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RESUMO 

 

 

SILVA, Teresa Cristina Fonseca da, D.Sc., Universidade Federal de Viçosa, maio de 

2011. Aplicações avançadas e estudos de materiais lignocelulósicos para alcançar o 

modelo de biorrefinaria. Orientador: Jorge Luiz Colodette. Co-orientadores: Luis 

Henrique Mendes da Silva, Luiz Cláudio de Almeida Barbosa e José Lívio Gomide. 

 

Celulose, hemiceluloses e lignina são os três principais componentes da 

biomassa. Esses componentes foram detalhadamente estudados e explorados com o 

objetivo de se alcançar o modelo de biorrefinaria. Celulose e hemiceluloses foram 

extraídas da madeira de Eucalyptus urograndis enquanto a lignina foi extraída dessa 

mesma espécie e de outras três espécies de folhosas (Eucalyptus globulus, Eucalyptus 

nitens, Populus trichocarpa). Celulose nanofibrilada (NFC) foi modificada usando 

TEMPO e hidroxiapatita (HAp) e posteriormente usada para produzir aerocelulose 

através de secagem direta por liofilização. A morfologia dos aerogéis de celulose 

oxidados mostraram uma distribuição homogênea no tamanho dos pores. Tal 

distribuição foi mantida após adição de HAp. Aerogels de celulose modificada também 

apresentaram-se mais resistentes a pressão que os seus correspondentes não 

modificados. Xilanas foram usadas tanto como aditivos na polpa celulósica como para 

produção de materiais com alto valor agregado – hidrogéis. Para o uso como aditivos, 

as xilanas foram modificadas para produzir diferentes quantidades e tipos de ácidos 

urônicos e o  efeito da modificação química, temperatura e tempo de adsorção na polpa 

de eucalipto foi investigada. Os resultados mostraram que altas temperaturas aumentam 

significativamente a adsorção, enquanto tempo de adsorção não apresenta o mesmo 

efeito na adsorção. Xilanas com baixo teor de ácidos urônicos tiveram foram melhor 

adsorvidas, seguidas por xilanas enriquecidas com ácidos hexenurônicos e finalmente, 

xilanas com alto teor de ácidos metilglicurônicos. Xilanas também foram usadas para 

produzir hidrogéis em duas rotas diferentes: i) hidrogéis de xilana/poli(2-

hidroxietilmetacrilato) foram preparados após reticulação induzida por monômeros 

metacrílicos e ii) hidrogéis de xilana ligadas a lignina (complexo lignina-carboidrato) 

usando monômeros metacrílicos. Propriedades dos hidrogéis puderam ser facilmente 

modificadas de acordo com a presença dos grupos acetila e do grau de substituição dos 

monômeros metacrilato ligados as cadeias de xilana. Grupos acetila introduziram 

compactação e rigidez aos hidrogéis, reduzindo a capacidade de inchamento dos 
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mesmos e também, melhorando propriedades tais como liberação do medicamento 

(doxorubicin) adicionados previamente nos hidrogéis. Para a segunda rota de produção 

de hidrogéis, polimerização radicalar com hidroxiethilmethacrilate (HEMA) foi 

realizada com sucesso por meio de uma etapa facilitada devido a presença de duplas 

ligações formadas durante branda deslignificação (usando ácidos peracético) dos 

complexos lignina-carboidratos, que foi a razão atribuída à formação da reticulação. 

Finalmente, ligninas isoladas do licor kraft (lignina técnica – TL) e suas estruturas 

foram correlacionadas com a energia da pirólise medida por ―differential scanning 

calorimetry‖ (DSC). Correlações negativas foram encontradas entre energia da pirólise 

e substruturas da lignina tais como grupos metoxila, siringuil/guaiacil  e hidroxila 

alifáticas enquanto correlações positivas foram encontradas entre estruturas 

condensadas e valores de entalpia.  
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ABSTRACT 

 

 

SILVA, Teresa Cristina Fonseca da, D.Sc., Universidade Federal de Viçosa, May, 

2011. Advanced applications and studies of lignocellulosic materials for achieving 

the biorefinery model. Adviser: Jorge Luiz Colodette. Co-advisers: Luis Henrique 

Mendes da Silva, Luiz Cláudio de Almeida Barbosa and José Lívio Gomide. 

 

 

Cellulose, hemicelluloses and lignin are the three structural components of 

biomass. They were detailed studied and exploited to achieve the biorefinery model. 

Cellulose and hemicelluloses were extracted from Eucalyptus urograndis hardwood 

specimens while lignin was extracted from Eucalyptus urograndis, Eucalyptus 

globulus, Eucalyptus nitens and Populus trichocarpa specimens. Nanofibrillated 

cellulose (NFC) was modified with TEMPO and hydroxyapatite (HAp) and then, used 

to produce cellulose-based aerogels by direct freeze-drying. Oxidized aerogels 

morphology shows a homogeneous pore size distribution which was maintained after 

HAp addition. Modified aerogels produced also displayed higher strength than the non-

modified one. Xylans polysaccharides were either used as an additive on cellulose pulp 

and also as basis for production add-value materials - hydrogels. For the primary use, 

xylans were modified to produce different amounts and types of uronic acids and the 

effect of the chemical modification, temperature and time of adsorption onto eucalyptus 

pulp was investigated. Higher temperatures greatly improved adsorption whereas 

adsorption time had no significant effect on adsorption. Low uronic acid-xylan had 

greater adsorption on pulp, followed by enriched hexenuronic acid xylan and xylan 

enriched with methylglucuronic acid groups.   Xylans were also used to produce 

hydrogels in two different ways via radical polymerization: i) Xylan/poly(2-

hydroxyethylmethacrylate)-based hydrogels were prepared after crosslinking induced 

by methacrylic monomers and ii) lignin-carbohydrate complex-based hydrogels using 

methacrylic monomers. Hydrogels properties could be easily tuned according to the 

presence acetyl groups and degree of substitution of methacrylate monomers attached 

to the xylan chain. Acetyl groups introduced compactness and stiffness to the hydrogels 

which ultimately reduced their water swelling capacity and moreover, enhanced their 

drug release properties. For the second path, a facile step to form hydrogels by radical 

polymerization with HEMA was successfully accomplished. The presence of double 
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bonds formed during mild delignification (using peracetic acid) of lignin-carbohydrate 

complex (LCC) was the reason attributed to the crosslinking. Once again, the presence 

of acetyl groups in xylan chains played an important role for tuning hydrogel 

properties. Finally, lignin from kraft liquor was isolated (technical lignin – TL) and its 

structure was correlated to the pyrolysis energy measured by differential scanning 

calorimetry (DSC). Negative relationships were found between lignin substructures 

such as methoxyl groups, syringyl/guaiacyl and aliphatic OHs whereas positive 

correlation was found between condensed structures and enthalpy values. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1 
 

INTRODUCTION 

 

 The biorefinery concept has become a hot research topic because integrates 

value-added materials from biomass, biofuel and bioenergy. Lignocellulosic biomass is 

one of the most available and renewable resources which represent a promising low 

cost raw material for renewable energy production. Producing multiple products and 

maximizing the value derived from the biomass feedstock are economically and 

sustainably advantageous. Moreover, decreasing the dependency on fossil fuel reserves 

by developing a sustainable society and boosting rural development are important goals 

of modern society.   

 Biomass is mainly constituted by three structural components (polysaccharides 

cellulose, hemicelluloses and aromatic polymer lignin) as well as by some minor 

nonstructural components. Cellulose, which represents over 50% of biomass, is a linear 

polymer of cellobiose (D-glucopyranosyl-β-1,4-Dglucopyranose) units and presents a 

highly ordered structure. By contrast, lignin, the most recalcitrant plant constituent, 

forms a 3-D network including a variety of C-C and ether linked substructures. 

Hemicelluloses present an intermediate complexity degree, being formed by pentose 

and hexose units (often acetylated) in branched chains. 

 Cellulose and hemicellulose (xylans) from hardwood (eucalyptus urograndis) 

were used to produce added-value products such as aerogels and hydrogels, 

respectively. Besides, studies on hemicelluloses (xylans) adsorption onto cellulose pulp 

were carried out in this study.  

Xylans are considered to be very important for production of printing and 

writing paper grades because they facilitate pulp refining and increase fiber bonding. 

Taking this fact into consideration, the effect of the different types of uronic acid linked 

to the xylan chain was investigated. During kraft pulping, methylglucuronic acid 

groups are almost completely converted into hexenuronic acid groups and this situation 

may affect the adsorption of xylans onto pulp and subsequently effect on pulp yield and 

properties. On Chapter 1, chemically modified xylans were adsorbed on eucalyptus 

pulp and the effects on the pulp physical properties were investigated. 

Focus on development of added-value products derivatives from wood 

feedstock for advanced applications play an important role on the biorefinery 

perspective. In this context, one of the goals of this work was to develop hydrogels 

from xylans, the most common hemicellulose of eucalyptus wood, by exploiting 
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xylan’s chemical features that allows for tuning their properties. Due to its 

characteristics, hydrogels constitute the basis for a variety of applications including, 

especially in biomedical and pharmaceutical use: controlled drug release, contact 

lenses, and soft tissue mimicking.  

 This work is comprised of two chapters dealing with hydrogels production from 

xylans (Chapters 3 and 4). On Chapter 3, xylans with and without acetyl groups were 

used to form hydrogels with particular characteristics. It was demonstrated for the first 

time the effect of acetyl groups on the morphology, physical properties and drug 

delivery system. Chapter 4 reveals a new approach for producing hydrogels in a facile 

route by likely initiating the crosslinking via radical polymerization from an oxidized 

lignin fragment.  

Aerogels were fabricated from cellulose nanofibers (NFCs) and modified by 

TEMPO-mediated oxidation and addition of hydroxyapatite (Chapter 2). The primary 

goal of the aerogels produced was to reach high-resistance (strength) for further tests as 

bone substitute material. In fact, aerogels have attractive features leading to the 

development of applications such as storage media for gases, filter materials carrier for 

catalysis, scavengers for dust particles, shock absorbers and heat and sound insulators. 

Cellulose has emerged as a promising candidate for aerogels production because of 

their abundance and also because their properties may be similar to their inorganic 

counterparts such as silica and alumina.  

 Lignin has a rather high heat value, which makes it interesting to use as a 

biofuel. In pulp mills, lignin from kraft liquor is largely recovered as a byproduct to be 

used as a solid fuel, minimizing environmental impacts by closing the green house gas 

(CO2) loop. Developing a better understanding of lignin structures present on kraft pulp 

would be extremely helpful to exploit the potential lignin as renewable and readily 

available feedstock. On Chapter 5, lignin from kraft liquor was isolated (called 

―technical lignin‖ - TL) and its structure was quantitatively determined. Then, energy 

changes during heating and weight loss were associated to the chemical structure in 

order to identify the driving factors for energy changes. Correlations found between 

lignin structure and enthalpy values may represent important ramifications for the 

overall efficiency and energetics of thermochemical biomass transformation.  
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Published as original paper (Industrial & Engineering Chemistry Research (2011), 50 

(2), 1138-1145) 

 

ADSORPTION OF CHEMICALLY-MODIFIED XYLANS ON EUCALYPTUS 
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Abstract 

Three different birchwood-based xylan biomaterials were used in the current study to 

deconvolve the heretofore unknown effects of these modified adsorbed xylans on the 

processability of eucalyptus pulp: a 4-O-methylglucuronic acid xylan (MeGlcA-xylan); 

then, the MeGlc moiety was modified to provide an enriched hexenuronic acid xylan 

(HexA-xylan), and a low uronic acid content xylan (LowUrA-xylan). The study 

illustrates how the composition of xylan, in terms of the type and content of uronic 

acid, strongly influences the physical properties of cellulose fibers.  NMR was used to 

confirm these structures and their Mws were measured by GPC.  The three different 

xylan types were adsorbed onto bleached kraft pulp under controlled times and 

temperatures and examined by AFM and SEM.  It was found that LowUrA-xylan had 

greater adsorption on eucalyptus pulp, especially at high temperatures and times, while 

HexA-xylan adsorbed more onto eucalyptus pulp than MeGlcA-xylan.  Water 

Retention Values (WRV) of xylan-enriched eucalyptus pulps increased, while their 

hornification decreased.  In general, xylan-enriched pulps demonstrated improved 

mailto:lucian.lucia@ncsu.edu
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processability (beatibility) while displaying acceptable physical properties.  These 

findings may have important implications for the overall efficiency and energetics of 

downstream biomass transformation processes such as pretreatment within the context 

of a biofuel application. 

 

Keywords: Eucalyptus, xylans, chemical modification, adsorption, water retention, 

hornification 

 

1. Introduction 

Xylans are the most abundant heteropolysaccharides (hemicelluloses) found in 

angiosperms and terrestrial plant cell walls and are among the most abundant 

biomaterials on the planet. Due to xylans abundance in nature and their inherent affinity 

to cellulose, they can be used as biodegradable and renewable cellulose fiber modifying 

agents 
1-3

.  From a chemical engineering perspective, the relative importance of 

maintaining a high retention of xylans during the pulping of hardwoods has very high 

economic considerations because it directly affects overall materials output or pulp 

yield 
4, 5

.  Structurally, xylans are comprised of linear chains of β-D-(1,4)-linked D-

xylopyranosyl residues that are assembled in a branched array.  On average, every tenth 

xylosyl residue possesses an α-4-O-methylglucuronyl residue that branches off at O-2 
6-

10
.  During the kraft pulping process, wood xylan is extensively modified 

11-14
.  It is 

believed that the dissolved xylan, modified or not, is adsorbed onto the cellulose-based 

fibers at the end of the pulping phase 
13, 15-17

.   

Molecular structural investigations of polysaccharide interactions have revealed 

that the level of interaction between the cellulose-based fibers and hemicelluloses is a 

function of pH, temperature, and time of adsorption 
18-21

.  Additionally, another 

consideration during the pulping of hardwoods is that the methylglucuronic acid groups 

of xylan are almost completely converted into hexenuronic acid groups during pulping 

22, 23
.  This situation may affect the adsorption of xylans onto pulp and its subsequent 

effect on pulp yield and pulp properties are important questions to resolve.  Answers to 

questions such as the latter can influence the methodology (time, temperature, pH) of 

hardwood pulping for maximum output and physical properties of the pulp. 

It is well know that adsorption of xylans onto cellulose fibers improves the 

physical processability (beatability) of the pulp which directly saves energy 
24

 but, 

many contradictions are found in terms of whether or not the mechanical properties of 
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the fibers are affected by the xylan adsorbed 
21, 25, 26

. Many authors 
19, 23, 27, 28

 differ on 

the contribution of glucuronic acid groups to swelling properties and cell wall cohesion.  

A recent study showed that 4-O-methylglucuronoxylans have little effect on pulp 

handsheet properties 
29

, while Lindstrom 
30

 concluded that the presence of glucuronic 

acid groups on the fiber surface is important for papermaking wet-end chemistry due to 

increased fiber surface charge. 

A great advantage for using hemicelluloses to modify cellulose fiber is because 

of its natural affinity to cellulose 
18-21

. Many authors pointed to the importance of 

preserving xylans during pulping process because xylan–cellulose interactions result in 

a final paper structure that possesses good tensile properties and wettability 
21, 26, 31

.  

