
anions. Amines were chosen as cations because PILs based on amines are potentially low-
cost solvents. The solvents applied in the PILs synthesis are acetic acid (Merck, > 99.0%),
lactic acid (Sigma Aldrich, > 85.0%), formic acid (Merck, > 99.0%), malonic acid
(Merck, > 99.0%), ethylenediamine (Sigma Aldrich, > 99.5%) and ethanolamine (Sigma

Aldrich, > 99.0%).

PILs pretreatment was performed for 2 h with 10% (w/w) of solids loading and 5:1
IL:H,0 ratio (w/w), according to optimum conditions determined by Rocha et al. (2017)
[9], which showed that the presence of up to 15% of water did not influence the
performance of the pretreatment but decreased its cost, as well as the viscosity of the
mixture. After pretreatment, the material was washed with deionized water (10 mL g-!
bagasse) and filtered. The liquid fraction (pretreatment liquor), was further diluted with
water (ratio 1:1 (w/w)) and kept for 24 h under refrigeration. The precipitated lignins were
isolated by centrifugation (10 min at 4,000 rpm) and washed with water until neutral pH
or until reaching negligible soluble solids values. The recovered lignins were vacuum

dried for 48 h at 40°C. The lignin samples were labeled according to the PIL used and are
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shown in Table 1 (PILs structure are shown in Table S1.1). The chemical composition of
raw and pretreated sugarcane bagasse was determined according to Sluiter et al. (2016)
[30], to calculate lignin solubilization in the pretreatment. The pretreatment temperatures
for each PIL studied are shown in Table 1 and were determined by identifying the
endothermic events attributed to the melting of the solvent (TGA analysis, data not
shown). The intention was to work in the highest possible temperature to ensure a good

IL performance, but low enough to avoid IL thermal degradation [9].

[Figure 1]

2.2 Elemental analysis and Cyyy formula

Elemental analysis of lignin samples was determined using a Perkin Elmer CHNS/O
Analyzer 2400 (Massachusetts, USA). Around 3 mg of the lignin was used to determine
carbon, hydrogen, and nitrogen contents. The oxygen content was calculated by
difference. Cqg formula and the content of methoxyl groups in lignin were determined
with 'TH-NMR data and the degree of unsaturation (DOU) was calculated based on the

empirical formula [31].

23 FTIR

The FTIR analysis was accomplished using a Spectrum TM 400 series FTIR/NIR (Perkin
Elmer, Massachusetts, USA) spectrometer equipped with an ATR zinc selenide crystal.
The spectral resolution was 4.0 cm™" and 16 scans/samples were accumulated in the

region of 650-4000 cm™!.

2.4 2D HSQC NMR
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Briefly, 2D-NMR spectra used around 30 mg of lignin samples dissolved in 0.65 mL of
DMSO-ds. A semi-quantitative analysis was performed using Bruker’s Topspin 3.6.1
software, and the different inter-unit linkages (as well as the content of the pCA and FA)
were referred to as per 100 aromatic lignin units (H+G+S=100). Details of the analysis

can be seen on SI (S2).

2.531P NMR

3IP NMR was based on the methodology published by Pu et al. (2011) [32] and Meng et
al. (2019) [33]. 3'P NMR was based on NMR solvent mixture containing anhydrous
pyridine and deuterated chloroform (1.6: 1.0, v/v), a relaxation agent (i.e., chromium (III)
acetylacetonate), as well as an internal standard Endo-N-hydroxy-norbornene-2,3-
dicarboximide (NHND). The lignin samples were dried in a vacuum oven at 40°C
overnight, and approximately 15 mg of sample were weighed and used in each analysis.
After the lignin samples were dissolved in the NMR solvent mixture (0.50 mL), 2—chloro—
4,4,5,5—tetramethyl-1,3,2—dioxaphospholane (TMDP) was added as the phosphitylation
reagent (0.05 mL). The NMR spectra were recorded on a Bruker 500 MHz spectrometer

with inverse gate detection, a 90° pulse width and a 25 s pulse delay.

2.6 Py-GC/MS

Pyrolysis of lignin was performed using approximately 100 pg. Peak molar areas were
calculated for lignin-degradation products, and the summed areas were normalized and

expressed as percentages (S, G and H units). Details are described in SI (S3).

2.7 GPC



182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

Number-average molecular weight (M,,) and weight-average molecular weight (M,,) of
the lignins were determined according to Brandt et al. (2015) [34] using an Agilent 1260
Infinity HPLC (California, USA) equipped with a Viscotek column set (AGuard,
A6000M, and A3000M, from Malvern Panalytical, Almelo, the Netherlands) coupled a
refractive index detector (RID). DMSO containing LiBr (1 g.L-") was used as eluent at a
flow rate of 0.4 mL.min"! at 60°C. Standard deviations for the lignins were Mn = 100,
Mw =+ 300 and PDI + 0.3 or less and the established calibration curve was performed with
polystyrene standards (range 170 — 2 x 10% g.mol!) of known molecular weight secured

from Agilent.

