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Pinus pinaster wood was pulped in ethanol/water medium catalyzed with 
sulfuric acid, and lignin was recovered from the liquid phase by 
precipitation upon water addition. Lignin samples were characterized for 
composition and thermal properties. Lignin samples were reacted with 
selected esterification agents (butyric, isobutyric, or crotonic anhydrides) 
under experimental conditions leading to extensive conversion of the 
available hydroxyl groups, and the esterified lignins were assessed for 
composition and thermal properties. Samples made up of crude polylactic 
acid or its blends with lignins (raw or esterified) were assayed for 
mechanical properties. The blends of polylactic acid with lignin modified 
with butyric anhydride presented higher Young’s modulus and elongation 
at break than neat polylactic acid. 
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INTRODUCTION 
 

 The economic, environmental, and sustainability issues derived from the large-

scale utilization of fossil resources as fuels or as raw materials for the industry fosters the 

transition to a bio-based economy, in which lignocellulosic materials are expected to play 

a key role. 

 The lignocellulose biorefinery concept, based on the chemical separation of the 

major components (cellulose, hemicellulose, and lignin) and their further individual 

processing, is an interesting approach to maximize the added value of the final products. 

Lignin valorization is one of the major problems involved in the development of 

biorefineries. Even if lignin is a large source of aromatic compounds, most of it is currently 

burned as a crude fuel, and only a small percentage is being used in other industrial 

applications. In order to get added value from lignin, high-volume applications based on 

its polymeric nature have been proposed, including the manufacture of sustainable plastics 

and composites (for example, as additives or fillers for polyolefin-based materials) (Pérez-

Guerrero et al. 2014). Lignin has been employed in formulation of elastomeric and 

thermoset materials (Thielemans et al. 2002); but the use of lignin in the formulation of 

thermoplastic composites has been a challenge (Hilburg et al. 2014), due to their poor 

dispersion and compatibility (Toriz et al. 2002; Chung et al. 2013). To overcome these 

problems, the utilization of compatibilizers and/or chemically modified lignins has been 

proposed (Gordobil et al. 2014). 
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Since lignin has free aliphatic and phenolic hydroxyl groups, both esterification and 

etherification are potential reactions for chemical modification. The thermal and 

mechanical properties of blends of acetylated lignin with synthetic polymers have been 

assessed (Jeong et al. 2012; Gordobil et al. 2014). In general, both the compatibility of 

esterified lignin with plastics and the mechanical properties of the resulting composites 

depend on the specific materials employed. 

 Polylactic acid (PLA) is a biodegradable thermoplastic polymer with a growing 

market, which can be manufactured from renewable resources and processed in 

conventional equipment. PLA has a comparatively good susceptibility to thermal 

processing (Ouyang et al. 2012), and exhibits high strength and stiffness, but it has a brittle 

nature. Although specific PLA properties (including flexibility and ductility) can be 

enhanced by plasticization (Liu and Zhang 2011), some PLA-based composites have 

shown poor mechanical properties (Toriz et al. 2002; Li et al. 2003; Ouyang et al. 2012), 

whereas composites containing lignin and PLA have been reported to present increased 

thermal stability and impact strength (Spiridon et al. 2015). Gordobil et al. (2014) reported 

an increased thermal stability at a fairly constant tensile strength for composites containing 

acetylated lignins. 

 In this work, Pinus pinaster wood was subjected to ethanol-water pulping, and 

lignin was recovered by precipitation. The recovered lignin was characterized and 

subjected to esterification with three anhydrides of the same chain length. Lignin and 

modified lignins were blended with PLA, and the mechanical properties of the resulting 

materials were determined. 

  

 

EXPERIMENTAL 
 

Materials 
 Pinus pinaster wood chips were kindly provided by Orember-Finsa, Ourense 

(Spain). Samples were air-dried, then homogenized in a single lot to avoid compositional 

differences among samples and stored until use. The chemicals used for lignin 

esterification (1-methylimidazole, 1,4-dioxane, butyric anhydride, isobutyric anhydride, 

and crotonic anhydride) were purchased from Sigma-Aldrich. The corresponding 

structures are shown in Table 1.  

Polylactic acid (Nature Works 3051 from Cargill Dow LLC, USA) presented the 

followings properties: density, 1.25 g/cm3; glass transition temperature (Tg), 59 ºC; 

melting temperature (Tm), 152 ºC; and melt flow index (MFI), 30.3 g/10 min (measured at 

210 ºC and 21.2 N). 