However, the contribution of hemicellulose to fiber strength is not yet clear; 

hemicellulose may act as an effective stress-transfer matrix while any mechanical 

damage to the bulk fibers may impair the stress transfer mechanism 
32, 33

.  A recent 

study using different cellulose/hemicelluloses ratios in fiber reported that the fiber and 

bond strength were not influenced by the hemicellulose content in the fiber 
34

.  It has 

been suggested that bleached pulp tensile strength is more a function of cellulose 

properties than xylan content and minimizing the degradation of cellulose and 

hemicelluloses is more important for pulp quality than increasing the amount of 

hemicelluloses in the fiber 
25

.  The minimization of sugar degradation in woody pulp 

also has important implications for the overall efficiency of downstream bioprocessing 

technologies that focus on energy production (bioethanol). 

Therefore, it becomes critical to understand the mechanism of the adsorption of 

hemicelluloses to cellulose-based fibers. Few studies have been discussed the effect of 

side groups such as arabinolyl and O-acetyl during the adsorption of xylans onto 

cellulose fibers; as well as the effect of interaction in absence of branched groups 
19, 28

. 

Thus, it is difficult to derive the key factors governing the xylan–cellulose interactions.  

Several early studies have shown a mechanism for xylan retention on cellulose 

fibers.  The mechanism is based on the tendency of xylan to self-associate and 

agglomerate onto cellulose fibers 
23, 28, 35

.  Kabel et al. 
19

 have concluded that arabinolyl 

and O-acetyl substituents on xylan were detrimental for the adsorption of xylan to 

bacterial cellulose.  Further increases in the number of unsubstituted xylosyl residues 

induced the formation of xylan-xylan interaction which contributed to adsorption.  

Also, heat cleaves glucuronic acid groups from the xylans and thereby increases the 

aggregate size which contributes to greater hemicellulose sorption 
28

.   
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In this study we evaluated the relative importance with respect to kraft bleached 

pulp fibers adsorption of three types of xylan solutions from birch wood, time, and 

temperature.  Xylan solutions were made using modified and native xylans (high 

content of 4-O-methylglucuronic acid) from birchwood.  The original xylan, rich in 4-

O-Me-glucuronic acid (MeGlcA-xylan) was modified to produce a xylan enriched in 

hexenuronic acid (HexA-xylan) and containing low amounts of uronic acids (LowUrA-

xylan). 

The aims of this work were: to compare and quantify the adsorption level of 

different structural xylans solutions onto bleached kraft pulp fibers, verify the influence 

of time and temperature on the adsorption rates, and investigate the role of adsorbed 

xylans on the physical properties of bleached kraft pulp fibers. 

 

2. Methods 

2.1. Xylan Preparation 

Xylan from birchwood purchased from Sigma-Aldrich (product No. X-0502) 

was used as the source of 4-O-methylglucuronoxylan (MeGlcA-xylan) without further 

purification.  Xylan with a high degree of hexenuronic acid (HexA-xylan) was prepared 

using the method according to Teleman et al. 
36

.  4-O-Methylglucuronoxylan (15 g) and 

NaBH4 (0.2 g) were dissolved in 1 M NaOH (300 mL) and kept overnight under N2.  

The solution was heated to 150°C for 2 h.  After cooling, glycerol (15 mL) was added 

and the solution was neutralized (pH 7) with formic acid.  The xylan was precipitated 

by slow addition of MeOH (300 mL).  The precipitate was separated by centrifugation, 

washed with MeOH-water (1:1, 300 mL), and MeOH (300 mL), and dried under 

vacuum at room temperature.  Another xylan solution was prepared with a low degree 

of uronic acids (LowUrA-xylan) which followed a procedure similar to that of Teleman 

et al. 
36

, but with the following modifications to guarantee degradation of uronic acids: 

the concentration of sodium hydroxide solution was 2.0 mol L
-1

 instead of 1.0 mol L
-1

, 

and the time of reaction was 4 instead of 2h. Figure A.1.1 (Appendix) illustrates the 

preparation of the xylans used in this work. 

 

2.2. Xylan analysis 

Xylans structures were confirmed by 
1
H-NMR.  NMR spectra were obtained 

using a Varian Mercury 300 instrument (300 MHz), using D2O as solvent and 

tetramethylsilane (TMS) as the internal standard (δ= 0).  
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The GPC analysis of three xylans was performed on four serially connected 

columns PLgel 20 mm Mixed B 300x7.5 mm columns protected by a PLgel 20 mm 

pre-column (Polymer Laboratories Ltd, UK ).  The temperatures of the pre-column and 

columns, the injector, and the detector (RI) were kept constant at 80
o
C.  N,N-

dimethylacetamide (DMA) with 0.5% of LiCl (w/v) was used as the eluent at a rate of 

1.0 mL min
-1

 and the injection volume was 100 µL.  The xylans (50 mg) were 

dissolved in DMA containing 8% LiCl (w/v) (500 µL) and the temperature of the 

solutions were kept constant at 70
o
C until complete dissolution of samples.  The 

samples were diluted with DMA to a xylan concentration of about 0.25%.  The 

calibration of the GPC columns was made with Pullulan reference materials (Polymer 

Laboratories) in the range 0.8–100 kDa.  Data analysis was performed with Cirrus GPC 

software (Polymer Laboratories). 

 

2.3. Adsorption Experiments 

Xylans solutions were made by the addition of 5.0 g xylan in 80 mL deionized 

water at 90
o
C for 30 minutes under stirring to allow the xylan to dissolve.  After 

cooling, pH of the solution was adjusted to 12 using sodium hydroxide.  The solutions 

were then directly poured into a glass vial containing 5 g of ECF (OD(EPO)DP) pulp 

bleached substrate.  The glass vial was placed in a bath under careful temperature 

control (25
o
C, 75

o
C and 125

o
C).  The treatment time varied between 60 and 240 

minutes (at intervals of 60 minutes).  After adsorption of the xylan to the fibers, the 

fibers were thoroughly washed with hot deionized water, 1% acetic acid, suspended in 

deionised water for 10 min, and then washed again.  The amount of adsorbed xylan was 

quantified by carbohydrate analysis of the modified fibres.  The reference pulp was 

subjected to the same treatment except it was not subjected to xylan addition. 

 

2.4. Pulp Analysis 

2.4.1. Chemical Analysis 

The xylan content of the reference and modified pulp samples was established 

by High Performance Anion Exchange Chromatography with Pulse Amperometric 

Detection (HPAEC-PAD) after pre-treatment (30°C, 1 h) with aqueous 72% H2SO4 
37

 

followed by hydrolysis with 3% H2SO4 in an autoclave (100°C, 3 h).  HPAEC-PAD 

was carried out in a Dionex ICS-3000 system equipped with a CarboPac PA1 (250 x 

4mm) analytical column.  The total uronic acids contents of pulps were calculated 
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taking into account both the uronic acid content linked to xylan and xylan adsorbed 

onto pulp.  Uronic acid content was determined by the colorimetric method involving 

3,5-dimethylphenol addition
38

. The viscosity of all pulps was determined by a capillary 

viscometer method according to TAPPI standard methods 
37

.  

 

2.4.2. Surface Analysis (AFM/SEM) 

The surface morphology of the reference and modified pulp samples was 

determined using Scanning Electron Microscopy (SEM).  The surfaces were coated 

with gold for analysis and visualized with a LEO 1430VP operated at 20 kV.  

Additionally, pieces of the substrate were cut and mounted on a magnetic holder for 

surface morphology measurements using an Atomic Force Microscopy (AFM) in 

tapping mode on a Digital Instruments NT-MDT Ntegra model. 

 

2.4.3. Hand Sheet Physical Properties 

Three samples of modified pulps (three xylan solutions, 125ºC and treatment time of 

240 minutes) and a reference pulp were granulated by hand, air dried at room 

temperature, disintegrated (ISO 5263), PFI beaten from reference treatment and 

MeGlcA-xylan were 1000, 2000 and 3000 revolutions; 1000, 2000 and 2500 for HexA-

xylan treatment and 500, 1000 and 2000 revolutions for xylan with LowUrA-xylan 

(ISO 5264-2), hand sheet prepared (ISO 5269-1) and tested for strength and density 

properties.  Water retention values (WRV) and hornification were determined for 

unbeaten pulps.  The degree of pulp hornification was determined based on the Water 

Retention Value (WRV) of never-dried and dried pulps according to the method of 

Weise 
39

. 

 

3. Results and Discussion  

3.1.Xylans’ characterization 

The 
1
H-NMR spectra (2.5 – 6.0 ppm) of xylans are illustrated in Figure 1.  

Confirmation for the chemical modifications obtained in these studies was validated.  

For example, the resonance of H-1 at 5.32 ppm of MeGlcA (Fig. 1a) that is due to the 

MeGlcA residues is evident for MeGlcA-xylan, while it is diminished in the HexA-

xylan and LowUr-xylan samples.  Also, no proton signals appear in the region of 4.6 – 

5.2 ppm clearly indicating the absence of acetylated xylopyranose units. 
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a) 

 

b) 

 

c) 

 

Figure 1. 
1
H-NMR spectra of xylans, a) MeGlcA-xylan; b) HexA-xylan, and c) 

LowUrA-xylan. 
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 Evidence from 
1
H-NMR spectra was also found supporting the formation of the 

4-O-methyl-α-D-glucopyranosyluronic acid (MeGlcA) units that occurs through a β-

elimination of a methoxyl group under alkaline conditions.  Specifically, analysis of the 

sugar anomeric region demonstrates the obvious signature for the latter formation 

because of the new signals at 5.23 and at 5.83 ppm in HexA-xylan and at 5.28 and at 

5.82 ppm in LowUrA-xylan.  These latter signals are normally assigned to H-1 and H-

4, respectively, in the 4-deoxy-β-L-threo-hex-4-enopyranosyluronic acid (hexenuronic 

acid, HexA) residues 
40

.  The spectra in Figure 1 illustrate the main chain of xylan that 

displays linear (1→4)-β-linked D-xylopyranose units with the already mentioned (vide 

infra) 4-O-methyl- -D-glucuronic acid groups and HexA groups linked to the 2-

position of the xylose units. 

 The GPC elution curves for the xylans (not shown) exhibit a unimodal Gaussian 

molecular weight distribution indicating the structural homogeneity of the isolated 

polysaccharide sample.  The Mw for each of the samples for GlcA-xylan, HexA-xylan 

and LowUrA-xylan correspond to familiar xylan-based molecular weights of 16000 – 

22000 Da
11

 with Mws and polydispersity indices of 21800 Da and 1.19; 19565 Da and 

1.14; 16183 Da and 1.16, respectively. 

The small Mw variation between MeGlc-xylan and HexA-xylan may be 

explained by invoking differences in their stability in alkaline conditions during short 

times (120 min) that results in dissolved polysaccharides that contribute to lower 

molecular weights 
41

.  The lower molecular weight of LowUrA-xylan indicated that 

extending treatment and increasing alkali concentration causes degradation of the xylan 

chain likely by the well known -elimination mechanism 
7
. 

 

3.2. Adsorption of xylans to pulp fibers 

Three temperatures (25ºC, 75ºC and 125ºC) and four reaction times (60, 120, 

180 and 240 min) were investigated for adsorption of the three xylan types.  Pulp xylan 

content (% weight) and uronic acids content (% weight) were plotted against 

temperature and time (Fig. 2 and 3) for each of the three xylan types.  The xylan 

content and uronic groups content for the pulp without treatment were 14.2% and 

0.95%, respectively. 

A significant increase of pulp xylan content was achieved in the adsorption 

experiments carried out at 75ºC and 125ºC.  In fact, the highest pulp xylan content was 
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obtained at the highest temperature and the longest time, in agreement with previous 

work 
15, 23

 (Fig. 2).  However, the experimental design indicates a greater influence of 

temperature than treatment time on the xylan adsorption.  Nevertheless, the time effect 

is seemingly more significant at high temperatures, especially for sample C.  Xylan 

aggregation occurs more easily at higher temperatures leading to improved 

precipitation onto the pulp surface.  According to Linder et al. 
28

, treatment at high 

temperature and pH leads to decreased amounts of 4-O-MeGlcA groups on the xylan 

backbone, thereby increasing the driving force for xylan aggregation because xylan 

molecules can associate through interactions between the unsubstituted linear regions 

of the chains 
19, 23

. 

 

 

Figure 2. Xylan content on pulp (%) after adsorption treatment: A) MeGlcA-xylan 

solution, B) HexA-xylan solution and C) LowUrA-xylan solution. 

 

Figure 3. Uronic group content (%) on pulp after adsorption treatment: A) MeGlcA-

xylan solution, B) HexA-xylan solution and C) LowUrA-xylan solution. 

 

 It is well know that aggregates constitute the major part of the adsorbed xylan 

and the presence of negatively charged uronic substituents on the xylan chains 

increases repulsion between xylan molecules and favors dissolution, thereby decreasing 

xylan adsorption onto pulp 
28, 42, 43

.  The aggregation kinetics depends on the activity of 

xylans in solution, concentration of xylan in solution, and temperature 
44

. 
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This study shows (Fig. 2) that xylans with low uronic groups content (LowUrA-

xylan) produced the highest adsorption, particularly at 125ºC, in agreement with 

literature 
19, 42, 45

. Similar results were found 
44

.  However, others authors have 

concluded that smaller molecules tend to adsorb less to the cellulose surface than the 

larger ones, which was not the case here 
19

. At 25 
º
C, treatment with LowUrA-xylan 

had an increase in the xylan content after adsorption showing the ease in this species 

adsorbed on the pulp.  The effect of absorption of Low-UrA-xylan seems to be more 

related with the low uronic acid content than with the molecular weight because the 

amount of uronic acids in different xylans contribute to a large difference among them.  

However, at this time, these differences have not been ascribed in terms of molecular 

weight.  

The effect of uronic groups on adsorption can be observed by measuring the 

content of uronic groups on pulp after treatment (as shown in Fig. 3).  The amount of 

uronic acid on pulp increased by increasing of MeGlcA-xylan, HexA-xylan and 

LowUrA-xylan adsorbed and as can be observed in Fig. 3 in which HexA-xylans 

showed to be more stable in higher temperatures.
36

 

 HexA-xylan attached to pulp to a greater extent than MeGlcA-xylan.  Two 

reasons to this behavior are suggested: a) lower molecular weight of xylan and b) easier 

formation of aggregates by reducing the molecular weight and size of the uronic group 

in the formation of HexA.  Thus, to the extent that smaller fragments are generated 

from xylan and the distance between molecules becomes small enough, molecules will 

start to aggregate.  Certainly, this aggregate could more easily penetrate the fiber wall 

than larger ones. 

Pulp viscosity was largely dependent on the amount of xylan adsorbed onto the 

pulp (Fig. 4).  The highest xylan adsorption resulted in the lowest pulp viscosity (6 

mPa.s) which represents a loss of 33% in relation to original value (9 mPa.s).  This 

resulted is explained by the low molecular weight of the xylans in relation to that of the 

cellulose chains.  The low original pulp viscosity derives from the bleaching procedure 

used to prepare the pulp which was aimed at creating a material that contained low 

hexenuronic and 4-O-methylglucuronic acid contents. 
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Figure 4. Viscosity vs. xylan content on pulps. 

 

3.3. Surface morphology 

The xylans that were adsorbed onto pulp fibers can be visualized by Atomic 

Force Microscopy (AFM) in tapping mode and Scanning Electron Microscopy (SEM).  

The appearance of the untreated and treated (with low uronic xylan solution) pulp 

samples were examined.  The pulp reference has 14.2% of xylan, but the pulp with 

adsorbed xylan (27.5% of xylan) shows a completely different topography (Fig. 5).  