2.8 TGA

The thermal decomposition temperature of lignin samples was determined by a thermal
gravimetric analyzer Q500 (TA Instruments, Inc, New Castle, USA). Approximately 5
mg of the samples were weighed in an aluminum pan, and then, it was heated at a rate of
10°C min! in a temperature range of 25-900°C, under the N, (not oxidant atmosphere)

gas using a flow rate of 100 mL.min"!.

3. RESULTS AND DISCUSSION

3.1 Elemental analysis and Cyy formula determination

Table 2 depicts the elemental composition (C, H, N, O), methoxyl content, and Cgo-
formula for each lignin. The Cqyo formula is estimated by elemental analysis and "H-NMR
(i.e., methoxy content) results. These data show the effects of different PILs on the
elemental composition and methoxyl content of lignins and for comparison purposes.

Data on raw bagasse used for lignin extraction are available in Table S6.1.

10
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Nitrogen content increase was observed for the lignins obtained after extraction with PIL,
especially compared to the lignins analysed by Menezes et al. (2017) [8] and raw bagasse
lignin (0.3% nitrogen). The sample extracted with [Etid][ Ac] contains 5.5% N, indicating
the presence of nitrogen groups in lignin. The nitrogen content increase is possibly from
the PILs cation (amine bases), which was also observed by Nikafshar et al. (2017) [35],

Achinivu (2018) [29] and Wang et al. (2018)[20].

The degree of unsaturation (DOU) (Table 2) showed values from 279 to 422, indicating
that lignin fragmentation occurs in the extraction with these PILs. Cation [2He] combined
with any anion showed larger values than [Etid], suggesting that the lignin extracted has
more unsaturated bonds in the side-chain. The values of DOU are similar to other lignins
extracted with ILs from the literature [36,37], but it should be considered that extraction
conditions have a strong influence in DOU results. Mild conditions lead to less
unsaturated bonds and harsh conditions to more double bonds/aromatics rings present
after extraction. However, similar DOU values for lignins extracted by different ILs may

indicate similar reactions between biomass and solvents.

[Table 2]

3.2 FTIR analysis

The extracted lignins were characterized by FTIR spectra (Figure 1). These analyses
report the chemical structure of lignins through their distinct absorptions. For example,
the absorption band seen at 835 cm! bands originates from H units [38], which is also
observed and reported in the data in Table 3, consistent with HSQC analyses to be

discussed later.

11
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[Figure 1]

The region of 1020-1250 cm! with reported peaks at 1040 and 1220 cm! corresponds to
the PIL used for lignin extraction and associated with C-N stretching vibrations in
aliphatic amines [39]. Besides that, lignin aromatic ring modifications and cleavage of
ester linkages can be observed at the peak at 1117 cm!. The different shapes and
intensities of this band are attributed to different PILs used during extraction. For lignins
extracted by PILs a band at 1170 cm™!, characteristic of C-O stretch [40], was also

observed, indicating ester-bound residual hydroxycinnamic acids.

The peaks attributed to the lignin structural spectral vibration regions are reported at
1260-1760 cm! [41,42]. The peak at 1270 cm™! is assigned to derivatives of the guaiacyl
unit and the peak 1325 cm!, C-O stretching, to the syringyl unit. These peaks were
present in all samples with different intensities, confirming that changing the PILs cation
group alters the lignin structure. The 1688 cm!' absorption band was observed less
frequently and may be associated with carbonyl groups conjugated with aromatic rings,
which are attributed to the chemical binding of FA and pCA. The region at 1500-1650
cm! exhibited a band at 1500-1515 cm™!' and 1600 cm!, which represents C=C stretching

of the aromatic ring of lignin [4,29].

The peak at 1650 cm! is attributed to the bending of N-H curvature vibrations for primary
amines [39], suggesting the presence of the amino group. The FTIR spectra showed a
small absorbance obtained in the regions described (700, 1040, 1220 and 1650 cm™),
suggesting that low amounts of amines from the PILs may be incorporated into the lignin
samples after recovery [29]. The region 2800-3000 cm™! presented a band at 2850 cm™!,

which is generally assigned to -CH,- in aromatic methoxy groups and a band at 2925

12
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cm!, assigned to the C—H stretching vibration from methyl and methylene groups and C-

H stretching aromatic methoxyl groups [29]. All these signals are presented in Table 2.

3.3 2D-HSQC-NMR analysis

The 2D-HSQC spectra of the lignin samples are shown in Figure 2-4, along with the main
structural assignments (Figure 5 and Table S2.1). The lignin samples extracted with the
PIL [Etid][For] were not analysed by the 2D-HSQC NMR technique due to their low
solubility in the NMR solvent. Del Rio et al. (2015) [6] reported data on the isolation of
sugarcane bagasse lignin, trying to preserve its structure as much as possible. These

results will be used for comparison with the data obtained in the present work.