 

Organosolv Delignification 
 Pinus pinaster wood was processed at 175 ºC for 120 min in water/ethanol (1:1 v/v) 

using a liquid to solid ratio of 5, in the presence of 1% H2SO4. After cooking, the pulp was 

filtrated and washed with the same volume of hot water/ethanol (1:1) solution. The filtrates 

were combined, and water was added (2:1 v/v) to precipitate the organosolv lignin. The 

precipitated lignin was recovered by filtration, washed with hot water, and dried in an oven 

vacuum at 50 ºC up to constant weight. 
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Table 1. Esterification Agents and Solvents Used for Lignin Modification, and 
Results Obtained for the Mass Gain Percentage (MPG) 
 

Reagent (Acronym) Structure Solvent MGP 

Butyric anhydride (But) 
 

Butyric anhydride 34.0 

Isobutyric anhydride (Ibut) 

 

 

Isobutyric anhydride 32.5 

Crotonic anhydride (Cro) 

 

1,4-Dioxane 28.4 

 
Lignin Esterification 

Esterification reactions were performed according to the method of Thielemans and 

Wool (2005) modified as follows: lignin was suspended in the considered solvent at 2:1 

weight ratio. In esterification reactions with butyric or isobutyric anhydrides, the anhydride 

itself was employed as a solvent, whereas the reactions with crotonic anhydride were 

performed in 1,4-dioxane (see Table 1). In this latter case, the mass ratio of lignin to 

crotonic anhydride was 1:1. N-methylimidazole (0.01 mL/g lignin) was employed as a 

catalyst. Reactions were performed in stirred glass reactors kept at 50 ºC for 3 h. After 

reaction, the solution was poured into cold deionized water, and the precipitated esterified 

lignin was recovered by filtration and washed with water until the filtrate reached pH = 5. 

Esterified lignins were oven-dried at 50 ºC under vacuum to constant weight, and employed 

to measure the mass gain percentage (MGP) respect the original lignin used in the reaction. 

The MGP data are listed in Table 1. 

 

Analysis 
Samples of Pinus pinaster wood, organosolv pulp, organosolv lignin (OL), and 

esterified lignins were subjected to quantitative acid hydrolysis with 72% (w/w) sulfuric 

acid (TAPPI-249-em-85 method). The solid residue after hydrolysis was recovered by 

filtration and considered as acid-insoluble lignin. The carbohydrate contents of 

hydrolyzates were measured by HPLC using an Agilent 1100 instrument fitted with a 

Refractive Index Detector and an Aminex HPX-87P column (BioRad, Life Science Group 

Hercules, CA). Acid-soluble lignin in hydrolyzates was determined spectrophotometrically 

at 205 nm (TAPPI UM250 um-83 method). The ash content was determined by 

incineration at 575 ºC for 8 to 12 h. Elemental analysis was performed using a Fisons 

Analyzer (Carlo Erba). NMR analysis was performed using a AVANCE DPX400 

instrument (Bruker). 1H-NMR analysis was accomplished by dissolving the sample in 

DMSO-d6. 31P NMR spectroscopy was performed as per Argyropoulos et al. (1993). 

Fourier Transform Infrared (FTIR) spectra were recorded using a Thermo Nicolet 6700 

instrument. Methoxyl groups in lignin were determined by subjecting the samples to acid 

hydrolysis (Ligero et al. 2008) and further HPLC determination of the methanol generated 

(using the same equipment and method cited above). 
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Manufacture of Lignin-PLA Composites and Mechanical Testing 
Samples of lignin or esterified lignin were blended with PLA at 30:70 mass ratio 

using a co-rotating 16 mm twin screw Thermo PRISM EUROLAB 16 extruder with L/D 

ratio of 40. ISO 527 model 1A specimens for mechanical testing were produced by 

injection molding in a DEU 250H55 injection machine under the following conditions: 

injection nozzle temperature, 170 ºC; mold temperature, 25 ºC; injection speed, 10 mm/s; 

holding pressure, 20 bar; cooling time, 20 s. Tensile strength, stiffness and strain at break 

were determined in a Shimadzu Autograph AG-X testing machine (Shimadzu, Kyoto, 

Japan) with 50 kN load cell, operating at 2 mm·min−1 crosshead speed. 