AFM shows topography with particles visible as protuberances on the fiber surface.  

The treated pulp is still rather smooth, but appears to have a higher surface roughness. 

On the treated pulp, fragments of xylan set up a net between fibers surfaces that 

could be seen by SEM (Fig. 6). 
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B 
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Figure 5. AFM image of a bleached pulp A) untreated (14.2% of xylan) and B) treated 

pulp by LowUrA-xylan solution at 125ºC and 4 h (27.5% of xylan).  Scaling vs. axis 

1000 nm/div, z axis 40nm/div. 

 

A 
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B 

   

Figure 6. A SEM micrograph of: A) untreated pulp (14.5% of xylan) and B) treated 

pulp by LowUrA-xylan solution at 125ºC and 4 h. (27.5% of xylan) (1000 X)  

 

3.4. Pulp beatability and properties 

 The pulp samples treated with MeGlcA-xylan, HexA-xylan and LowUrA-xylan 

solutions at 125ºC for 240 min and the reference pulp were tested for WRV, 

hornification (morphological pore diminuition phenomenon in microfibrils induced by 

loss of bound water molecules), energy comsumption during beating (beatability), 

tensile index, tensile energy absorption, burst index, tear index, specific elastic 

modulus, and hand sheet density.  All tests, except WRV and hornification, were done 

on pulps before and after being beaten at three different levels of PFI revolution. 

Not surprisingly, the pulps containing adsorbed xylans required less beating 

energy than the reference.  At the same energy consumption level, higher Schopper-

Riegler values were reached for the xylan treated pulp in relation to the reference (Fig. 

7). The Schopper-Riegler is a term that provides a summary of the relationship of the 

refining degree to the rate of the drainage of the diluted fibers suspension.  The rate of 

drainage is related to the surface conditions and the expansion of fibers and it is 

considered a useful indicator of the amount of mechanical treatment (refining) of the 

pulp.  The largest energy savings of about 40% were achieved in the post-refining stage 

for pulp treated to LowUrA-xylan because the xylan content of this pulp is superior to 

the others.  Addition of hemicelluloses favors interfiber bonding due to its hydrophilic 

properties which cause greater swelling of cell walls in water imparting fiber flexibility 

46
.  As a result of the development of fibrillation, the energy consumption was reduced 

during beating.  This helps in better fiber conformation and more interfiber bonding 
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during sheet formation.  Similar results were found 
47

, using Ramie hemicelluloses 

during the beating operation.  
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Figure 7.  Energy Consumption during beating in a PFI mill versus Schopper-Riegler. 

Untreated (■), MeGlcA-xylan-treated pulp (), HexA-xylan-treated pulp (), Low 

UrA-xylan-treated pulp (●). 

 

Many authors 
21, 26, 43, 44, 47

 emphasize that hemicelluloses adsorbed on pulp, 

mainly xylans, increase the tensile strength by acting as an adhesive and binder.  

However, it has been concluded that xylan content adsorbed in pulp does not affect 

tensile index 
25

. The results show that the physical properties of pulp sheets depend on 

the degree of beatability of the pulp. Indeed, xylans’ adsorption on pulp provides higher 

Schopper-Riegler values and so, improvements on the properties can be seen. As the 

physical properties of paper sheets made from the bleached pulp with xylan were 

evaluated (Figure 8) and haven’t shown any significant difference in terms of the 

properties (even with higher xylan content), the data obtained were tested by non-linear 

regression model in order to adjust all samples according to just one equation. It is 

worth mentioning that just small differences among parameters of the chosen model for 

different pulps were observed.  Figure 8 shows strength properties plotted against 

Schopper-Riegler. 

It is well known that the chemical composition of pulp greatly affects its fiber 

strength.  Both increased cellulose and hemicelluloses 
31

 content have been reported to 

give an increased fiber strength 
34

.  The likely reason for the discrepancies found in this 

system is differences in the hemicellulose content.  If there were enough hemicelluloses 
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in the matrix between the fibril aggregates, an increased cellulose content is positive, 

i.e., more fibril aggregates to bear the load.  However, if the hemicellulose content is 

too low, the load transfer between the fibril aggregates decreases and so will the fiber 

strength 
48

. 

 

Figure 8. Physical properties versus Schopper-Riegler of treated and untreated pulps. 

 

In this case, the xylan content of the reference (14.2%) seems to have been 

sufficient for the maintenance of strength properties of the pulp.  The slight increase of 

the tensile index and sheet density in addition to the other physical properties measured 

after treatment show that addition of xylan in a pulp that has a reasonable quantity of 

hemicelluloses does not justify the improvement in physical properties.  The type and 

quantity of xylan adsorbed does not seem to considerably influence these properties.  

For instance, a study employing different cooking conditions which vary the amount of 
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both hemicelluloses and cellulose in the fiber reported that the fiber strength and bond 

strength were not influenced by the hemicellulose content of fiber 
49

. 

The slight increase of sheet density can be attributed to a reduction of fiber wall 

pores by small xylan aggregates 
50

.  No significant increase of tensile was seen.  

However, tear index decreased slightly due to fiber structure damage.  Analysis of the 

behavior of fibers showed that treatment had a slight protective effect on the fibers in 

facilitating fibrillation without significant cutting.  This behavior could explain the 

improvement of the tensile and burst index.  According to Molin 
34

 these properties 

were more affected by the cellulose/hemicellulose ratio.  In addition, Shin and 

Stromberg 
25

 suggested that the bleached pulp tensile strength is more dependent on 

cellulose characteristics than xylan content. 

Water retention value (WRV) of the differently treated pulps correlated with the 

total xylan content or with the total charges of fibers 
26

.  The WRV values increased 

with increasing pulp-xylan content (Table 1).  The xylan adsorbed increased both 

never-dried and once-dried bleached pulp WRV, thus reducing the degree of 

hornification.  Xylan in pulps promote better swelling of dried fibers by forming a 

hydrophilic xylan layer on the fibril surface facilitating water attraction and preventing 

strong interactions between the crystalline regions of adjacent fibrils.  The decreased 

hornification extent of treated pulp could be attributed to higher xylan and uronic 

contents 
30

.  Both uronic acid and hemicelluloses prevent pulp hornification via 

diminishing interfibril aggregation in fibres 
51

.  The results show a decrease in the 

hornification degree of pulps that have higher xylan contents.  The slight decrease 

between pulps treated with HexA-xylan versus LowUrA-xylan treatment show the 

effect of the absence of uronic acids 
52

 which indicates that xylan in kraft pulp is 

strongly bonded to cellulose fibril surfaces and covers larger fibril areas. 

 

Table 1. WRV (g/g) and degree of hornification (%) of untreated and treated pulps. 

Pulp 
Xylan 

Content (%) 
WRV (g/g) S.D

a
 Hornification (%) S.D

a
 

Reference 14.2 112.0 4.10 15.8 2.2 

MeGlcA-xyl. pulp 22.7 115.0 2.56 13.0 2.86 

HexA-xyl. pulp 25.05 125.0 6.07 9.6 0.59 

LowUrA-xyl. pulp 27.65 137.0 5.34 9.0 1.28 

a
Standard Deviation 



20 
 

 

4. Conclusions 

 The birchwood-based xylan biomaterials used in the current study (MeGlcA-

xylan, HexA-xylan, and LowUrA-xylan) provided key data on their effects on the 

processability of eucalyptus pulp by setting up high ratio xylans: pulp (5g/ 5g) during 

the experiments. More specifically, the composition of xylan, in terms of the type and 

content of uronic acid, influences the adsorption and properties of cellulose fibers.  

Under controlled times and temperatures,  it was found that LowUrA-xylan had greater 

adsorption on eucalyptus pulp, especially at high temperatures and times, while HexA-

xylan adsorbed more onto eucalyptus pulp than MeGlcA-xylan.  Water Retention 

Values (WRV) of xylan-enriched eucalyptus pulps increased, while their hornification 

decreased.  In addition, not only does temperature have an important influence on the 

adsorption, but so does the type of uronic acid linked to the xylan chain.  Xylans 

containing low uronic groups displayed higher adsorption rates relative to those xylans 

substituted with HexA (HexA-xylan).  Finally, xylan adsorption of any type onto pulp 

fibers decreases beating energy demand and hornification without affecting pulp 

strength properties.  In general, xylan-enriched pulps demonstrated improved 

processability (beatibility), while displaying acceptable physical properties.  Given the 

great abundance of xylan in the biosphere, these latter findings may be key to 

developing appropriate processing strategies when considering hardwood 

(angiosperm)-based biomass for biomass transformation technologies. 
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NANOFIBRILLATED CELLULOSE-BASED AEROGELS: A NEW CHEMICAL 

APPROACH FOR TUNING THEIR MICRO-ARCHITECTURES 
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Abstract: Freeze-dried nanofibrillated cellulose based-aerogels were produced using 

hardwood as a raw material. Nanofibers were isolated under high pressure and modified 

with TEMPO-mediated oxidation and/or hydroxyapatite (HAp). Different degrees of 

oxidation (DO) were reached and measured by conductimetric titration (~ 0.1 and 0.2). 

Oxidized and non-oxidized samples were modified with HAp in a level of HAp:cellulose 

ratio of 0.2:1. Morphology (FE-SEM), rheological and physical properties were used to 

characterize produced aerogels. The results shown a well-organized morphology for 

aerogels fabricated with oxidized nanofibers.  TEMPO-oxidation and addition of HAp 

resulted in aerogels with great mechanical strength, increasing the stress from 

approximately 7500 Pa to 20000 Pa when compressed to 50% of the original height. 

However, the oxidation effect was more pronounced than the addition of HAp. Density of 

the aerogels varied from 0.008 to 0.011 g/cm
3
. Slightly lightweight aerogels were produced 

by increasing the degree of oxidation whereas the use of HAp as modifying agent 

contributed to higher densities. 

 

Keywords : NFC, aerogels, TEMPO, Hydroxyapatite. 
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1. Introduction 

Aerogels are highly porous materials possessing low solids content, considerably 

lightweight, high strength and good dimensional stability. In a ―nano‖ perspective, the 

extensive interconnected chains confers stable three-dimensional network due to the 

linkage of the nanoparticles to each other with inter-chain distances typically being in 

order of 10-100 nm.
1
 For being promptly accessible, these structures have attractively led 

to the development of variety of applications such as storage media for gases, filter 

materials, carrier for catalysis, scavengers for dust particles, shock absorbers and heat and 

sound insulators 
2, 3

. 

Although aerogels can be prepared from an extensive range of materials, a 

particular promising candidate for addressing novel applications is cellulose.  Cellulose is 

the most abundant sustainable material in the biosphere, but it has not been as exploited for 

novel materials as may be surmised; yet, with the pressing concerns surrounding petroleum 

supplies and increasing environmental consciousness, it has been slowly gaining 

ascendancy as a raw material for various market applications.  Aerogels-based 

nanofibrillated cellulose, for example, has gained increasing attention because their 

properties may be similar to their inorganic counterparts such as silica and alumina with 

additional advantage of employing a substrate that is renewable, abundant and 

biodegradable. 
4-6

 In addition to that, excellent mechanical properties of cellulose have 

produced several works using cellulose nanofibers as a reinforcing material. 
7-11

 

Aerogels are obtained by carefully drying wet gels. Drying methods such as freeze 

drying or supercritical drying have been applied to maintain the openness of the structure. 

These methods preserve intramolecular hydrogen bonding and the entangled long partly 

amorphous nanofibers
12

.   

 Tuning the properties of any chemical assembly such as an aerogel to obtain 

specific applications may require chemical tweaking of the existing structure(s). 
13

 Such 

modifications of cellulose are interesting approaches for value-added products. One 

common modification is its catalytic oxidation using 2,2,6,6-tetramethylpyperidine-1-oxy 

radical (TEMPO) to introduce functionalities such as aldehyde and carboxyl groups and 

thus derive new industrial use 
14, 15

. For instance, improvements on the physical properties 

of handsheets have been observed when TEMPO-oxidized pulps are used because inter-

fiber bond is formed. 
16

Also, it has been found that regenerated cellulose could be 
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completely converted into water-soluble polyglucuronic acid, 
17, 18

 which might contribute 

to the formation of highly viscous hydrogels to be further converted in resistant aerogels.  

Another alternative for cellulose modification, relatively unexplored until the present, is 

the use of hydroxyapatite (HAp), (Ca10[PO4)6(OH)2). HAp has biochemical and 

mechanical properties that make its use attractive for applications as artificial bones and 

scaffolds for tissue engineering. 
19, 20

 A range of features have been beneficially expected 

due to HAp combination with of cellulose such as high mechanical properties, sufficient 

porosity, high water holding capability, excellent biocompatibility and bone-bonding 

ability. 
20

 However, not much has been found on the literature regarding to HAp and 

cellulose.
20

 Cellulose composites can be formed in a variety of shapes and it is 

biocompatible. However, many studies have been carried out to address the limitation of 

using cellulose as artificial bone since it does not bond directly to it. 
21

  

The aim of this work is to produce, characterize and explore aerogels prepared from 

nanofibrillated cellulose (NFC) extracted from hardwood by freeze-drying for direct water 

removal. The study emphasizes on the effects of modifications on nanofibrillated cellulose-

based aerogel using TEMPO and/or hydroxyapatite as modifier agent. The aerogels 

produced are characterized according to their morphology (FE-SEM), mechanical 

properties and water bound.  

 

2. Materials and Methods 

2.1. Materials 

Potassium hydroxide (99%), hydrogen peroxide (30%), acetic acid (99.5%), 

hydroxyapatite, sodium hydroxide (0.01 N) and hydrochloric acid (0.01 N), TEMPO, 

sodium bromide, sodium hypochlorite solution were all purchased from Sigma-Aldrich.  

2.2. Isolation of Nanofibrillated Cellulose (NFC) 

The starting cellulose material was hardwood Eucalyptus urograndis specimens. 

Extratives-free sawdust of wood samples was subjected to delignification with peracetic 

acid at 15% to yield holocellulose. Then, hemicelluloses were removed by using KOH 

24% at room temperature. Cellulose fibers left were washed several times and swollen for 

1 day in deionized water until a w/v ratio of 2.0% was achieved. Next, the sample was 

dispersed using a blender for 5 minutes to get a consistent fiber suspension. Nanofibrillated 

cellulose (NFCs) aqueous gel was obtained by passing the suspension formed through a 
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high pressure homogenizer (15MR two-stage Manton-Gaulin homogenizer - APV, 

Delavan, WI, USA) at approximately 0.8% solids content. The operating pressure was 

maintained at 55 MPa and the suspension was collected after 20 passes through the 

homogenizer and stored at 4
o
C in cold storage until needed. Cellulose structure is 

presented in Figure A.2.1 (Appendix) 

 

2.3. NFCs modifications 

 

TEMPO-mediated oxidation of NFCs 

Nanofibrillated celluloses (2g) in 250 mL of suspension, TEMPO (0.058 g, 0.095 mmol) 

and sodium bromide (0.635 g, 1.57 mmol) were added to the suspension. The TEMPO-

mediated oxidation was started by adding the desired amount of the 1.24 M NaClO 

solution (1.6 – 5.0 mmol NaClO per gram of cellulose). The pH of the mixture was 

maintained to 10 at room temperature by adding 0.5 M NaOH while stirring the 

suspension. After 45 minutes, the oxidation was terminated by adding drops of methanol 

and the pH was adjusted to 7 with 0.5M HCl. The oxidized samples were dialyzed against 

deionized water.  