[Figure 2] [Figure 3] [ Figure 4] [Figure 5]

The aliphatic-oxygenated region of the lignin spectra is typically assigned to d¢/dy 50-
110/3.0-5.5 ppm, and carbohydrate signals as xylans (Xn) and arabinofuranose (Ara ;3 4)
are also found in this region and somewhat overlapped with signals from correlations in
the B-O-4 substructures [43]. 2D HSQC NMR analysis (Figures 2-4) indicates the
presence of low concentrations of carbohydrates - the lignin purity was not obtained using
a gravimetric methodology, due to low sample availability. These carbohydrates are
strongly linked with lignin, making their complete removal exceedingly difficult. The
presence of these carbohydrate signals (Xn and Ara ;3 4) interferes with the identification
of y-acylated units of C,/H, (A’), which was also reported by Del Rio et al. (2015) [6].
Lignin fragments appear to present a much better reactivity over PILs amine than
carbohydrates, this is attributed to interaction through the formation of oxocarbenium ion.
Carbohydrates present non-conformationally favour reaction sites for oxocarbenium ion

reaction while lignin may react with amine from PILS by carbocation intermediate

13
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[44,45]. However, amines could react with the terminal C-OH group via the aldehyde

[45].

The aliphatic region of the spectra also showed other signals corresponding to the C,/H,,
Cyg/Hp and C,/H, correlations of B-O-4 substructures (A and A’) [46]. Another type of
lignin substructure, phenylcoumarans (B) (B-5’), was also detected although with low

signal intensity.

Pretreatment may cause degradation of lignin chains, in the case of pretreatment with
primary amine-based PILs, this may include chemical alterations due the amination of G
units [20,37], which can lead to the introduction to the aromatic ring and amine group, as
described by Nikafshar et al. (2017) [35] in the region of 59.5 ppm for '3C. Lignin
amination was suggested but was not confirmed since the NMR signal of amination is
overlapped with Ay (59.0/3.4 ppm), thus making it difficult to be identified. The literature
suggested that Ay could be used in lignin quantifications performed before and after
extraction, but it is not an accurate procedure due to many reactions that occur during

extraction with PIL [20].

Amination can be suggested since signal enhancement was observed in the Ay (59.0/3.4
ppm) region in different intensities for all the lignins extracted with [Ac] anions. This is
supported by elemental analysis with nitrogen results, e.g., the [Etid] cation showed a
5.5% higher N content value, possibly due to the presence of a substituted amine. As
mentioned previously, the presence of amines in lignin was suggested in the FTIR data.
On the other hand, FTIR and elemental analysis suggests residual PIL in the lignin
samples, and the choice of water to wash lignin was made to avoid PIL residues in the

samples.
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Analysis of lignins extracted with [EMIM][OAc] IL indicate that the ionic liquid may be
physically and chemically linked to the lignin through f-O-4, a-O-4 and B-f linkages.
This happens because the structure of the ionic liquid contains an imidazolium-based salt
with a cationic nitrogen [47]. The same may have occurred in this work with the ILs

containing amine cations, which eliminate of extra steps of amination.

The aromatic HSQC region is assigned to 6c/0y 90-140/6.0-8.0 ppm of the spectra, with
characteristic herbaceous lignin signals, mainly from guaiacyl (G), syringyl (S), tricin
(T), p-coumarate (pCA), and ferulate (FA) units [6]. The signal from S-units is present in
lignins as C, ¢/Hy ¢ at 8¢/dy 103.9/6.69 ppm and G as C,/H,, Cs/Hs, and C¢/Hg at 6¢/0y

109.7-110.5-111.2/6.99-7.03, 116.0/6.96, 114.7/6.69, 114.9/6.78 and 118.9/6.8 ppm.

Del Rio et al. (2015) [6] found 60% of S and 38% of G for lignin of raw bagasse using
HSQC NMR, in the present work an increase in the percentage of S units and a decrease
in the percentage of G units were observed for lignins extracted with hydroxylated PILs,
regardless of the anion used. Temperature strongly influenced these changes. S units are
naturally degraded around 160°C and G units around 120°C using the IL 1-Ethyl-3-
methylimidazolium acetate [48]. In addition, the G unit shows more reactivity due to its
free position (5-5’), whereas S units are more stable. G units with the free position can be

recondensed as a C5-substituted unit [37,49].

Tricin (T) cross-peaks are common in grass lignin structures[6] and in the present work
they appeared at lower intensities with [2He][Lac] - 6c/0y 103.9/7.3 — (Figure 3)
corresponding to the C,¢/Hy¢’ of T units. The end-group cinnamaldehyde (J) was
identified for lignin extracted with [2He][For] at 6-/0y 106.8/6.91 ppm (Figure 2) and
was attributed to C, ¢/H 6. The J signal is evident in the spectrum with the largest extent

of y-acylation, as suggested by Del Rio et al. (2015) [6]. T and J are found in smaller
15
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quantities when compared to the units S, G and H, pCA, and FA, which are the main
structures in the aromatic region (Table 3). Some caution is required when analysing this
data since this region of the spectrum has the potential for condensation reactions that
replace aromatic C-H bonds with C-C bonds, and these C-C bonded aromatic positions
have no cross-correlations [34]. Thus, the calculated subunit composition can be

misinterpreted when examining condensed lignins.