 
 
RESULTS AND DISCUSSION 
 

Recovery, Characterization, and Esterification of Lignin 
 Table 2 lists data concerning the compositions of wood, pulp, and organosolv lignin 

recovered from the pulping liquor. Pine wood presented typical contents of ash and lignin, 

whereas the result reported for the glucan fraction accounted for the anhydroglucose units 

present in both cellulose and hemicelluloses (in this latter case, in the form of 

glucomannan). Hemicelluloses were mainly made up of mannose, with other 

monosaccharides appearing in lower proportions. Pulp was almost free of hemicelluloses, 

and was obtained at 42.8% yield (corresponding to 71.9% delignification); whereas the 

recovered organosolv lignin (OL) accounted for 87.3% of the dissolved lignin. The data in 

Table 1 confirm the high purity of OL, whereas the elemental analysis data (0.22 wt% 

nitrogen, 68.12 % carbon, 6.39% hydrogen, and 25.22% oxygen) indicated that the 

organosolv lignin was sulphur-free.  

Methoxyl groups accounted for 12.56 wt% of OL, and the 31P-RMN spectra 

recorded for this material (see Fig. 1) showed that the hydroxyl groups were linked mainly 

to guayacil moieties and aliphatic chains, with minor proportions attached to syringyl, 

condensed and p-hydroxyphenil units. 

The relative increase of lignin weight upon esterification (measured in terms of 

mass gain percentage, MGP) was employed to measure the extent of the reactions. 

According to the experimental data in Table 1, the reactions of organosolv lignin with 

butyric, isobutyric, or crotonic anhydrides (leading to esterified samples denoted ButOL, 

IbutOL and CroOL, respectively) resulted in MGP in the range 28.4 to 34.0. Table 3 lists 

compositional data for these materials. All samples showed total lignin contents (including 

the acid-soluble and acid-insoluble fractions) above 87 wt%; with low proportions of ash 

and carbohydrates. Most of the mass fraction not identified in ButOL, IbutOL, and CroEL 

corresponded to the contribution of ester groups, which were split under the analysis 

conditions. 

 Table 4 lists the results obtained in the elemental analysis of the various esterified 

lignins, as well as the ones concerning the methoxyl group contents. Closely related 

elemental compositions were determined for the various types of esterified lignins, which 

showed slightly decreased contents of oxygen and methoxyl groups respect to OL. In 

comparison, the H and C contents of OL were in the range determined for the modified 

lignins. 
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Table 2. Composition of Wood, Pulp, and Recovered Lignin (data in wt %) 
 

Component 
Material 

Pine wood Pulp OL 

AGu 36.7 75.8 0.40 

AXy 4.73 0.87 0.11 

AAr 1.31 0.07 0.07 

AMn 9.46 0.57 0.0 

AGa 3.24 0.08 0.11 

KL 29.2 19.1 95.7 

ASL 0.88 0.41 0.98 

Ash 0.34 0.12 0.04 

Nomenclature: AGu, anhydroglucose units in polysaccharides; AXy, AAr, AMn, AGa, 

Anhydroxylose, Anhydroarabinose, Anhydromannose and Anhydrogalactose units in 

hemicelluloses; KL, Klason lignin; ASL, acid soluble lignin 

 

 

 

 
 

Fig. 1.  31P-RMN spectra recorded for crude and derivatized lignins 
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Table 3. Composition of Esterified Lignins (data in wt%) 

Type of lignin AIL  ASL ∑CH Glucose Xylose Arabinose Mannose Galactose Ash 

ButOL 87.08 0.41 1.29 0.22 0.16 0.68 0.94 0.19 0.04 

IbutOL 87.47 0.42 1.28 0.32 0.19 0.19 1.00 0.16 0.02 

CroOL 87.23 0.36 1.30 0.25 0.08 0.10 1.56 0.19 0.04 

Nomenclature: AIL, Acid Insoluble Lignin; ASL, acid soluble lignin; ∑CH, total carbohydrates 

 
Table 4. Additional Analytical Data for OL and Esterified Lignins (wt%) 
 

Type of 
lignin 

Elemental analysis Methoxyl 
groups C H O N S 

OL 68.15 6.39 25.24 0.22 0.00 12.56 

ButOL 68.35 6.85 24.46 0.34 0.00 9.60 

IbutOL 67.85 6.95 24.90 0.31 0.00 9.15 

CroOL 67.78 6.34 25.14 0.75 0.00 10.36 

 