NFCs modification with hydroxyapatite (HAp) 

HAp aqueous solutions (pH ~ 4) were prepared in concentration of 0.5 mol L
-1

 and a 

volume of 1.0 mL of each solution was added to NFCs oxidized and non-oxidized after 

their centrifugation to reach a weight ratio HAp:cellulose of 0.2:1.  

2.4. Preparation of NFC-based aerogels 

After removing the excess of water by centrifugation of NFC’s suspension, the aqueous gel 

were placed on cylindrical molds and quickly plunged in liquid nitrogen at the temperature 

of ca. -190
o
C. The frozen sample in the mold was transferred into a pre-cooled glass bottle 

and subjected to freeze drying in a vaccum oven for 30 hours.  

2.5.Conductimetry 

Conductimetric titration was used to determine carboxyl content of oxidized NFC. The 

samples (30, 50 and 100 mg) were suspended into 15 ml of 0.01 M hydrochloric acid 

solutions and stirring for 10 minutes. After, the suspensions were titrated with 0.01 M 

NaOH and titration curves were created (Figure 2). From the curves, it is possible to 
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calculate the amount of carboxyl groups and therefore the degree of oxidation (DO), 

according to the following equation,
22

  

 

   
                 

                  
 

 

where C is the NaOH concentration (mol L
-1

), V1 and V2 are the initial and final amount of 

NaOH in L based on the plateau of the curve, w (g) the weight of the oven-dried sample.  

 

2.6. Infrared spectroscopy 

FT-IR spectroscopy was performed on a Thermo Nicolet NEXUS 670 FT-IR 

spectrophotometer. Spectra were obtained by accumulation of 128 scans, with a resolution 

of 4cm
-1

 at 4000-650 cm
-1

. 

Oxidized NFCs were converted to their acid form by ion exchange in order to displace the 

carboxyl absorption band toward higher wavelength and thus eliminate any interference 

with the absorbed water band (1640 cm
-1

).  

2.7. Scanning Electron Microscopy (SEM) 

The morphology of the hydrogels was controlled by field emission scanning electron 

microscopy (FE-SEM) using a JEOL 6400F microscope operated with an accelerating 

voltage of 5 kV and a working distance of 15 mm, and a 30 µm objective aperture. A small 

hydrogel sized sample was affixed onto conductive carbon tape and mounted on the 

support and then sputtered with an approximately 25 nm layer of gold/palladium (60/40).  

 

2.8. BET Measurements 

Specific surface area and pore volume of the cellulose aerogels analysis was carried out 

using the Brunauer–Emmett–Teller (BET) nitrogen adsorption/desorption method on a 

HORIBA SA-9601-MP. The samples were degassed under flowing UHP grade nitrogen 

for 2 h at a temperature of 100
o
C before used. The experiment was done in duplicate. 

2.9. Physical Properties (Rheology and Density) 

Stress (strength) and strain (deformability) of the aerogels were determined by 

compression testing. Gels were cut into cylinders (~23.5 mm in height) and compressed at 



30 
 

50% of the original length between plates using a universal testing machine (Model 5565, 

Instron Engr. Corp., Canton, Mass., U.S.A.) controlled with Bluehill® software version 2.0 

(Instron Engr. Corp.). A 5 kN load cell was used for all samples. Rheological 

measurements were done in duplicates. Apparent density of aerogel was evaluated from 

mass (0.1 mg accuracy) and geometric dimensions avoiding deformation of soft 

specimens. Measurements were done in three replicates. 

 

3. Results and Discussion 

Firstly, NFC suspensions were modified or not with TEMPO and/or HAp, 

generating cellulose dispersion with three degrees of oxidation. Then, HAp suspensions (in 

water) were also used to modify the NFC suspensions. At the end, six NFC based aerogels 

samples were produced and they were further characterized according to their density, 

surface area (BET), morphology (FE-SEM) and rheological properties.  

 

3.1.NFC modification and drying 

The TEMPO-mediated oxidation of NFC shown two different DO, measured by 

conductimetric titration (Figure 2). As shown in the scheme of the TEMPO-oxidation of 

cellulose (Scheme 1), 1 mol of carboxylate group is formed by consuming 2 mol of 

NaClO, while 1 mol aldehyde group is formed by 1 mol of NaClO. 

The results indicated a DO of 0.1 and 0.2 for the two samples oxidized by TEMPO. 

The non-oxidized sample showed a little DO of 0.03, probably due to oxidation from the 

use of peracetic acid during the delignification of wood. Higher levels of oxidation were 

reached when increasing amounts of NaOCl were used. However, when the maximum DO 

of 0.2 was achieved; any additional increasing amounts of NaOCl did not lead to a higher 

DO.  
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Scheme 1. TEMPO-mediated oxidation of cellulose. 
23

 

 

Once TEMPO-oxidation of NFC dispersions was successfully accomplished, HAp 

was also used as a physical modifying agent at weight ratio HAp: cellulose of 0.2:1. 

Finally, NFC suspensions were direct freeze-dried for water removal.  

One of the most common challenging on aerogel preparation is the drying process 

because direct drying of hydrogels usually results in total collapse of porosity caused by 

the strong surface tension of leaving water. However, mostly cellulose nanofibers 

dispersed in water can be obtained by TEMPO-mediated oxidation, producing a 

homogeneous suspension. 
24, 25

 Besides, tensile strength of the handsheets has been 

improved using TEMPO-oxidized pulps and the positive effect on cellulose fibers 

properties with the formation of carboxylic groups 
26

. 

Lightweight sponge-like aerogel was produced with no significant collapse or 

shrinkage. In fact, non-oxidized aerogel itself was slightly brittle than the oxidized ones. 

Figure 1 shows the pictures of the cylindrical shape aerogels produced by freeze-drying. 

Note that no shrinkage has occurred.  
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Figure 1. Macro structures of cellulose aerogels regenerated after freeze-drying. Left: 

cylindrical mold used during freeze-drying. 

 

Resulting aerogels were analyzed by FTIR and the spectra of the oxidized and non-

oxidized samples are shown in Figure 3. It is possible to notice some changes in bands due 

to the selective TEMPO oxidation in position 6 of the glucose ring. The band at 1720-1740 

cm
-1 

on the FT-IR spectra confirms the presence of carboxylic groups, and the higher the 

carboxylic content, the higher the degree of oxidation (Figure 3). Even for TEMPO non-

oxidized NFC (DO~0.03), it is clearly observed the difference between the samples by 

observing the intensity of carboxylic band (1720-1740 cm
-1

) and its comparison with the 

characteristic cellulose band near 1420 cm
-1

 (C-O stretching). 

 

Figure 2. Conductimetric titration curves of oxidized NFCs with different DOs resulting 

from different ratio NaOCl/AGU. NFC non-oxidized by TEMPO (), NFC TEMPO-

mediated oxidation DO=0.1 (), NFC TEMPO-mediate oxidation DO=0.2 (). 
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Figure 3. FTIR spectra of NFC: NFC non-oxidized by TEMPO (A), NFC TEMPO-

mediated oxidation DO=0.1 (B), NFC TEMPO-mediate oxidation DO=0.2 (C) 

 

3.2. Surface area, pore volume and density of the aerogels  

Recently, many studies have been analyzing the influence of freeze-drying 

conditions as well as NFC concentration for cellulose based aerogel fabrication.
13, 27-29

 In 

the present work, the same NFC suspension concentration (0.8 wt%) and the same drying 

conditions were used in all cases.  This way, the changes on surface area, pore volume and 

density were uniquely attributed to the chemical/physical modifications placed on the 

aerogels.  Surface area, pore volume and density of the aerogels are shown in Table 1.  

The specific surface areas of the resulting aerogels are in agreement with those 

reported for freeze-dried NFC aerogels using liquid nitrogen for cooling.
13

 Higher surface 

areas have been found earlier for aerocellulose rapidly cooling with propane before freeze-

drying. 
6, 12

 Differences on the surface area of the aerogels can be noticed between oxidized 

and non-oxidized aerogels.  

Highly viscous NFC suspensions were obtained after oxidation. Oxidized aerogels 

provide lower densities and therefore, an increasing on surface area/pore volume can be 

observed, as expected. Densities determinations were carefully carried out by weighting 

the same amount of NFC suspension before placing them in a vial for further freeze-

drying. Thus, it was possible to note an increasing on the volume of the aerogels.  
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However, when HAp was used, the density of the aerogels started increasing. The 

addition of HAp would be the main contributor for increasing of weight considering the 

same volume.  

 

Table 1. Surface area, pore volume and density of the NFC aerogels. 

Sample Surface Area 

(m
2
/g) 

Pore Volume 

(cm
3
/g) 

Density 

(g/cm
3
) 

AG  DO=0 13.6 0.008 0.0098 

AG DO=0.1 15.8 0.010 0.0085 

AG DO=0.2 18.4 0.012 0.0080 

AG DO=0 + HAp 10.8 0.007 0.0108 

AG DO=0.1 + HAp 16.5 0.009 0.0088 

AG DO=0.2 + HAp 16.9 0.009 0.0090 

 

 

3.3. Morphology and rheological properties  

The aerogels presented diverse macroscopic morphologies, especially when 

contrasting samples with different DOs. It became clear that the samples with higher DOs 

displayed a more organized distribution of pores, revealing a hierarchical order of the 

open-porous cellulose network. The higher degree of oxidation (DO=0.2) of the aerogels, 

the higher homogeneous the morphology. 

It is worth mentioning that the use of NFC suspension does form a hydrogel-like 

network. However, the oxidized samples provide more homogeneous and highly viscous 

hydrogels, thus contributing to the formation of a homogeneous aerogel network. Previous 

work has revealed that a combination of TEMPO-mediated oxidation and homogenizing 

treatment has better advantages to disintegrate cellulose fibers into microfibrillated 

suspension using mechanical treatment only.
25

  

Interestingly, no collapse during the drying process was observed for the aerogels.   A 

well aggregated-like structure was formed for the oxidized cellulose, especially for the one 

fabricated with DO=0.2. 

  A close view on the SEM images showing the aggregation of HAp in the cellulose 

fibers of the aerogels can be observed on Figure 5. Overall, HAp affects the aerogels 
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morphology, as it can be observed in Figure 4. The morphology shown by the non-

oxidized NFC based aerogel without addition of HAp were at some point preserved 

observed after its addition. For both levels of TEMPO-oxidized aerogels, HAp affects the 

morphology creating a closer network which may have been induced by the presence of 

carboxylate groups present on cellulose structure. 

 

 

 

Figure 4. SEM of the aerogels. Left, from the top to the bottom: AG DO=0; AG DO=0.1; 

AG DO=0.2. Right, from the top to the bottom: AG DO=0 + HAp; AG DO=0.1 + HAp; 
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AG DO=0.2 + HAp. 

 

 

 

Figure 5. SEM images of the aerogels DO=0.2. Left: no HAp addition and Right: HAp 

addition. 

 

The resulting aerogels were then analyzed according to their mechanical properties 

by measuring the force applied to compress the samples at 50% of their original length 

(Figure 6). After compression, the oxidized aerogels (without HAp) were able to bouncing 

back a little and recovering approximately at 65% of the original length whereas the non-

oxidized ones were able to reach 55% of the original length. The addition of HAp to the 

aerogels did not contribute as much as its absence on the recovering height of the aerogels. 

Oxidized aerogels were able to reach 55% of the original length but no significant height 

recovery was noticed for the non-oxidized aerogels.  

Figure 6 shows the effect of the TEMPO-oxidation, leading to a more highly 
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compression-resistant sample. Ostensibly, the addition of HAp to all three oxidized 

samples increased the resistance of the NFC aerogels as well. The synergistic effect of 

oxidation and HAp on the resulting aerogels were able to increase the resistance of them 

up to 3-fold. Although, the oxidation effect was more pronounced, the HAp addition 

played a crucial role to enhance the resistance of these materials.  

A combination of HAp and cellulose nanofibers is expected to offer striking 

features as high mechanical properties, excellent biocompatibility and bone-bonding 

ability. Even though HAp-NFC association to form aerogels has been expected high 

mechanical performance as alternative for bone tissue engineering fields, no work 

exploiting such properties has not been published so far.  

According to the results obtained in this work, the addition of HAp in all oxidized 

and non-oxidized samples have given a significant strength to the NFC-based aerogels. 

This fact supports the supposition that NFC that is a priori modified by TEMPO can have 

viscoelastic properties improved by addition of HAp. Even though TEMPO-oxidized 

aerogels has been shown greater effectiveness on the strength properties, the use of HAp to 

modify the aerogels is also presented as an alternative to improve strength.  

The addition of HAp on the non-oxidized aerogels was able to increase the strength 

from approximately 7500 Pa to 10000 Pa and this effect is less pronounced as the degree 

of oxidation increases.  
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Figure 6. Rheological properties of the NFC-based aerogels. Bold lines represent the 

aerogels without HAp addition. Solid line: AG DO=0; long dashed line: AG DO=0.1; short 

dashed line: AG DO=0.2. 

4. Conclusions 

Nanofibrillated cellulose based aerogels were prepared by vaccum freeze-drying of 

aqueous suspension of cellulose nanofibers prepared under high pressure homogeneizer. 

The cellulose suspension was successfully modified either by TEMPO-oxidation and/or 

hydroapatite (HAp) addition, indicating that the resulting aerogel can be easily tuned by 

those modifications. Oxidized aerogels revealed lower densities whereas the use of HAp 

increased the density slightly. Morphology of oxidized aerogels presented high pore size 

homogeneity, which was nearly maintained by the addition of HAp. Both modifications 

applied were able to enhance the strength of the aerogels, even though the oxidation had 

the striking effect. Tuned NFC-based aerogels have been offered as a viable pathway for 

the production of high value cellulose aerogels.  
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ABSTRACT: Xylan polysacccharides, both with and without acetyl substituents, were 

obtained from the specific hardwood Eucalyptus urograndis by controlled extraction 

processes and eventually post-acetylated.  They were subsequently functionalized with 

well-defined levels of methacrylic monomers to thereby provide different degrees of 

substitution of the functional group. These modified xylans were the basis to successfully 

prepare for the first time xylan/Poly(2-hydroxyethylmethacrylate)-based hydrogels via the 

radical polymerization of HEMA used as a crosslinking agent. The tuning of the 

crosslinking density of the hydrogel network was accomplished by preparing hydrogels 

that had two composition ratios of xylan to HEMA (60:40 and 40:60) and was also done 

by varying the degrees of substitution.  The resulting hydrogels were characterized 

according to their morphology, swelling and rheological properties by field emission 

scanning electron microscopy (FE-SEM), gravimetric measurements after immersion in 

water, and dynamical mechanical analysis. Surprisingly, the presence of acetyl moieties 

leads to stiffer hydrogels which have a reduced capacity for water uptake. A natural 

mailto:lucian.lucia@ncsu.edu
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extension to the synthesis and characterization of the novel-based xylan hydrogels is 

examining one of their primary functionalities: encapsulation and release.  This 

functionality was one of the drivers of this work when it was conceived given the inherent 

ability of hydrogels to act as cargo carriers.  Therefore, a representative anticancer drug 

doxorubicin was loaded into these hydrogels and its release in different media was studied. 

Acetylated xylans showed high delivery ratios while non-acetylated samples leveled off at 

half the level of the acetylated samples.  