[Table 3]

pCA and FA are p-hydroxycinnamic acids with an ability to chemically crosslink lignin
and hemicelluloses [8,34]. Lower concentrations of pCA were found in comparison with
the literature for solubilization in the pretreatment reaction[6,50]. Correlations of pCA
with different intensities were identified for lignins at 6-/0y 115.7/6.77 ppm (pCAj; 5) and
130.10/7.47 (pCA, ), except for the lignin extracted by [Etid][Ac] (Figure 2) that showed
just pCA; s at a noise level and [Etid][Lac] (Figure 3) with pCA, . The FA signal at C,/H,
showed lower intensity than pCA in lignin samples, and it was only possible to determine
the percentage of ferulates for [2He][Lac] (Figure 3) at 0¢/dy 110.38/7.31 because the
other lignins did not accumulate enough signal. Although the raw bagasse contains large
amounts of pCA and FA[6], these signals are observed after extraction in low quantities
in the present work. This result is due to the fact that pCA and FA can be hydrolysed
during pretreatment, it is confirmed by the absence of signals as Ca/Ha (144.4/7.40 ppm)

and CB/HP (143.5/7.50 ppm).

Structures derived from pCA and FA were observed in the [2He][Ac] (Figure 2) and
[2He][Lac] (Figure 3) extracted lignins at 5c/0y 138.5/7.29 (FAa'/pCAda’). These signals
suggest the presence of p-coumaryl amide (pCA’) and feruloyl amide (FA'), which were

also observed by Qin et al. (2015) [51], besides the presence of the amine groups also
16
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seen in the corresponding FTIR spectrum (Figure 1). Wen et al. (2014) [37] reported the
relative degradation of lignin side chains and aromatic units using PILs formed from
primary amine cations. The H units in our study are of lower intensity and were
represented by two different positions, C, ¢/H, ¢ and C;s/H3 5 at 6¢/6y 126.5-127.2/7.05-
7.13 and 114.4 -115.13/6.55-6.70-6.9 ppm. Del Rio et al. (2015) [6] reported 2% H units
in raw bagasse lignin, however in the present work the H unit content had a minor
increase, which is consistent with the studies by Brandt et al (2015) [34] and Zeng et al.
(2014) [52], which showed that H unit could increase with time[34] and temperature[37]

of the extraction.

The content of B-O-4" was higher in lignins extracted with [Etid] cation than [2He]. The
B-O-4’ binding signal becomes almost undetectable in lignins extracted with [Etid][Ac]
and [2He][For], indicating that B-O-4’ cleavage was the predominant reaction during
extraction. The B-O-4 linkages of the lignins obtained in the present work decreased
compared to the lignin obtained by Del Rio et al. (2015) [6]. These authors reported
approximately 80% of B-O-ether linkages in the lignin from raw bagasse. This cleavage
process is known to yield reactive intermediates, which may lead to the formation of more

C-C bonds during repolymerization reactions [53].

Lignin extraction can be influenced by several factors, such as time, temperature, and the
solvent used. Besides, techniques of characterization can also influence in the
quantifications, e.g., 2D HSQC NMR. Wen et al. (2014) [37] extracted lignin of poplar
with the IL 1-ethyl-3-methylimidazolium acetate (130°C at 3 h) and obtained 52.9% of
B-O-4', similar to the lignin extracted with [Etid][Lac] (130°C at 2 h). However, in the

present work S/G was twice lower than the value reported by Wen et al. This is due to
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different interactions between biomass and IL, as well as the fact that the content of S and

G units for hardwood and grass is different.

The mechanism of pretreatment with ionic liquids is not well elucidated in the literature,
and additional studies are needed to describe the mechanism in this work, such as
presented by Ji et al. (2012) [54] and Binder et al. (2009) [55], however, according to the
2D HSQC results it is possible to infer that cations exhibited relatively more influence
than anions in lignin variability characteristics after pretreatment with protic ionic liquids.
The PILs with the cation [2He] resulted in lignins with higher ether linkages breakage
than observed from lignins from cation [Etid]. Consequently, higher S units concentration
and extend B-O-4 breakage were noticed. Lignins from PILs with cation [Etid] showed
more preserved ether linkages, and lower pCA and FA linkages content, which could be
attributed to lignin chain solubilization during pretreatment. These results suggest that
lignin characteristics can be tailored during extraction, with ether linkages cleavage that
leads to a weight molecular fraction around 5000 g.mol"! or maintaining a structure with

most of its native units and linkages.

3.4 3P NMR analysis

3P NMR analysis of lignin was applied to the study of hydroxyl groups in lignins
obtained from the PILs. Concentrations of lignin hydroxyl groups were quantified for
aliphatic syringyl/condensated (B-5, 4-O-5, 5-5), guaiacyl, p-hydroxyphenyl, catechol,

and carboxylic acid OH groups (Figure 6).

[Figure 6]

The S/condensed, G, and H units showed similar trends to the HSQC data (Table 3).

Concentrations of S and G units increased because of bond-breaking reactions of
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macromolecule into phenolic units during pretreatment, as observed, e.g., for lignins
extracted by PILs with anion [Ac]. The hydroxylated PILs cations showed high
concentrations of aliphatic OH for all lignins (1.03 to 2.90 mmol.g lignin'). On the other
hand, non-hydroxylated PILs cations led to lower concentrations of the aliphatic OH

group (0.15 to 1.75 mmol.g lignin).