The 31P-NMR spectra recorded for lignins derivatized with butyric or isobutyric 

anhydrides (Fig. 1) did not present signals for hydroxyl groups, whereas the lignin 

derivatized with crotonic anhydride showed small signals corresponding to hydroxyls 

linked to aliphatic chains or guayacyl groups. On the other hand, the 1H-RMN data showed 

signals corresponding to ester groups generated upon derivatization with the various 

anhydrides. Besides the signals for aromatic H (8-6 ppm) and methoxyl H (3.8-3.5 ppm), 

other signals were ascribed as follows for the various types of materials: 

a) Butyrated lignin: -CH3, 1.1-0.7 ppm; β-CH2-, 1.8-1.4 ppm; α-CH2-, 2.4-2 ppm. 

b) Isobutyrated lignin: -CH3, 1.3-0.9 ppm; -CH-, 2.8-2.6 ppm. 

c) Crotonated lignin: CH3-, 2.1-1.7 ppm; vinylic H-, 6.2-6 ppm. 

Figure 2 shows the FTIR spectra recorded for both OL and modified lignins. The 

fingerprint region (1600 to 600 cm-1) of the various samples presents differences caused 

by functionalization. Outside the fingerprint region, the strong wide bands between 3500 

and 3100 cm-1 present in OL (corresponding to OH groups) did not appear in the spectra 

recorded for the modified lignins; whereas the bands between 2970 and 2840 cm-1 are 

ascribed to the stretching vibrations of C-H bonds, and the signal at 2843 cm-1 is ascribed 

to methoxyl group stretching. In comparison with the spectral data observed for OL, those 

recorded for ButOL and IbutOL exhibited larger bands at 2964 and 2934 cm-1, which are 

characteristic for methyl and methylene groups, respectively. As expected, esterified 

lignins presented weaker absorption bands corresponding to hydroxyl groups, and stronger 

absorption bands in the carbonyl group. The carbonyl absorption frequency depends on 

both spatial and structural factors, in particular ring stress or conjugation with double 

bonds. ButOL and IbutOL presented strong bands at 1756 cm-1 (indicative of aromatic 

carbonyl groups) and at 1733 cm-1 (indicative of aliphatic carbonyl groups). Furthermore, 

increased absorption was observed between 1150 and 1050 cm-1 due to the formation of 

the ester groups. The carbonyl group band observed for CroOL appeared at a lower 

wavenumber (1724 cm-1) owing to conjugation with the double bond; whereas the two 

significant bands appearing at 1652 and 709 cm-1 corresponded to the double bond and to 

the trans C-H bond respect to the C=C plane. 
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Fig. 2.  FTIR spectra recorded for crude and esterified lignins 

 

Table 5 lists the 31P NMR results concerning the type and abundance of hydroxyl 

groups in OL and esterified lignins, which are in agreement with the structural features 

already discussed on the basis of the FTIR data. Almost complete esterification was 

observed for ButOL and IbutOL, with 97% decrease of aliphatic and aromatic -OH groups 

per C9 unit. In the case of CroOL, esterification was not complete: the amount of OH 

groups per C9 unit decreased by 78%; and the residual hydroxyl groups of aliphatic or 

aromatic nature accounted for 0.08 or 0.1 OH per C9 unit, respectively. 

 

Thermal Analysis 
Figure 3 shows the TGA and DTG curves determined for OL and esterified lignins 

under oxidative atmosphere. The total weight loss upon heating up to 200 ºC was below 

5% in all the cases. The DTG data confirmed that the thermal decomposition took place in 

successive steps, with noticeable differences among samples. OL was decomposed along 

a broad temperature range, a fact ascribed to the existence of various oxygenated functional 

groups with different thermal stabilities. In comparison, the DTG profiles determined for 

esterified lignins presented more defined peaks, with at least three regions. The first region 

(temperatures in the range 20 to 110 ºC) showed a peak around 80 ºC caused by the 

evaporation of free or bonded water. In the second region (temperature range, 200 to 440 

ºC), a defined peak was observed around 390 ºC, ascribed to the breaking of the bonds 

between the monomeric unit of lignin releasing the corresponding monomers (Vallejos et 

al. 2011). The third region (temperature range, 440 to 600 ºC) showed a peak around 560 

ºC, ascribed to the decomposition of the aromatic ring. The temperature corresponding to 

the maximum decomposition rate was lower for OL (318 ºC) than for the esterifed lignins 

(386 to 396 ºC), whereas temperatures above 614 ºC resulted in formation of char residues 

at mass proportions below 3%. Decomposition was limited operating in nitrogen 

atmosphere (decomposed mass fractions: OL, 62%; ButOL, 68%; IbutOL, 70%; CroOL, 

83%).  
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Table 5. Types and Abundance of Hydroxyl Groups in OL and Esterified Lignins, 
Determined by 31P-NMR 