KEYWORDS. Hydrogels, xylans, renewable resources, wood, Eucalyptus urograndis, 

rheology, drug release, doxorubicin 

 

 

Introduction 

Hydrogels are three-dimensional stable networks formed from cross-linked 

hydrophilic homopolymers, or copolymers to form insoluble polymeric materials.
1, 2

 They 

have received increasing interest over the last several years in part due to their 

hydrophilicity, soft tissue-mimicking consistency, high permeability to metabolites and 

oxygen, and resilience. Furthermore, due to their unique biocompatibility, flexible methods 

of synthesis, range of constituents, and desirable physical characteristics, hydrogels 

constitute the basis for numerous biomedical applications. For example, they have been the 

material of choice for such applications as witnessed by work in cartilage or tendons, in 

bio-adhesives, in tissue engineering, as ocular lenses, or as drug delivery matrices.
3-5

  

A wide range of synthetic polymers have been used to develop advanced hydrogels 

with tailored properties.
4
 However, with the onset of the new ―bio-‖energy portfolio 

focused on extracting energy from biomaterials, the use of renewable resources has 

surfaced as a potential alternative to fossil fuels, and recent advances have streamlined the 

development of renewable biomaterials for advanced applications.
6
   

In addition to their inherent renewability, natural polysaccharide-based hydrogels 

are currently attracting much interest for their fundamental properties such as tunable 

functionality, biocompatibility, and high degree of swelling.
6, 7

 Various polysaccharides 

have been investigated for hydrogel formulations, typically dextran, 
8-10

 alginate,
11-13

 

chitosan,
14-16

, and starch.
17, 18
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Heteropolysaccharides or hemicelluloses, although mostly unexplored as a raw 

feedstock for many polymeric materials applications until recently, can nevertheless be as 

useful as related polysaccharides and have significant potential as a material resource for 

hydrogel preparation/application. For instance, xylan-based hydrogel has already shown 

potential for biocompatibility because of its reported non-cytotoxic effect.
19

 However, 

there have only been few examples that have described the feasibility of using 

hemicelluloses such as galactoglucomannan to formulate hydrogels.
20-22

 

Xylans are the most common hemicelluloses and considered to be the major non-

cellulosic cell wall polysaccharide component of angiosperms (e.g., trees, grasses, and 

cereals) where they exist in many different compositions and structures.
23

 Indeed, xylans’ 

structure exhibits a - (1→4) linked D-xylosyl backbones, with various side groups or 

chains attached to the O-2 and/or O-3 of the xylosyl residues. These side chains mainly 

consist of -D-glucuronic acid, 4-O-methyl--D-glucuronic acid and some neutral sugars 

units (-L-arabinofuranose, -D-xylopyranose or -D-galactopyranose). Among the 

common side groups are also acetyl groups, phenolic, ferulic and coumaric acids.
24

 

Relatively pure xylans and 4-O-methyl--D-glucuronoxylans have been used in 

various industrial and non-industrial applications including biomedical applications.
25

 

They have even been reported to inhibit the growth rate of tumors, probably with respect to 

the indirect stimulation of the nonspecific immunological host defense.
26, 27

 Xylan-based 

films were also reported to present a hydrogel-like behavior with high swelling capacity.
28, 

29
  

The aim of this work is to fabricate, characterize, and explore hydrogels prepared 

from xylans extracted from hardwood as viable drug delivery vehicles. The study 

emphasizes on the effect of the acetyl groups by comparing xylans with different structural 

features, e.g., presence or absence of the acetyl groups. For hydrogels preparation, xylan 

backbones were conjugated with 2-hydroxyethylmethacrylate (HEMA) and the obtained 

hydrogels were characterized in terms of their morphology, swelling, and rheological 

properties. They were used as matrices to examine the potential for the delivery of an 

anticancer  drug, viz., doxorubicin, a representative anthracycline antibiotic and one of the 

most widely used anticancer drugs available, that has demonstrated high antitumor 

activity.
30
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Results and Discussion 

Extraction and derivatization of the xylans 

First, acetylated and non-acetylated xylans were extracted from Eucalyptus 

urograndis using DMSO at 50°C and potassium hydroxide 24% (w/v) at room temperature 

respectively.  As expected, the sugar composition showed a abundance of xylose 

concentration for both type of extractants with the presence of other minor 

monosaccharides such as glucose, mannose, rhamnose and galactose. In fact, the molar 

ratio of xylose to the other minor sugars detected was 0.83:0.17 for non-acetylated xylan 

and 0.89:0.1 for acetylated xylans which is well within the accepted range as found for the 

same xylans.
31, 32

 The respective structures of the isolated xylans were confirmed by NMR 

with representative recorded spectra in Figure 1. The acetylated xylans had a degree of 

acetylation of approximately 0.63 as determined by 
1
H-NMR which corroborated the 

values already published for this wood specie.
33

 Similarly, the 4-O-methylglucuronic acids 

(MeGlcA) contents were determined by 
1
H-NMR from which it was found that these 

xylans had a ratio of 1.2 units of MeGlcA for every 10 xylose units. This value was 

approximately the same for both xylans.  

The molecular weights of the extracted xylans were evaluated by Size Exclusion 

Chromatography (SEC). Acetylated xylans showed higher molecular weights in the range 

of 33.7 kDa, while the molecular weight of non-acetylated counterparts was 28.3 kDa. 

These results suggest that a slight degradation of alkali-extracted xylans due to -

elimination may have occurred during the extraction. The chromatography profiles also 

demonstrated a unimodal Gaussian distribution suggesting a relative structural 

homogeneity of isolated polysaccharides resulting from extensive purification based on 

solubilization-reprecipitation and dialysis which are known to separate small chains. This 

observation is supported by the low polydispersity indices that were approximately 1.06 

for acetylated xylans and 1.33 for non-acetylated xylans.  

In general, hydrogels as a class of polymeric-based materials represent a 

compositional motif best characterized as a 3D network and their preparation thus requires 

a cross-linking of polymer chains. To this end, the extracted xylans were first covalently 

modified with 2-[(1-imidazolyl)formyloxy]ethyl methacrylate (HEMA-Im),
34

 to produce 

hydroxyethyl methacrylate derivatized xylan (xylan-HEMA) (Scheme 1). This attached 

monomer further serves as a reactive site to cross link the chains during the radical 
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polymerization. By increasing the amount of attached HEMA-Im in the xylans’ backbone, 

i.e., the degree of substitution, an increase in the junction points (cross-linking density) is 

expected. However, it is already known that the conjugation of HEMA to the 

polysaccharides via the formation of ester carbonate bounds may undergo hydrolytic 

scission affecting the swelling of the gel, the release of entrapped drugs and depending on 

the extent of the hydrolysis of the esters bonds, it can result in the dissolution of the gel. 
9, 

35
  

 

 

Scheme 1. Representation of the xylan-based hydrogels formation by radical 

polymerization of the methacrylate groups. Chemical structures of (A) xylan 

polymer and (B) xylan-HEMA. 

 

The HEMA-Im, previously prepared similarly to what has been reported, was 

coupled to the hydroxyl groups of xylans. The reaction time was varied from 6 to 120 h to 

achieve different degrees of substitution (DS) of HEMA on xylan backbone that allows for 

tuning the density of the 3D network.  The success of this reaction was confirmed by 
1
H-

NMR and examples of recorded spectra are in Figure 1. The attachment of HEMA 
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moieties was evidenced by the presence of the signals at chemical shifts δ 6.05 and δ 5.71 

ppm that are attributed to the vinyl proton.  

 

 

Figure 1. 
1
H-NMR spectra of unmodified and HEMA-Im-modified non-acetylated (A) and 

acetylated xylans (B).  

B 

A 

DS=0.46 

DS=0.10 

Unmodified 

Unmodified 

DS=0.10 

DS=0.23 
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The DS was determined by relating the intensity of the vinyl proton signals to the 

intensity of signals of the acetyl groups for acetylated xylan or 4-O-methyl glucuronic acid 

for non-acetylated xylan, respectively. Figure 2 illustrates the variation of DS with reaction 

time. The results clearly indicate that the resulting DS varied from 0.020 to 0.23 for 

acetylated xylans and from approximately 0.10 to 0.46 for non-acetylated samples over 

reaction times from 6 h to 120 h. The higher DS ( 0.46) achieved for non-acetylated xylan 

when compared to the acetylated ones is most likely due to the presence of more available 

hydroxyl groups because of the absence of acetyl groups. The presence of acetyl groups in 

acetylated xylans may have prevented the reaction of their vicinal hydroxyl groups due to 

steric hindrance (this factor can limit the diffusion of HEMA-Im to hydroxyl groups). This 

factor again may have affected also the rate of the reaction which can be easily recognized 

in Figure 2. In the case of non-acetylated xylans the maximum DS (0.46) was reached 

after approximately 24 h and longer times did not lead to any substantial further increases 

in the DS;
34, 36

 while the maximum DS achieved for the acetylated samples (e.g., 0.23) was 

achieved 72 h later.  

 

Figure 2. Variation of the degree of substitution for non-acetylated () and acetylated () 

modified xylans with HEMA-Im as a function of reaction time. 

 

Morphology, bounded water and rheological properties 

These modified xylans were used to manufacture the hydrogels, and HEMA was 

used as co-monomer to accomplish the cross-linking between the double bound of xylan 
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chains via a radical polymerization. Hydrogels with two compositions, namely 40:60 and 

60:40 of xylans:HEMA were prepared and xylans with different DS were used for each 

type of xylan; however, thereafter, to accentuate the  remarkable activity of these materials, 

the focus of the results obtained will be on the two DS, i.e., low and high as shown in 

Table 1. 

Table 1. The composition and content of the bounded water of hydrogel-based xylans. 

Xylan type Degree of 

Substitution 

Ratio 

xylan:HEMA 

Bounded Water 

(%) 

Acetylated 0.10 60:40 51 

Acetylated 0.23 60:40 59 

Acetylated 0.10 40:60 50 

Acetylated 0.23 40:60 55 

Non-acetylated 0.10 60:40 66 

Non-acetylated 0.46 60:40 72 

Non-acetylated 0.10 40:60 56 

Non-acetylated 0.46 40:60 64 

 

The amount of bounded or associated water on swollen hydrogels is demonstrated 

in Table 1. The uptake water molecules first disrupt the intermolecular hydrogen bonds 

and then hydrate/bind the most polar, hydrophilic sites. These molecules are distributed 

homogeneously throughout the polymer. 

The results showed that hydrogels produced with non-acetylated xylans had a 

higher bounded water content than those made from acetylated xylans. The absence of 

acetyl groups confers the structure greater hydrophilicity and therefore, a higher 

concentration of water molecules are able to bind to the polymer.  Moreover, when the 

ratio of xylan:HEMA is increased from 40:60 to 60:40, it is possible to observe an 

enhancement in the bounded water in the hydrogels and this behavior is more striking in 

the non-acetylated xylan, in accordance with the level of polymer used. 

The resulting hydrogels were examined in terms of their morphology, swelling and 

deswelling behaviors, and rheological properties. The hydrogels present different 

macroscopic morphologies; the gels made from non-acetylated xylan were soft, whereas 

the ones made from the acetylated xylans were harder to solid-like gels. Figure 3 shows 
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typical SEM micrographs for the resulting gels. All formulations provided gels with porous 

structures where the size of the pores seems to be affected by both the type of xylans and 

their DS which provides a semi-quantitative way to ascertain the density junction points in 

the network. Open structures with larger pores were obtained with non-acetylated xylans 

which is in contrast to the case of acetylated samples that formed hydrogels with smaller 

pores. Furthermore, the structure became densely packed because the pores become 

smaller when the degree of substitution increased in both xylans. This fact was more 

pronounced in the case of highly substituted acetylated xylan-based hydrogels that showed 

a more firm morphology. This observation could be related to the presence of acetyl 

groups that confer to them a more ―hydrophobic‖ character and therefore lead to enhanced 

affinity.  

 

 

 

Figure 3. SEM images of xylan based hydrogels with xylan to HEMA of 60:40 (Top: non-

acetylated xylan (left DS of 0.10 and right 0.46) and Bottom acetylated xylans 

(left DS of 0.10 and right 0.23)) 
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The rheological properties are strongly related to the number of effective 

intermolecular cross-links formed in the hydrogels as has been suggested from previous 

studies.
37-39

 Hence, the mechanical behavior of the gel depends mainly on the architecture 

of the polymer network. Frequency sweep tests are typically used to evaluate the stability 

of 3D cross-linked networks.
40

 The rheological properties of the resulting hydrogels were 

studied for all different compositions. The measurements were done on the hydrogels as 

taken from the reaction media, and the relative water content was around 80% for all 

samples. 

Figure 4 shows the rheological properties (storage moduli, G’, and loss moduli, G‖ 

and viscosity) of hydrogels based on acetylated or non-acetylated xylans having different 

DS as a function of the applied oscillating frequency. G’ and G‖ of all hydrogels obtained 

from non-acetylated xylans exhibited a frequency-independent behavior at very low 

frequencies (in the range of 0.01-2 Hz for low DS and 0.01-1Hz for high DS) which is 

indicative of a stable, cross-linked network. However, at higher frequencies, all hydrogels 

showed an increase in G′ and G‖, and this behavior is more striking in the case of high DS 

and/or low xylans content (40%). Moreover, higher cross-linking density, resulting from 

higher DS or lower xylans content (because the same amount of the co-monomer was 

used), contributes to a sharp increase in the modulus. In fact, at higher frequencies, 

polymer chains, in highly cross-linked networks, fail to rearrange themselves rapidly upon 

the imposed stress and therefore stiffen up. Similarly, the change of the viscosity upon the 

applied stress demonstrated the same trend. The rheological properties of the resulting 

hydrogels seem to be also greatly influenced by the presence of the acetyl groups. Indeed, 

a significant increase in the stiffness of the hydrogels was observed because the storage 

modulus increased more than 1000-fold from approximately 0.6 MPa to more than 390 

MPa in the case of hydrogels made with a high amount (60%) of highly substituted xylans 

(0.46 for non-acetylated vs 0.23 for acetylated). For all samples, the storage shear modulus 

G’ is higher than the loss shear modulus G‖ over the entire frequency range which 

indicates that the elastic response of the material is stronger than the viscous response. In 

addition, the elastic modulus of the acetylated xylan based hydrogels exhibited a 

predominantly frequency-independent profile, especially those made from highly 

substituted xylans, throughout the range of applied frequencies which confirm their solid-

like gel structures. Indeed, similar results were reported with hydrogels based on acetylated 
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galactoglucomannan extracted from softwood (Picea abies).
41

 Acetylated xylan based 

hydrogels are mildly cross-linked networks with a large free volume that allows them to 

respond nearly instantaneously and reversibly to external stresses with a rapid 

rearrangement of the polymer segments. When comparing the same DS and the same 

HEMA content, gels made with acetylated xylans appear to be more stiff and their G’ 

demonstrates a frequency independence compared to those made with non-acetylated 

xylans that convincingly demonstrates their mildly cross-liked architecture even at the 

same DS. 

This peculiar behavior is most likely related to the occurrence of the entanglement 

of xylan chains when acetyl groups are absent. Quite possible there exists a contribution of 

water molecules to such an entanglement-driven gelation in the case of non-acetylated 

xylans. Indeed, it is well known that through hydrogen bonding water molecules can be 

absorbed to xylan chains. These water molecules induce self-assembling of the backbone 

of xylan in a three-fold, left-handed conformation.
42, 43

 Such helix forming phenomenon is 

well described in several other polysaccharides like β-(1→3)-linked D-xylans,
44

 and β-

(1→3)-linked D-glucans.
45-47

 In the case of xylan-based hydrogels, the presence of bonded 

water molecules may contribute to the cross-linking which ―indirectly‖ increases the 

density of network junction points in the case of non-acetylated xylan based hydrogels. 