The presence of low concentrations of hydroxyl groups for S and/condensed G and H
groups could be associated with less lignin condensation reactions [14,34]. The higher
concentration of hydroxyl groups for lignin extracted with [2He] cation could be related
to the highest breakdown of ether linkages during extraction, due to a possible cleavage

of ether linkages.

The concentration of the carboxylic acid groups decreased in the pretreatments with all
PILs ([2He] <[Etid]). Brandt et al. (2015) [34] reported that carboxylic acid content
changes slower that pCA during ionic liquid pretreatment, suggesting that the pCA group
is esterified and then repolymerized without COOH groups in its structure, resulting in

COOH decrease, as observed for cation [2He].

Moghaddam et al., (2014) [56] extracted lignin of bagasse with ethylene glycol and
[bmim]CI-HCI (130°C and 30 min) and obtained 3.53 for OH groups total. Similar values
were obtained for lignins extracted with [2He][Ac], [2He][Lac] and [2He][For] (~3.50).
Low concentrations of hydroxyl groups and little variation in the concentration values of
these groups are observed for some isolated lignins, e.g., with the [Mal] anion. Brandt et
al. (2015) [34] suggested that in this case, the phenolic oxygen belongs to the ether bonds

and cannot be quantified, which results in low OH group concentration measurements.

3.5 Py-GC/MS analysis
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Py-GC/MS analysis can provide information about the composition of the lignin and point
out its application for specific uses. In this work, 34 compounds were identified according
to Brandt et al. (2015) [34], Del Rio et al. (2015) [6] and El Khaldi-Hansen et al. (2016)
[57]. The identified phenolic compounds (Figure S3.1), as well as their relative molar

abundances, are observed in Table S3.1.

All lignin samples showed residues of PILs. The presence of PIL in the lignin may trigger
reactions during pyrolysis due to temperature increase and the amphoteric property of the

PILs, which can interact with ethers and alcohols [45] present in the lignin structure.

4-vinyl phenol (peak 14) may originate from FA or the H unit, and 4-vinyl guaiacol (peak
18) may be derived from pCA or G unit. As pCA and G, and FA and H cannot be

distinguished, they were not considered in subunits quantification (Figure 7) [34].

[Figure 7]

H units increased compared to the result obtained from HSQC, possibly due to the high
temperature of the analysis, which favoured demethoxylation in units S and G, increasing

H abundance [37,58-60].

Lignins extracted with PILs with the anion [For] showed more unidentified compounds
than those observed for lignins by PILs with other anions. By comparing individual
pyrolytic products, substantial differences in the lignin composition were observed, as

reported in Figure S3.1.

The highest concentrations of simple monomers (phenol (1) and syringol (19)) were

found for lignins extracted with PILs with the anion [Ac], which is directly related to the
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presence of connectivities (B-O-4) that favour the release of monomers from aromatic

rings of depolymerized and/or condensed lignins [34].

3.6 Weight-average molecular weight (Mw)

Lignin Mw results (Table 4) provide information on the fragmentation pattern during PIL
extraction, which can be used to a better understanding of the mechanisms that promote

lignin dissolution [29]. Data obtained by this analysis are summarized in Figure S4.1.

[Table 4]

The increase in Mw is observed with increasing cation basicity (2He] < [Etid]), which
can be due to condensation reactions induced by the basic conditions. Other explanation
could be that lignin is being extracted with a preserved structure (B-linkages), which could
also result in high molecular weight. The highest results for Mw were observed for
[Etid][Ac] and [Etid][Lac], being 31,000 and 50,000, respectively. High molecular
weight values indicate that condensation reactions (C-C bond formation) were favoured
when compared to depolymerization reactions (ether cleavage) [34]. On the other hand,
the lower Mw values of lignin isolated from PILs corroborate with the higher cleavage of
ether linkages using cation [2He] for pretreatment. These reactions are consistent with

the 31P NMR analysis.

Saha et al. (2018) [61] extracted the lignin of bagasse with IL 1-ethyl-3-
methylimidazolium acetate (140°C and 2 h) and obtained Mw of 1769 g/mol, while in the
present work the lowest Mw obtained was of 5250 g/mol (175°C and 2 h using
[2He][Ac]). The PILs used in the present work could have caused more reactions of
condensation, resulting in higher Mw or the PILs have the capacity to extract the lignin

in a more preserved form. On the other hand, Moghaddam et al. (2014) [56] extracted
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lignins with acidified ethylene glycol and ionic liquids (130°C and 30 min) and obtained
Mw from 6518 to 7597 g/mol, which are more similar to the values found in the present

work.

A high Mw consequently produced a high PDI, e.g., above 7. Authors such as Brandt et
al. (2015) [34] using [HC4im][HSO4] and Diop et al. (2015) [62] using [DBUC,*][CI]
also observed that the process of lignin extraction with PIL depolymerized lignin,
producing smaller fragments with higher PDI values. High PDI values (> 5) may be
evidence of repolymerization and consequently, indicate increased heterogeneity of the
obtained lignins [63]. Lignins with low PDI values (using cation [2He]) indicate a more

ordered fragmentation and lignin with high uniformity [29].