 

Type 
of 

sample 

Aliphatic  Cond. Phenolic Syringyl Guaiacyl 

mmol/g OH/C9 mmol/g OH/C9 mmol/g OH/C9 mmol/g OH/C9 

OL 2.09 0.36 0.17 0.03 0.28 0.05 2.02 0.35 

ButOL 0.05 0.01 0.03 0.00 0.01 0.00 0.01 0.00 

IbutOL 0.05 0.01 0.04 0.01 0.01 0.00 0.01 0.00 

CroOL 0.45 0.08 0.08 0.01 0.07 0.01 0.43 0.07 
 

Type 
of 

sample 

p-Hydroxyl Total Aromat. -COOH 

mmol/g OH/C9 mmol/g OH/C9 mmol/g OH/C9 

OL 0.03 0.01 4.59 0.43 0.27 0.10 

ButOL 0.00 0.00 0.10 0.01 0.27 0.06 

IbutOL 0.00 0.00 0.11 0.01 0.39 0.12 

CroOL 0.00 0.00 1.03 0.10 0.22 0.06 

 
 

 

Fig. 3. TGA and DTGA curves recorded for crude and esterified lignins in air 

 

Mechanical Testing 
Table 6 lists the results obtained in the mechanical tests performed with samples 

made up of crude PLA or with various blends of PLA with OL or esterified lignins. The 

tensile strengths determined for PLA-OL blends were poorer than those obtained for neat 

PLA. Interestingly, some of the esterified lignins improved the plastic properties respect to 

PLA, as confirmed by their higher strains at break (Fig. 4). The suitability of ButEOL as a 

plasticizer was confirmed by its ability for increasing the strain at break of the 

corresponding blend up to 18.1% (in comparison with 1.88% for the reference material). 

IbutOL presented a limited ability as a plasticizer (strain at break, 5.40%), whereas no 

effects on this property were observed for PLA-CroOL blends. The    tensile   strength 

decreased   by   about    30%   when   PLA   was   blended   with   ButOL,   IbutOL   or  
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Table 6. Mechanical Properties of Crude PLA and Blends of PLA with OL or 
Esterified Lignins (data expressed as mean ± standard deviations) 
 

Material Tensile strength 
(MPa) 

Young modulus 
(GPa) 

Strain at break (%) 

PLA 62.24 ±1.06 4.44 ±0.51 1.88 ±0.05 

PLA-OL 44.10 ±0.86 4.37 ±0.50 1.17 ±0.09 

PLA-ButOL 44.67 ±0.63 6.89 ±0.49 18.11 ±1.91 

PLA-IbutOL 44.24 ±0.32 6.85 ±1.35 5.40 ±0.83 

PLA-CroOL 42.53 ±0.13 4.49 ±0.24 1.88 ±0.05 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4. Stress-strain graphs for samples made up of crude PLA and blends of PLA with crude or 
esterified lignins 
 
 

CroOL. Oppositely, the blends of PLA with esterified lignin showed higher Young's 

modulus. This finding was especially noticeable for the blends PLA-ButOL and PLA-

IbutOL, for which the Young's modulus increased by 55 and 54%, respectively, to neat 

PLA, respectively. In comparison, PLA-IbutOL did not improve the modulus respect to 

the reference material 
 
 
 

CONCLUSIONS 
 

1. Pinus pinaster wood samples were extensively delignified in ethanol/water media 

catalyzed with sulfuric acid operating under selected conditions. 

2. The lignin recovered from pulping presented high purity (with 95.7 wt % acid-insoluble 

lignin content), and was essentially free from sulfur. 

3. Lignin was reacted with three esterification agents (butyric, isobutyric, and crotonic 

anhydrides) for assessing the possible improvements in plastic properties. 
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Esterification led to almost complete conversion of aliphatic and aromatic hydroxyl 

groups in samples derivatized with butyric or isobutyric anhydrides. 

4. Partial esterification was observed upon esterification with crotonic anhydride, a fact 

ascribed to the different reaction medium (dioxane instead the derivatization agent 

itself). 

5. The blends of PLA with esterified lignins showed better plastic properties than neat 

PLA; and the highest strain at break was recorded for blends of PLA with lignin 

esterified with butyric anhydride (a material that also presented a remarkably increased 

Young´s modulus respect to pure PLA). 
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