The presence of acetyl groups in the case of acetylated counterparts prevents such 

absorption. The amount of bounded water was in fact estimated by DSC measurements and 

as reported in Table 1, the total content of non-freezable bound water (bounded to HEMA 

copolymer and xylan backbone), is slightly higher in the case of non-acetylated xylans for 

hydrogels prepared under the same conditions (DS and HEMA content) which to a great 

extent confirms the earlier hypothesis.  
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Figure 4: Rheological behavior of hydrogels based on (Ai) non-acetylated (left DS=0.10 

and right DS=0.46) (Bi) acetylated (left DS=0.10 and right DS=0.23) xylans 

with different xylan:HEMA ratios (i=1, 40:60 and i=2, 60:40).  

A1 

A2 

B1 

B2 
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Swelling behavior 

The cross-linking density of the network seems to also affect the water uptake 

(swelling) behavior of the hydrogels; a less dense network confers more free volume to 

hydrogels and consequently the ability to absorb more water. The swelling behavior of a 

hydrogel is an important parameter for drug release because it determines the optimal 

concentration of the drug loading. To check the stability of the hydrogels regarding the 

dissolution caused by hydrolysis of esters bounds, 
35

the gels were immersed in water at 

37
o
C for 15 days. The swelling ratio was recorded from 0.25 hours to 24 hours of 

immersion in water at 37°C. As expected for polymethacrylate esters hydrogels, the 

hydrogels produced were very stable and no dissolution was observed in any of the 

hydrogels, as expected according to previous work. 
9
 Figure 5 shows the results of the 

swelling behavior of hydrogels made from different types of xylans having various DS. 

These results demonstrate that all gels swell, by immersion in water medium, very quickly 

as they reach equilibrium after approximately only 1 hour. However, the extent of the 

swelling seems to be greatly affected by the type and DS of xylans and consequently the 

density of the hydrogel network. As expected, non-acetylated xylan-based hydrogels were 

able to uptake more water than their acetylated counterparts as evidenced by the swelling 

ratio (Qs) reaching up to 4-fold. In fact, the presence of the acetyl groups confers a 

hydrophobic character to the hydrogels and consequently prevents water absorption. The 

swelling ratio obtained for the acetylated xylan is comparable to what has been reported for 

the acetylated galactoglucomanan. Conversely, the DS of the xylan does not appear to 

affect strongly the swelling behavior of hydrogels made from acetylated xylans. However, 

hydrogels made with low DS exhibit higher water swelling in the case of non-acetylated 

xylans. These findings reflect that a decrease density of the hydrogel network resulting 

from low DS lead to gels with large free volumes which enable them to absorb more water 

if their hydrophilic-hydrophobic balance is not severely compromised by the presence of 

substituents such as acetyl groups.  
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Figure 5. Variation of swelling ratios versus time of hydrogels based on non-acetylated 

(left) and acetylated (right) xylans (solid line 40:60 and dashed line 60:40 of 

xylan:HEMA and () DS 0.1 () DS 0.46 for non-acetylated or 0.23 for 

acetylated xylan, respectively) (average ± SD, n=2) 

 

Post-acetylated xylan based hydrogels 

In order to confirm the effect of the acetyl groups on hydrogel properties, non-

acetylated xylans, previously extracted with alkali solution, were post-acetylated with 

acetic anhydride in presence of pyridine. The success of the acetylation was confirmed by 

1
H-NMR, as shown in Figure 6B, and the achieved degree of acetylation was of 0.38 as 

determined by NMR.  
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Figure 6. 
1
H-NMR spectra of (A) unmodified, (B) posted-acetylated and (C) HEMA-Im-

modified non-acetylated xylans.  

 

Hydrogels were produced from post-acetylated xylans by following the same route 

previously described. They were first modified by HEMA monomer and the success of this 

grafting was also confirmed by NMR (see Figure 6C). The modification of xylan with 

HEMA-Im was carried out to achieve the same DSHEMA of 0.10. Hydrogels were further 

prepared based on the previous modified post-acetylated xylans and only the hydrogel 

composition xylan:HEMA ratio was 60:40 was studied.  The hydrogels made from the 

post-acetylated xylans present a macroscopic consistency similar to those prepared from 

acetylated xylans. Although the degree of acetylation obtained by the post reaction is less 

than for naturally acetylated xylans, based on the quantitative acetyl groups determined by  

1
H NMR , rheological measurements reported in Figure 7A showed clearly a behavior 

unlike what has been previously seen in the case of hydrogels based on naturally acetylated 

xylans (Figure 4B2 left). In fact the G’ and G‖ exhibited a predominantly frequency 

independent behavior in addition to a great increase of the stiffness (G’= 16.9 MPa) 

compared to hydrogels based on non-acetylated xylans (G’= 3.1 MPa). Likewise, the 

swelling behavior of hydrogels based on post-acetylated xylans is similar to the naturally 

C 

B 

A 



57 
 

acetylated xylans based hydrogels as the water uptake leveled off below Qs=2 compared to 

more than Qs=4 obtained in the case of non acetylated xylans based hydrogels. These 

results confirm clearly the effect of acetyl groups of the physical properties of the xylan 

based hydrogels. 

 

Figure 7. A) Rheological behavior and B) variation of swelling ratio versus time of 

hydrogels based on post-acetylated xylan (DSHEMA= 0.10 and xylan:HEMA ratio 

60:40) 

 

 Drug release 

The release of doxorubicin from different xylan-based hydrogels was investigated 

under simulated pH that closely approximated the gastrointestinal tract environment. Thus, 

two representative pH were used, namely 7.0 and 2.5 for the release study and the results 

are depicted in Figure 8.  

The two types of hydrogels showed different profiles as hydrogels made from non-

acetylated xylans leveled off between 30-60% depending on the DS and xylan content 

used. This behavior is directly opposed to what was observed for hydrogels made from 

acetylated xylans in which more than 80% of drug was released for high DS and high 

xylan content. This effect may be attributed to the diffusion of the drug caused by rapid gel 

swelling and also the release of drug that is adsorbed towards the surface of the gel 

matrix.
48

 This drug adsorption could be reduced by the presence of acetyl groups which 

enhance its delivery from hydrogels derived from acetylated xylans. The higher and faster 

release of doxorubicin in low DS hydrogels may also be explained because of the presence 

of larger pores, observed by SEM, especially in acetylated hydrogels.
49

 

A B 
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The ratio of doxorubicin released was not affected by changing the pH; however, 

the release rate from all hydrogels was faster at lower pH and two reasons for this behavior 

could be posited: 1) less stability of xylans at lower pH and 2) protonation of the hydroxyl 

groups of the xylan at lower pH accelerates the swelling, consequently accelerating the 

release of doxorubicin. Similar behavior was reported in hydrogels based on polyethylene 

glycol (PEG).
50

  

 

Figure 8. Doxorubicin release from non-acetylated xylan (left) and acetylated xylan (right) 

based hydrogels as function of time in different pH (top pH 7 and bottom pH 2.5) (solid 

line 40:60 and dashed line 60:40 of xylan:HEMA and () DS 0.1 () DS 0.46 for non-

acetylated or 0.23 for acetylated xylan respectively) 

 

Conclusion 

In this work, it was demonstrated the success of preparing hydrogels from xylan, 

the most abundant non-cellulosic-based polysaccharide found in the plant kingdom, but 

also the overall richness/tunability of the delivery system based on the chemical 

functionality of the substrate. This renewable resource was extracted from E. urograndis 
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by two different processes that ultimately provided xylans with and without acetyl 

moieties. Subsequently, xylan/Poly(2-hydroxyethylmethacrylate)-based hydrogels were 

prepared after facile crosslinking induced by methacrylic monomers using standard radical 

polymerization. Herein is demonstrated for the first time the effect of xylan-based acetyl 

substituents on the morphology and physical properties of a novel polysaccharide-based 

hydrogel biomaterial which was also confirmed by the post-acetylation of non acetylated 

xylans. Most importantly, the presence of acetyl groups introduced compactness and high 

stiffness to the hydrogels which ultimately reduced their water swelling capacity and 

moreover, significantly enhanced their drug release properties as evidenced by the time 

release profile obtained for a representative drug, i.e., doxorubicin. 

 

Material and Methods 

Materials. Doxorubicin Hydrochloride (99%) was purchased from Tocris Bioscience, 

N,N’-carbonyldiimidazole (CDI, 97%),  2-hydroxyethylmethacrylate (HEMA, 99%), 

triethylamine (TEA, 99.5%),  ammonium peroxodisulfate (98%), sodium perodisulfate 

(98%),  sodium sulfate (99%), potassium hydroxide (99%), hydrogen peroxide (30%) were 

all obtained from Sigma-Aldrich. Acetic acid (99.5%) and formic acid (99%) were 

purchased from Acros Organics. All reagents were used as received. Organic solvents 

(dimethylsulfoxide (DMSO, 99.5%), ethyl acetate (99%), anhydrous chloroform, ethanol 

(99%), methanol (99%), acetone (99.9%) were all obtained from Sigma-Aldrich and used 

as received without any further purification.  

Isolation of xylans. The xylans used in this work were extracted from hardwood 

Eucalyptus urograndis specimens. First, extractives-free sawdust of wood samples were 

subjected to delignification with peracetic acid solution (pH 4.5) at 15%, as previously 

published,
51

 to yield so-called holocellulose. Acetylated xylans were solvent-extracted 

from the holocellulose by DMSO (1:25 (w/v) holocellulose-to-DMSO ratio) at 50°C, for 

12 h, with stirring under nitrogen atmosphere. The DMSO dissolved xylans were acidified 

with formic acid to pH 2 and precipitated with an excess of ethanol. The xylans were then 

recovered by centrifugation, washed extensively thoroughly with methanol in order to 

remove DMSO and dried at room temperature under vacuum. Non-acetylated xylans were 

alkali-extracted from the holocellulose by using KOH solution (24%) at room temperature, 

for 24 h, with stirring under nitrogen atmosphere. After acidification to pH 2, the extracted 
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xylans were recovered as previously described. Xylan chemical structure from eucalyptus 

is shown in Figure A3.1 (appendix).  

Xylan Acetylation: Acetylation of the xylan extracted with alkali was carried out with 

pyridine: acetic anhydride (1:1) at 25
o
C for 48 hours.

52
 The acetylated xylans were 

recovered by evaporation of the acetylation mixture several times (pyridine/Ac2O) with 

ethanol. 

Sugar analyses. Sugar compositions of the extracted xylans were determined by high 

performance liquid chromatography (HPLC) analysis after acid hydrolysis of the polymers. 

Xylans were first pre-hydrolyzed by 72% (w/v) sulfuric acid at room temperature during 

2h followed by sulfuric acid (4% w/v) catalyzed hydrolysis at 120°C during 1h.
53

 The 

resulting solutions were diluted with ultra-pure water to the desired concentration and 

filtered through 0.2 µm nylon filter (Milipore, Billerica, MA) before chromatography 

analysis. They were then analyzed by using a Dionex ICS 3000 IC system equipped with a 

CarboPac PA1 cartridge, eluent generator (EG50) and electrochemical detector (ED50). 

The mobile phase was 18 mM hydroxide (OH-) and all analyses were conducted with a 

column temperature of 25°C.  

Size Exclusion Chromatography (SEC). The isolated xylans were dissolved in a small 

amount of 8% LiCl solution in N,N-dimethylacetamide (DMAC) HPLC grade at 70-80 °C 

and further diluted with DMAC to a concentration of about 0.4%. The SEC analysis was 

carried out by PL-GPC 110 system (Polymer Laboratories, UK) equipped with four PLgel 

10µm MIXED B 300x7.5 mm columns and pre-column type PLgel 10µm. The columns, 

injector and Infra-red detector were maintained at 80ºC during the analysis. The eluent 

(0.5% LiCl solution in DMAC) was pumped at a flow rate of 1.0 mL/min. The analytical 

columns were calibrated with pullulan standards (Polymer Laboratories) in the range 0.8-

100 kDa. 

Hydrogel Synthesis. Xylan-based hydrogels were prepared through a three-step 

procedure.
34, 54, 55

 Figure A.3.2 (Appendix) shows a scheme followed for producing 

hydrogels. The first step involves the preparation of 2-[(1-imidazolyl)formyloxy]ethyl 

methacrylate (HEMA-Im) which was synthesized as already reported by Ranucci et al.
56

 

by reacting 20.3g (156 mmol) of 2-hydroxyethyl methacrylate (HEMA) with 50.67 g (312 

mmol) of N,N’-carbonyldiimidazole (CDI) in 80 mL of anhydrous CHCl3 at room 

temperature during 1h. The organic phase was then neutralized and washed with several 
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portions of water and dried over Na2SO4 before removing the solvent. HEMA-Im was, in 

the second step, covalently coupled with the xylans. Briefly, 1.5 g of each xylan and 2.0 g 

of HEMA-Im were dissolved in 60 mL of DMSO under stirring. 250 µL of triethylamine 

was added to initiate the reaction and the mixture was left at 50°C under stirring during 

time period between 6 and 120 h depending on the targeted degree of substitution (DS). 

The product was precipitated in ethyl acetate, extensively washed and centrifuged and 

finally dried. The DS was determined by 
1
H-NMR spectroscopy as described below (see 

Table 1).  

Finally, xylan-based hydrogels were prepared with different compositions using HEMA 

as a co-monomer. Hydrogels with two weight ratio of xylans to HEMA (60:40 and 40:60) 

were prepared. In a typical experiment, prescribed amount of xylans was dissolved in small 

volume of deionized water and the corresponding amount of HEMA was added, and the 

resulting mixture then was thoroughly stirred. Catalytic amounts of water solutions of 

ammonium peroxodisulfate and sodium pyrosulfite were then added to initiate the cross-

linking and solution was transferred quickly to a cylindrical mold before gelation. The 

mold was sealed with Parafilm
TM

 and the mixture was left at room temperature for at least 

6 h before analysis. The incorporation of doxorubicin was realized simultaneously with the 

cross-linking by adding the desired amount of doxorubicin to the mixture before initiating 

the cross-linking. No crosslinking of the doxorubicin was detected based on the chemistry 

of the crosslinking reaction and gravimetric experiments. 

1
H-NMR Measurements. Modified and unmodified xylans were dissolved in D2O or 

DMSO-d6 spectra were recorded on an AC 500 MHz Bruker spectrometer at 303K in a 5 

mm o.d. tube (internal acetone 
1
H (CH3) at 2.1 ppm relative to Me4Si). The DS of modified 

xylans was determined from 
1
H-NMR spectra. For that, the area of the acetyl peak (δ 2.0 

ppm – 3H), 4-O-methyl glucuronic acid peak (4-O-MeGlcA) (δ 5.3 ppm – 1H) and vinyl 

C-H peaks (δ 5.71 and δ 6.05 ppm – 1H each) were integrated; the obtained value for the 

vinyl peaks were relating to the acetyl peak for acetylated xylan and to the 4-O-MeGlcA 

peak for non-acetylated xylan. The DS of the non-acetylated xylan was determined in D2O 

due to the quality of the 4-O-MeGlcA peak. 