According to the literature [47], lignins obtained from organosolv pretreatment show a
higher polydispersity index when compared to the lignin obtained from IL pretreatment.
It can probably be attributed to the fact that the organosolv process is less selective to the
removal of lignin than the IL process. However, this variation depends on the type of IL
used in the lignin extraction, since some ILs can prompt the condensations reactions,

generating high molecular weight lignins.

3.7 TGA analysis

Thermogravimetric analysis is used to evaluate how lignins break down under helium,
nitrogen, or oxygen atmosphere [64—66]. TG curves show the mass loss of substances at
the thermal degradation temperature and were used to characterize the thermochemical
properties of the extracted lignins. The results are presented in Figure S5.1, and Table 5

illustrates the mass loss for the lignin samples as a function of temperature, which ranges
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from 150°C to 450°C, corresponding to the temperature of maximum decomposition rate

reported by the literature [56,67].

[Table 5]

The first thermal decomposition process was observed around 100°C and is associated
with loss of water and small organic molecules [58]. The stages of weight loss after 100°C
may be attributed to the presence of PIL in the lignin sample, as suggested by Cao et al.

(2014) [68].

Lignin decomposition begins at around 200°C with the formation of aromatic
hydrocarbons, phenolics, hydroxy phenolics, and G/S-type compounds. The majority of

the products have phenolic —OH groups in their constitution [69].

The lignins obtained by [2He][For] and [2He][Mal] pretreatments were less degraded
between 200° and 300°C than that obtained with other PILs, showing that the different
PILs may influence the structure of the extracted lignins. However, the degradation
ranges were similar for all lignins. Moghaddam et al. (2014) [56] also observed similar
mass loss trends for lignins in their study. They compare the lignins obtained by soda and
ILs ([bmin][Cl] and [bmin][CH3SOs] pretreatment and concluded that the lignins
extracted with IL are thermically more stable. The thermal stability of lignins is
influenced by their inherent structures, different functional groups, and degree of

branching, as well as lignin condensation and conditions of extraction.

After 400°C, a decomposition of the aromatic rings was observed, and at the end of the
analysis, the remaining residue was 30 to 40% of the initial mass. This high remaining
mass can be explained by the use of nitrogen during the analysis instead of oxygen (an
oxidant atmosphere), as observed by Brebu et al. (2010) [69].
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3.8 Potential uses of lignin

The radar classification method can be considered a predictive tool for the design of
products and processes based on lignin [70]. This classification is based on previous
information on the relevant structural parameters such as S, G and H units, B-O-4 and [3-
B linkages and phenolic groups. This analysis has proved to be an important step in
demystifying the complexity of lignin application, as it focuses on its base units to find
the best use of the material, thus consolidating its valorisation routes [70]. Using the radar
methodology for the lignins extracted with PILs is innovative since little information on
the structure of this material has been reported in the literature. Radar classification was
performed based on the data presented in Table 3 and the calculation of non-condensed
structures (NCS) (See S6). For the analysis, the main structural characteristics of the
extracted lignins (S, G, H, p-O-4, and NCS) were considered, using their normalized

values (Figure 8).

[Figure 8]

B-O-4 linkages represent approximately 80% of lignin structure[6]. In the lignins
extracted with the PILs [Etid][Ac] and [2He][For], these linkages were not observed,
indicating significant breaking of these linkages. However, other extracted lignins

maintained -O-4 linkages.

The cleavage of B-O-4 linkages in the alkaline medium may result in free phenolic groups
carrying a hydroxyl group in the aromatic ring, and this structure can be the precursor of
phenolic aldehydes[71] and condensations reactions [72,73]. The cleavage of etherified

B-O-4 linkages can produce vicinal diol, thus generating new phenolic groups with a
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reactive conjugated structure[70]. In all cases, the cleavage results in new phenolic groups

even if the aromatic ring is not involved in a condensed structure.

The low presence of phenolic groups may be justified by the high presence of condensed
aromatic rings, as can be seen in Figure 8 (which shows the NCS). Another classification
used on the radar is the NCS concentration [70,74], this is an essential structural feature
of lignins resulting from the processing of lignocellulosic materials [70]. However, the
NCS concentrations for the different lignin samples were similar, suggesting a similar

influence of the different PILs on the condensed structures.

The area defined by the triangle formed by the B-O-4 and NCS parameters provides the
first information on the preservation of the lignin structure. The lignins extracted with the
PILs [2He][Ac] and [Etid][Ac] presented the smallest areas of this triangle, thus

demonstrating a high modification in the chemical structure of the material.

The data from Figure 8 show that the lignin extracted with the PIL [2He][For] had the
greatest modification in its structure, as a large irregular area can be observed in the graph.
On the other hand, the lignin extracted with the PIL [Etid][Lac] was less modified,
favouring its use for application as an additive in materials aiming at properties

improvements [75].

The triangle areas formed by the S and G units showed no significant differences when
comparing the lignins extracted with the PILs synthesized from the anion [Ac], and the
representation of these units as radar axes is particularly relevant. S units are present at
high concentrations in all extracted lignin samples, while G unit concentrations vary from
sample to sample, probably because G units are more prone to condensation. Considering

these aspects, lignins with higher concentrations of S units could be employed, for
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example, for the production of aldehyde compounds [70], whereas depolymerization
reactions in S and G units would favour the production of phenol, cresols, and catechols

[76].

PIL-extracted lignins present interesting structural characteristics, e.g., high molecular
weight and preserved structure. They can be used in polymers production or be subjected
to other steps of reactions for the production of high value-added chemicals [75]. Studies
indicate that one of the efficient ways to modify these lignins would be hydrogenation,
with fragmentation resulting in the modification of functional groups. However, the use
of primary amine-based PIL can trigger alkylations at lignin active sites, allowing for two
very interesting applications: cationic surfactants and composites with PVC/wood floor
properties [75]. Another possible lignin modification is nitration [77]. This modification
may favour the use of lignin in the synthesis of graft interpenetrating polymer networks

of polyurethane [78].

When comparing lignins obtained with IL and organosolv, IL have been shown to have
less impurities (carbohydrate and ash content) than organosolv lignin. The problem with
the impurities is that there is a necessary extra step to remove them completely, which
implies greater cost [47]. Lignin extracted with IL implies a lower industrial cost, as it
avoids separation and purification processes. High-purity lignin can be used in the
production of vanillin and as antimicrobial agent, whose activity allows its use in

cosmetic formulations.

In general, lignins have great possibilities for industrial applications, but the great
advantage of extraction with some PILs is that they have some desirable characteristics.
Especially the ones synthesized with amine cations, which can cause the nitrogenation of

the structure and enable the application in the production of cationic surfactants, slow-
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release fertilizers, flocculants, heavy metal adsorbents, cationic asphalt emulsifiers,
curing agents of epoxy resin, anion-exchange resins and retention aids [79]. Besides that,
extraction with PILs, especially the ones synthesized based on amines, cause fewer
changes in the macromolecule structure, besides favouring the amination reaction, which

is desirable. High purity lignins are known to reach market values of 750 USD/MT [75].

4. CONCLUSIONS

Comprehensive knowledge of the structure of lignin is fundamental to increase its added
value, and this is only possible through the use of various analytical techniques. Lignins
extracted with PILs, especially based on amines, are a source of aromatic compounds
with high potential for industrial use. The amination process, which in this case occurs
naturally during extraction, is usually performed in extra processing steps on lignins from

other sources.

The structures of the extracted lignins varied according to the cation and anion of the PILs
and the analytical results were strongly dependent on the degradation processes (e.g.,
temperature). Data collected for lignins extracted with anion [Lac] PILs show that they
are promising because their original structure is preserved. On the other hand, lignins
extracted by [2He][For] and [Etid][Ac] showed a high modification in the original
structure. Also, lignin extracted with [Etid][Ac] showed a strong tendency towards

recondensation reactions, which is shown by its high molecular weight (Mw).

The production of lignin-based value-added chemicals requires that the structure of lignin
is known. In the present work various methods were used to characterize the structures of
lignins obtained by PILs pretreatment. The structures of these lignins have not yet been

studied in the literature so far and open new opportunities of product applications.
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Figure captions

Figure 1. FTIR spectra of various lignin samples extracted with PILs.

Figure 2. Quantitative 2D HSQC NMR analyses for PIL-recovered lignins from
sugarcane bagasse. Aliphatic (6C/0H 50-110/3.0-5.5 ppm, left) and aromatic (6C/6H 90-
140/6.0-8.0 ppm, right) regions from (A) [2He][Ac], (B) [Etid][Ac] and [2He][For]. See

Figure 5 for the lignins structures identified.

Figure 3. Quantitative 2D HSQC NMR analyses for PIL-recovered lignins from
sugarcane bagasse. Aliphatic (6C/0H 50-110/3.0-5.5 ppm, left) and aromatic (6C/6H 90-
140/6.0-8.0 ppm, right) regions from (A) [2He][Lac] and (B) [Etid][Lac]. See Figure 5

for the lignins structures identified.

Figure 4. Quantitative 2D HSQC NMR analyses for PIL-recovered lignins from
sugarcane bagasse. Aliphatic (6C/0H 50-110/3.0-5.5 ppm, left) and aromatic (6C/6H 90-
140/6.0-8.0 ppm, right) regions from (A) [2He][Mal] and (B) [Etid][Mal]. See Figure 5

for the lignins structures identified.

Figure 5. Representation of the main structures present in the PIL-recovered lignins as
identified in the 2D HSQC NMR spectra. A: B-O-4-structures; A": f-O-4-structures with
acylated (by acetate or pCA) g-OH; B: phenylcoumaran structures formed by [-5-
coupling; pCA: p-coumarate moieties; FA: ferulate moieties; (esterified with
hemicelluloses); pCA’: p-coumarate amide; FA’: ferulate amide; H: p-hydroxyphenyl
units; G: guaiacyl units; S: syringyl units; T: Tricin end-groups; I: p-hydroxycinnamyl
alcohol end-groups. The structures are colored to match the assigned contours in the 2D

HSQC NMR spectra in Figure 2-4.
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Figure 6. Hydroxyl group contents of lignin isolated from sugarcane bagasse as

determined by 31P NMR analysis according to PILs used for extracting.