Hydrogel Swelling ratio measurements. Gels were previously freeze-dried, and then they 

were immersed in an excess of deionized water at 37°C. At various time, the samples were 

withdrawn from the water medium and weighed. The swelling, QS, was then calculated 
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from: QS=(Ws-Wd)/Wd, where Wd is the weight of the dry gel prior to swelling and Ws is 

the weight at the swollen state. 

Scanning Electron Microscopy (SEM). The morphology of the hydrogels was controlled 

by field emission scanning electron microscopy (FE-SEM) using a JEOL 6400F 

microscope operated with an accelerating voltage of 5 kV and a working distance of 15 

mm, and a 30 µm objective aperture. A small hydrogel sized sample was affixed onto 

conductive carbon tape and mounted on the support and then sputtered with an 

approximately 25 nm layer of gold/palladium (60/40).  

Bounded water content. Non-freezable bound water content (W in the swollen hydrogel 

was determined using differential scanning calorimetry (TA Instruments DSC Q100). 

Portions of hydrogels (5-10 mg) were cut from the pre-equilibrated swollen gels, placed in 

the pre-weighted aluminum pan, sealed, cooled to -20ºC and maintained at temperature for 

5 min. The temperature was raised to -10ºC at a heating rate of 1ºC/min and the sample 

was maintained isothermally until the heat flow returned to the baseline value. Subsequent 

heating steps to higher temperatures (-5, 0, 5ºC) were then successively performed. The 

free and freezable water content (
fW ) was calculated from the sum the endothermic 

enthalpies corresponding to the melting of water by using the following equation:  

(1 )/f t wW H W H     

where 
fW  is the free and freezable water content, tW total water content estimated by 

gravimetry after the swollen of the gels, H  is the sum of enthalpies from the DSC 

thermogram. The value of wH  is the melting enthalpy of pure water at the corresponding 

fusion temperature and can be estimated using the following equation:  

0

w w pH H c T     

where 0

wH  is the pure water enthalpy at 0 ºC, pc is the specific heat capacity between 

the liquid water and solid ice, T is the freezing point depression. Non-freezable bound 

water content (
bW ) was estimated by subtracting the free and freezable water content from 

the total water content: b t fW W W   

Rheological Properties. Viscoelastic measurements for determination of G’ (shear 

storage modulus) and G’’ (shear loss modulus) were performed on a StressTech model 

rheometer (Reologica Instruments). Cylindrical discs (diameter= 8 mm and height=4mm) 
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were cut from the hydrogels as prepared and the experiments were carried out by using a 

parallel plate geometry with a diameter of 8 mm. A dynamic frequency sweep test was 

performed at 25°C with each sample at 5% of strain within a frequency range from 10 to 

0.1 Hz and 10 to 0.01 Hz for hydrogels made from acetylated xylans and non-acetylated 

xylans, respectively. 

Doxorubicin Release from Xylan-Based Hydrogels. Drug release analysis from the 

hydrogels was performed after immersing the samples in a water bath at 37°C under 50 

rpm stirring and where the pH was previously adjusted at pH at 2.5 and 7. Samples were 

withdrawn at different time intervals over a time period of 50 h of the gel to remove 

spontaneous released doxorubicin. The released doxorubicin (chemical structure shown in 

Figure A.3.3 – Appendix) was measured using a Lambda 3B UV/VIS spectrophotometer 

(Perkin Elmer, Norwalk, CT) at 486 nm. 
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CHAPTER 4 

 

A FACILE APPROACH FOR THE SYNTHESIS OF XYLAN-DERIVED 

HYDROGELS 
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Abstract. Xylan polysaccharides from Eucalyptus urograndis wood were obtained by 

controlled extraction processes in order to obtain them with and without acetyl groups. 

Xylans extracted  were structurally characterized by NMR and subsequently used without 

previous modification to prepare xylan/Poly(2-hydroxyethylmethacrylate)-based hydrogels 

in one-step by radical polymerization of HEMA. Heteronuclear 2D NMR (HSQC) 

confirmed traces of lignin, probably from the forming lignin carbohydrate complex (LCC). 

The generation of double bounds mainly in lignin fragments during the delignification step 

with peracetic acid (PAA) under mild conditions was the justification for the crosslinking. 

The hydrogels were produced using two composition ratios of xylan to HEMA (60:40 and 

40:60) and further characterized by means of their morphology, swelling and rheological 

properties. The presence of acetyl groups leads to reduced capacity for water uptake. All 

hydrogels showed great homonogeneity, elasticity and softness.  

 

Keywords: hardwoods; hydrogels; renewable resources; xylans 

 

 

 

 

mailto:lucian.lucia@ncsu.edu


68 
 

Introduction  

Hydrogels are three-dimensional stable networks formed from cross-linked hydrophilic 

polymers to form insoluble polymeric materials.
[1, 2]

 They have received increasing interest 

over the last several years in part due to their hydrophilicity, soft tissue-mimicking 

consistency, high permeability to metabolites and oxygen, and resilience. Furthermore, 

hydrogels have been the material of choice for such applications as witnessed by work in 

cartilage or tendons, in bio-adhesives, in tissue engineering, as ocular lenses, or as drug 

delivery matrices.
[3-5]

  

Natural polysaccharide-based hydrogels are currently attracting much interest for their 

fundamental properties such as tunable functionality, biocompatibility, and high degree of 

swelling 
[6]

. We have demonstrated recently the overall richness/tunability of the delivery 

system based on the chemical functionality of xylan polysaccharide. Moreover, xylan-

based acetyl substituents have effect on the morphology, rheology and swelling of this 

polysaccharide-based hydrogel biomaterial. 
[7]

 

Although various polysaccharides have been investigated for hydrogel formulations, 

hemicelluloses have significant potential as a material resource for hydrogels preparation. 

[7, 8]
 Xylans are the most common hemicelluloses and considered to be the major 

noncellulosic cell wall polysaccharide component of angiosperms. 
[9]

 Indeed, xylans’ 

structure exhibits a - (1→4) linked D-xylosyl backbones, with various side groups or 

chains attached to the O-2 and/or O-3 of the xylosyl residues depending on the species 

and/or the extraction method. Different xylan structures are shown in Figure 1. These side 

chains mainly consist of α-D-glucuronic acid, 4-O-methyl-α-D-glucuronic acid and some 

neutral sugar units (α-L-arabinofuranose, α-D-xylopyranose or α-D-galactopyranose). 

Among the commom side groups are also acetyl groups, phenolic, ferulic and coumaric 

acids. 
[10]

  Moreover, it has been proved already the association of hemicelluloses with 

lignin (LCC) through covalent linkages, 
[11-14]

 which confers to the xylans versatile 

characteristics. Recent studies found that all lignin in wood exist chemically linked to 

polysaccharides and chemical treatments are not able to separate them completely and so 

the material properties of the polymeric hemicelluloses have not been recognized yet. 
[15, 16]
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Figure 1. Examples of xylan structures presenting different side groups composition: A) 

methylglucuronic acid (MeGlcA), B) MeGlcA and acetyl groups, C) no side 

groups, D) MeGlcA and furanose,  E) MeGlcA and furanose/xylose and F) 

MeGlcA, acetyl groups and furanose/lignin. 
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Whereas many approaches to modify polymers or even use various synthetic polymers 

to develop advanced gels with tailored properties have been considered, xylans themselves 

seem to have the potential to perform the requirements to produce such hydrogels due to 

their multi-branches, avoiding long and tedious process as well as the necessity to employ 

organic solvents sometimes under severe conditions.  

Based on that, a facile one-step route hydrogel exploiting renewable resources (typical 

by-products from wood industry) was performed without previously grafting of vinyl 

groups by radical polymerization with 2-hydroxylethylmethacrylate (HEMA).  

The aim of this work was to produce xylan-based hydrogels in a facile approach, using 

as a raw material xylans extracted from Eucalyptus urograndis species following two 

different ways in order to give xylans/hydrogels with different structural features. The 

obtained hydrogels were characterized in terms of their morphology, swelling and 

rheological properties. 

 

Experimental Part  

Materials  

2-hydroxyethylmethacrylate (HEMA, 99%), ammonium peroxodisulfate (98%), sodium 

perodisulfate (98%),  sodium sulfate (99%), potassium hydroxide (99%), hydrogen 

peroxide (30%) were all obtained from Sigma-Aldrich. Acetic acid (99.5%) and formic 

acid (99%) were purchased from Acros Organics. Organic solvents (ethanol (99%), 

methanol (99%), acetone (99.9%)) were all obtained from Sigma-Aldrich and used as 

received without any further purification.  

 

Isolation and Characterization of Xylan 

The xylans used in this work were extracted from hardwood Eucalyptus urograndis 

specimens. First, extractives-free sawdust of wood samples were subjected to 

delignification under mild conditions with 5% v/v peracetic acid (PAA) solution (pH 4.5), 

at 65
o
C for 30 minutes to yield so-called holocellulose. Acetylated xylans were solvent-

extracted under stirring from the holocellulose by using DMSO for 12 hours at 50
o
C and 

non-acetylated xylans were alkali-extracted with KOH solution 24% (w/v) for 24 hours at 

room temperature according to the literature. 
[7]
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Isolated xylans were characterized in terms of sugar composition and heteronuclear HSQC 

NMR. Sugar compositions were determined by high performance liquid chromatography 

(HPLC) analysis after acid hydrolysis of the polymers. Xylans were first pre-hydrolyzed 

by 72% (w/v) sulfuric acid at room temperature for 2 h followed by sulfuric acid (4% w/v) 

catalyzed hydrolysis at 120
o
C for 1 hour. 

[17]
 The resulting solutions were diluted to the 

desired concentration and filtered through a 0.2 μm nylon filter before chromatography 

analysis. They were then analyzed by using a Dionex ICS 3000 IC system equipped with a 

CarboPac PA1 cartridge, an eluent generator (EG50) and an electrochemical detector 

(ED50). The mobile phase was 18 mM hydroxide (OH-) and all aanalysies were conducted 

with a column temperature of 25
o
C. 

1
H and Heteronuclear HSQC NMR spectra were recorded on an AC 500 MHz Bruker 

spectrometer at 303K. Sodium 3-(trimethylsilyl)propionate-d4 was used as internal 

standard (δ 0.00) and the operations conditions of NMR were set according to reported 

previously. 
[18]

  

 

Hydrogel Synthesis and Characterization 

Xylan-based hydrogels were prepared using HEMA as a co-monomer and varying the 

weight ratio of xylan to HEMA (60:40 and 40:60). In a typical experiment, 225 or 100 mg 

of xylan was dissolved in 1.4 mL of deionized water. Then, 150 µL of HEMA was added, 

and the resulting mixture was then thoroughly stirred. 30µL of water solutions of 

ammonium peroxodisulfate and sodium pyrosulfite, both at 2% (w/v) were then added to 

initiate the cross-linking and solution was transferred quickly to a cylindrical mold before 

gelation. The mold was sealed with Parafilm
TM

 and the mixture was left at room 

temperature for at least 6 h before analysis. Scheme 1 represents the steps used for 

hydrogel production.  
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Scheme 1. Isolation of xylans from eucalyptus and preparation of xylan-based hydrogels. 

 

The formed hydrogels were characterized according to their rheological properties, 

morphology and swelling. Rheological measurements were performed on a StressTech 

model rheometer (Reologica Instruments) for determination of G’ (shear storage modulus) 

and G’’ (shear loss modulus). Cylindrical discs (diameter = 8 mm and height = 4 mm) 

were cut from the hydrogels as prepared and the experiments were carried out by using a 

parallel plate geometry with a diameter of 8 mm. Dynamic frequency sweep test was 

performed at 25
o
C with each sample at 5% of strain within a frequency range from 10 to 

0.1 Hz for both types of xylan-based hydrogels produced.  

The morphology of the hydrogels was controlled by field emission scanning electron 

microscopy (FE-SEM) using a JEOL 6400F microscope operated with an accelerating 

voltage of 5 kV and a working distance of 15 mm, and a 30 μm objective aperture. A small 

hydrogel sized sample was affixed onto a conductive carbon tape and mounted on the 

support and then sputtered with an approximately 25 nm layer of gold/palladium (60/40).  

Hydrogel swelling ratio measurements were performed by freeze-drying the gels and 

then immersed them in an excess of deionized water at  37
o
C. At various time, the 

samples were withdrawn from the water medium and weighted. The swelling (QS), was 

then calculated from: QS=(Ws-Wd)/Wd, where Wd is the weight of the dry gel prior to 

swelling and Ws is the weight at the swollen state. 
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Results and Discussion  

Isolation and Characterization of Xylans  

First, rich-carbohydrate material, so-called holocellulose, was extracted from Eucalyptus 

urograndis by using PAA 5% for 30 minutes at 65
o
C and pH 4.5, as seen in Scheme 1. The 

mild conditions carried out for delignification aimed to produce xylan-linked lignin 

fragments and therefore, providing partially free double bounds that would be useful for 

hydrogel production. After PAA usage step, acetylated and non-acetylated xylans were 

obtained using DMSO at 50°C and potassium hydroxide 24% (w/v) at room temperature, 

respectively.  

Xylans obtained were characterized by NMR (
1
H and 2D heteronuclear HSQC) and 

sugar composition. As expected, the sugar composition showed a predominance of xylose 

concentrations for both types of extractants with the presence of other minor 

monosaccharides such as glucose, mannose, rhamnose and galactose. In fact, the molar 

ratio of xylose to the other minor sugars detected was 0.82:0.18 for non-acetylated xylan 

and 0.87:0.13 for acetylated xylans, which is similar to previous results for the same 

xylans.
[19, 20]

 Even after extensive purification based on solubilization-reprecipitation and 

dialysis, the xylans obtained presented signals of lignin residue, what was confirmed by the 

means of NMR. Both the degree of acetylation and 4-O-methylglucuronic acid (MeGlcA) 

contents were determined by 
1
H-NMR and the values were approximately 0.61 and 0.10 

which corroborated the values already published for this wood specie.
[21]

 The value for 

MeGlcA was approximately the same for both xylans.  

2D heteronuclear HSQC spectra are presented in Figure 2. Figura 2A refers to non-

acetylated xylan as the acetyl group signal at ~ δ 2.0/20 ppm is absent. Previous works 

have demonstrated characteristics signals of xylans main chain extracted from eucalyptus 

between ~ δ 3.2 and 5.0 ppm in a 
1
H NMR. 

[18, 20]
 Variations in this range may occur due to 

the presence of branches such as MeGlcA and acetyl groups.  However, the presence of 

signals between ~ 5.7 and 7.0 ppm clearly indicates the presence of double bounds possible 

found due to the presence of lignin fragments attached to xylans chain after modification 

during the mild delignification with PAA.  
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Figure 2. 2D NMR – HSQC spectra of xylans extracted from eucalyptus under mild 

conditions using PAA. A) Non-acetylated xylan and B) Acetylated xylan 

 

Indeed, the reaction between PAA and wood is relatively selective for lignin and just 

slightly changes can be seen in carbohydrates structures. Some of the believed types of 

linkage between lignin-carbohydrate in wood are presented in Figure 3. 
[14, 22]

 Once these 

xylans’ structures are mostly likely found as components of the holocellulose, their 

linkages persist as they are extracted, except the ester linkages when KOH 24% (w/v) is 

used as extractant.  

 

 

Figure 3. Main lignin-carbohydrate linkages. A) ester, B) phenyl glycoside, C) and D) 

benzyl ether.  
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Double bonds can be created mainly by reacting lignin substructures with PAA. Among 

these reactions, oxidative cleavage of the aromatic rings of the lignin leads to lactones (Fig. 