Figure 7. Relative abundances of derived units from S, G, and H and simple monomers

in Py-CG-MS.

Figure 8. Radar classification based in S, G and H units, NCS and B-O-4 linkage for

lignin samples obtained of different PILs.
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920 Figure 3
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926  Figure 5
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Table captions

Table 1. Descriptive of lignin samples obtained of PILs pretreatment and effect of the

PILs on lignin solubilization of sugarcane bagasse pretreatment.

Table 2. Elemental composition (C/H/N/O) and C9-formula of the lignins isolated from

sugarcane bagasse and literature lignins.

Table 3. Structural characteristics (lignin inter-unit linkages, end-groups, aromatic units,
and S/G ratio and cinnamate content) from the integration of 13C-1H correlation peaks

in the HSQC spectra of the lignins.

Table 4. The molecular weight of lignins after PILs pretreatment.

Table 5. Weight loss percentage at different temperature regions under nitrogen

atmosphere for the lignin samples obtained after PIL pretreatment.
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945 Table 1

Lignin Pretreatment Lignin
sample PILs used temperature (°C) solubilization (%)
[2He][Ac] Ethanolamonium 175.0 63.0
acetate
[2He][For] Ethanolamonium 160.0 50
formate
[2He][Lac] Ethanolamonium 160.0 46.0
lactate
[2He][Mal] Ethanolamonium 150.0 32.0
malonate
[Etid][Ac] Ethylenediamonium 140.0 74.0
acetate
[Etid]For] Ethylenediamonium 90.0 66.0
formate
[Etid][Lac] Ethylenediamonium 130.0 64.0
lactate
[Etid][Mal] Ethylenediamonium 160.0 50.0
malonate
946
947
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Table 2

Lignin %C %H %N %0 OCH; Cogo-formula DOU
Present work
[2Hel[Ac] 557 63 39 336 07  CopHi23OusNss 322
[Etid][Ac] 509 63 55 372 03  CopHi3704Ng3s 279
[2He][For] 370 40 15 575 02  CopH15001050N3 337
[Etid][For]* 316 43 41  60.1 - - -
[2He][Lac] 551 51 25 374 07 CoooHoosOusoN3s 422
[Etid][Lac] 47.8 52 37 432 12  CopH;s0qNgg 348
[2He][Mal] 415 46 21 518 05  CooolysOsssNs 326
[Etid][Mal] 428 49 40 483 02  CooHinsOsNp 323
Literature
Ao 4 70 - 30 L0 : :
ég}llg%“ 622 61 09 308 - - -
(‘gglllg;zu 645 72 40 243 - - -
é;?;‘;izgu 521 103 101 275 - - -
Nikafshar
et al. 559 758 46  29.8 - - -
(20173

a) not showed reliable data in 2D-HSQC-NMR.
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Lignin interunit linkages

Lignin aromatic units

p-Hydroxycinnamates

Hienin B-O-4’ aryl ethers (A)  Phenylcoumarans (B) | H(%) S (%) G (%) S/Gratio p _COI(I;/I: ;‘ rates Fe?;/loe;tes
[2He][Ac] 38.9 - 24 71.1 26.5 2.7 39.8 32
[Etid][Ac] - - - 69.6 304 23 - -
[2He][For] - - - 100 - - 58.0 -
[2He][Lac] 19.3 7.02 7.3 70.7 22.0 32 18.5 32
[Etid][Lac] 48.2 - 5.5 49.1 45.5 1.1 - -
[2He][Mal] 33.0 - - 100 - - 61.0 -
[Etid][Mal] 38.4 - 8.3 79.2 12.6 6.3 7.1 -

Data expressed as per 100 aromatic units (H+G+S=100).
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Table 4

Lignin Mn? (g/mol) Mwb (g/mol)  PDI®
[2Hel[Ac] 1691 5250 3.1
[Etd][Ac] 4464 31447 7.0
[2He][For] 1873 9406 5.0
[Etid][For] 1673 18195 10.9
[2Hel[Lac] 1754 6010 3.4
[Etid][Lac] 4770 50010 10.5
[2He][Mal] 2097 10619 5.1
[Etid][Mal] 2076 15349 7.4

a) Number average molecular weight. b) Weight average molecular weight. c)

Polydispersity index (Mw/Mn)

Table 5
Weight loss lignin (%)

Hgnin - e 100- 200- 300- 450-
200°C 300°C 450°C  900°C

[2He][Ac] 4.0 9.7 22.1 46.0 62.6
[Etid][Ac] 6.2 13.0 27.8 52.8 62.5
[2He][For] 4.6 5.8 13.6 432 56.4
[Etid][For] 5.1 1.7 28.2 54.5 63.0
[2He][Lac] 4.7 6.8 19.5 49.2 60.0
[Etid][Lac] 53 8.3 222 48.0 61.5
[2He][Mal] 5.2 6.8 16.6 44.8 54.4
[Etid[Mal] 6.5 8.5 21.1 50.9 61.0
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