4A) and muconic acids (Fig. 4B) as well as maleic acids (Fig. 4C). The later may be likely 

formed from p-quinones generated from the oxidation of syringyl and guaiacyl units. 
[23]

 

Previous study on lignin compounds has identified vinyl-phenol and vinyl-benzene (Fig. 

4D) as products of a reaction in acidic reaction with hydrogen peroxide. 
[24, 25]

 Random 

reactions of carbohydrates with hydroxyl radical also generate an unsaturation and a ketone 

introduction, promoting fragmentation of the carbohydrate main chain (Fig. 4E). 

 

 

Figure 4. Some products of the reaction of lignin (A-D) and carbohydrate (E) with PAA. 

 

HSQC spectra (Fig. 2) corroborate with the formation of unsaturated fragments as 

proposed in Figure 4. Signals observed at 5.9/98 ppm, 6.3/116 ppm for non-acetylated 

xylan (Figure 2A) and 6.0/102 ppm, 6.4/119 ppm for acetylated xylan (Figure 2B) were 

attributed to hydrogen linked to the double-bond carbon.  

 

Preparation and Characterization of xylan-based hydrogel  

Four hydrogels samples were prepared using both types of xylans extracted from 

eucalyptus wood with two weight ratio of xylans to HEMA (60:40 and 40:60). In general, 

hydrogels as a class of polymeric-based materials represent a compositional motif best 

characterized as a 3D network and their preparation thus requires a cross-linking of 

polymer chains. Therefore, the generation of reactive sites to serve as junctions points for 

further crosslinking is required. With this in mind, the presence of fragments of lignin 
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covalently linked to the xylan chain would serve as a reactive site for posterior use of 

HEMA as co-monomer to accomplish the cross-linking and finally form a hydrogel 

without any modification in the xylan structure. The resulting hydrogels were examined in 

terms of their morphology, swelling and rheological properties.  

 

Morphology and rheological properties 

The morphology provided a relatively homogenous network for the resulting hydrogels 

both with and without acetyl groups (Figure 5), thus contributing to the elasticity of the 

network.
[26]

 The uptake water molecules hydrate and bind the most hydrophilic sites, 

generating homogenous distribution throughout the polymer. 
[27]

 Open structures with 

more free space were obtained with acetylated hydrogels whereas the non-acetylated 

hydrogels displayed smaller porous and agglomerates along the hydrogels network 

probably due to contribution of water molecules to such an entanglement-driven gelation 

in the case of non-acetylated xylan.
[7]

 The ratio xylan: HEMA did not affect the 

morphology of the hydrogels and so, the ratio xylan: HEMA of 60:40 is displayed on 

Figure 5 in both cases.  

 

 

Figure 5. SEM images of xylan based hydrogels with xylan to HEMA ratio of 60:40. (Left: 

non-acetylated xylan. Right: acetylated xylan) 

 

Rheological properties of the resulting hydrogels were studied as taken from the reaction 

media in all different compositions (Figure 6). For all samples, the storage modulus G’ is 

higher than the shear modulus G’’ over the entire frequency range indicating that the 

elastic response of the material is stronger than the viscous response. In addition, all 

hydrogels exhibit a frequency-independent behavior at lower frequencies, indicating stable, 
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cross-linked network. At higher frequencies, acetylated xylan-based hydrogels maintained 

the behavior whereas hydrogels fabricated with non-acetylated xylans displayed an 

increasing in the modulus, especially at xylan: HEMA ratio of 60:40.  As previously 

reported by our group, 
[7]

 the reason attributed for such behavior is related to a highly 

cross-linked polymer which would fail under stress and rapidly stiffen. Therefore, is 

reasonable to consider that the extraction of xylans with sodium hydroxide may better 

maintain and/or form more available unsaturated sites compared to the extraction carried 

out with DMSO at 50 
o
C.   

Comparing both types of xylans in terms of hydrogel production, the acetyl group plays a 

crucial role on the rheological properties. Acetylated xylan-based hydrogels provided 

greater storage modulus, increasing about 10-fold in both ratios studied (40:60 and 60:40). 

In fact, the morphology of acetylated xylan-based hydrogels is more open and therefore, 

provides a large free volume and mildly cross-linked network, which allows them to 

respond nearly instantaneously and reversibly to external stresses with a rapid 

rearrangement of the polymer segments. As a result, acetylated hydrogels provided slightly 

higher stiffness than their counterpart and so, solid-like structures were produced. 

 

Figure 6: Rheological behaviors of hydrogels based on non-acetylated (left) and acetylated 

xylans (right) with different xylan:HEMA ratios (top 40:60 and bottom 60:40).  
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Swelling behavior 

The water uptake (swelling) of the hydrogels were also affected by the cross-linking 

density of the network. Open structures, with more free volume have greater ability to 

absorb more water. The swelling ratio was recorded from 0.25 hours to 24 hours of 

immersion in water at 37
o
C. The hydrogels produced were very stable and no dissolution 

was observed in any of them. Figure 7 shows the results of the swelling behavior of all 

hydrogels produced from different types of xylans. All the hydrogels swell very quickly 

(approximately one hour) after immersion in water medium. However, hydrogels produced 

with non-acetylated xylans were able to uptake more water than their acetylated 

counterparts as evidenced by the swelling ratio (QS) reaching almost 2-fold. The 

hydrophobicity of the acetylated xylan based-hydrogels might be attributed to the presence 

of acetyl groups which prevents water absorption. Different ratios also affect the swelling 

of the hydrogels. For both acetylated and non-acetylated based hydrogels, less amount of 

xylan (40%) caused greater water uptake and this effect is more striking in the case of non-

acetylated xylans.  

 

 

Figure 7: Variation of swelling ratios versus time of hydrogels based on non-acetylated 

(left) and acetylated (right) xylans (solid line 40:60 and dashed line 60:40 of 

xylan:HEMA) 
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Conclusion  

Hydrogels were successfully prepared from eucalyptus xylan (with and without acetyl 

groups) in a facile approach induced by methacrylic monomers using standard radical 

polymerization. Delignification step was performed with PAA under mild conditions 

generating open quinoidal structures attached to the xylan chain that were the starting 

structures proposed for radical polymerization using HEMA as a co-monomer.   

 The presence of acetyl groups provided open hydrogel network, slightly stiff 

hydrogels and reduced their water swelling capacity. 
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ABSTRACT  

The molecular structures of the milled wood lignins (MWL) and technical lignins 

(TL) obtained from four hardwood species (E. urograndis, E. nitens, E. globulus and 

cottonwood) were quantified by 
13

C-NMR in tandem with their thermal responses as 

obtained by TGA and DSC. Both MWLs and TLs showed similar DSC curves with two 

exothermic peaks (referred to as 1 and 2). Also, maximum temperatures for MWL peaks 

were higher than for TL with an average of 20C and 10C for the first and second peak, 

respectively. Even though calculated enthalpies for MWLs were higher because of their 

purities, TLs had reasonable relationships between heat values and lignin substructures. TL 

had a positive correlation between condensed structures and the enthalpy value between 

413 – 428C, but negative relationships were found at the latter temperature window for 

lignin substructures such as methoxyl groups, S/G and aliphatic OHs. These findings have 

important ramifications for the overall efficiency and energetics of thermochemical 

biomass transformations.   

Keywords: Hardwood, milled wood lignin, technical lignin, thermal analyses, 
13

C-NMR. 
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1. Introduction 

Lignin is among the most prevalent biological materials on the planet and 

comprises 20-30% of the dry weight of woody plants, displaying high structural 

complexity. Indeed, the lignin structure exhibits a seemingly random (highly polydisperse), 

highly cross-linked polymeric network characterized by monomeric phenylpropane units 

cross-linked through ether linkages and carbon-to-carbon bonds. In addition to the 

multiplicity of lignin forms potentially available based on their origin, lignin structures 

vary within the same species and specimen according to isolation method.  

The most commonly used lignin isolation method requires milling of the plant 

material followed by extraction with dioxane-water to provide what is referred to as milled 

wood lignin (MWL) [1]. Although MWL is considered the most representative type of 

lignin to study due its alleged similarity with native lignin in the wood cell wall, it has 

been demonstrated, not surprisingly, that chemical changes during the isolation process 

must be considered for structural veracity, especially with respect to lignin purity 

(carbohydrate contamination). Many methodologies have been proposed, for example, to 

remove carbohydrates chemically linked to lignin (e.g., lignin-carbohydrate complexes) 

and enhance the purity of MWL [2]. A reasonable method of extracting lignin is by 

precipitating the alkali-dissolved lignin from the viscous chemical waste medium produced 

during the kraft wood pulping process (the nominal ―black liquor‖) with mineral acid. The 

chemical structure of lignin, called technical lignin (TL), is not surprisingly modified along 

the process and TL is no longer identical to the native lignin found in the original wood. In 

fact, TL is largely recovered as a byproduct in the pulp industry to be used either as a solid 

fuel or additive in fuel oil. 

Developing a better understanding of TL structures would be extremely helpful to 

exploit the potential of lignin as a renewable and readily available feedstock. Such 

utilization of lignin has attracted considerable interest from the ―bio‖-energy perspective. 

The use of renewable resources has emerged as a powerful alternative to fossil fuels 

because not only does it provide a local solution to energy dependence, but it helps to 

minimize environmental impacts by closing the green house gas (CO2) loop. Recent 

bioenergy engineering advances have increased the desirability of the utilization of 

biomass products to provide energy rich solutions [3]. For example, because pyrolysis is 

considered one of the promising thermochemical conversion routes, a more thorough 
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understanding of the thermochemistry of biomass may expedite its use for large scale 

transformations. It has been shown that biomass pyrolysis can be divided into several 

stages: moisture evolution, hemicellulose decomposition, cellulose decomposition, and 

lignin decomposition [4]. Thus, knowledge of the thermochemical response (pyrolysis 

characteristics) of each component is crucial for optimizing biomass conversion. 

In this work, milled wood lignin and technical lignin from four hardwood species 

(E. urograndis, E. nitens, E. globulus and P. trichocarpa) were isolated. The eight lignin 

samples were then comprehensively characterized using 
13

C-NMR [5]. The pyrolysis 

behavior of the lignin samples was studied using thermogravimetric analysis and 

differential scanning calorimetry (TGA and DSC), i.e., according to their weight loss and 

energy changes during heating, respectively. The results from the TGA and DSC were 

compared and correlated to the quality and quantity of lignin substructures from 
13

C-NMR. 

 

2. Material and Methods 

2.1. Materials 

Hardwood species cottonwood (Populus trichocarpa), and three eucalyptus 

varieties (E. urograndis, E. nitens and E. globulus) were used as the raw material to obtain 

isolated milled wood lignin (MWL) and related technical lignin (TL) from black liquor. 

The proposed lignin structure from eucalyptus is shown in Figure A.5.1. (Appendix) 

MWL was isolated by a slightly modified Björkman procedure [1] described as 

follows: 40-60 mesh wood sawdust fraction from appropriate wood chips was extracted 

with 0.3% NaOH solution over 1 h (liquid-to-wood ratio = 50:1) under reflux. The 

extracted wood was thoroughly washed with hot distilled water until the filtrate reached 

neutral pH and it was dried at 30
o
C under vacuum. Alkaline extracted wood sawdust was 

ball milled using a planetary ball mill (Pulverisette 7, Fritsch). After the necessary milling 

time achieved a 30% yield, the wood sawdust was suspended in 96:4 dioxane:water (v:v) 

and agitated for 12 h at 40°C. The mixture was centrifuged and the liquid phase collected. 

This operation was done in triplicate. Then, the filtrates were combined, roto-evaporated to 

remove the solvents, and finally dried in a vacuum oven. No purification step was 

necessary because the lignin isolated from the alkaline extracted wood had a low sugar 

content (< 3%). 
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TL was isolated from black liquor after kraft pulping of the species by precipitating 

it at pH 2.5 and then extracting with diethyl ether. [6]. Kraft pulping was performed at the 

following conditions: 150°C, an active alkali of 40%, and a sulfidity of 25%. High alkaline 

charge was used to avoid alkali consumption by carbohydrates, extractives, and labile 

lignin structures.  

 

2.2. Chemical/Structural Analysis of Lignin 

13
C-NMR spectra of the lignin preparations in DMSO-d6 were recorded on a 

Bruker AVANCE 500 MHz spectrometer at 300 K using a 90° pulse width, a 1.4 s 

acquisition time, and 1.7 s relaxation delay. Chromium (III) acetylacetonate (0.01 M) was 

added to the lignin solution to provide complete relaxation of all nuclei. A total of 20,000 

scans was collected. The integral over the spectral 162-102 ppm region was set as the 

reference, assuming that it includes six aromatic carbons and 0.12 vinylic carbons. In this 

way, the integral values divided by 612 gave results equivalent to a hundred aromatic rings 

(Ar). 

Carbohydrate composition was determined by standard chromatographic methods 

after acid hydrolysis. In a typical experiment, 0.1 g of sample was hydrolyzed with 1.5 mL 

of 72% (w/v) sulfuric acid at room temperature for 2 h followed by sulfuric acid (3% w/v)-

catalyzed hydrolysis at 120°C for 1.5 h. The resulting suspensions were diluted with ultra-

pure water to the desired concentration and filtered through a 0.2 μm nylon filter (Milipore, 

Billerica, MA) before chromatography. They were then analyzed by using a Dionex ICS 

3000 IC system equipped with a CarboPac PA1 cartridge, an eluent generator (EG50), and 

an electrochemical detector (ED50). Water was used as eluent at the flow rate of 1.0 

mL/min, and the column temperature was 18°C. A post-column base containing 40 mM 

NaOH was added in to improve the detection by pulsed amperometry. 

Klason lignin and acid soluble lignin were determined for each species using the 

extractive free wood meal [7]. The sum of Klason lignin and acid soluble lignin was 

reported as total lignin content. 

 

2.3. Thermal Analysis of Lignin 

 The pyrolysis of the MWL and TL obtained from all species was carried out in a 

thermogravimetric analyzer (TGA, Q500, TA Instruments). The samples masses were 10-
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15 mg and were heated up to 600C at a linear temperature ramp of 10C min
-1

 under both 

purified nitrogen and air. A differential scanning calorimeter (DSC, Q100, TA 

Instruments) equipped with a cooling unit (RCS, Refrigerated Cooling System) was used 

to determine enthalpies (1 – 5 mg sample masses). The samples were placed in sealed 

aluminum pans and a linear temperature ramp of 10 mL·min
-1

 was used from room 

temperature and 500C. Data were analyzed using TA Instruments Universal Analysis 

Software. Experiments were done in duplicate for TGA analysis and triplicate for DSC 

(error less than 2% on TGA and 10% on DSC). 

 

3. Results and Discussion 

Lignin content of the hardwoods was estimated as total lignin (Klason and soluble 

lignin) whose values were found to be 25.5, 26.6, 23.9 and 21.5% for E. nitens, E. 

urograndis, E. globulus, and cottonwood, respectively. Considering soluble lignin to be as 

a small portion of the total (less than 4%), these results are similar to the Klason lignin 

contents found in previous published reports for other hardwoods species (18 – 23%) [8]. 

However, other than the content of lignin in wood, it is well known that its structural 

composition has a pronounced effect on delignification reactions, pulping yields, and 

thermal degradation [4, 9]. For this reason, two types of lignin (MWL and TL) were 

isolated to quantitatively assess their chemical structure by 
13

C-NMR and energy and mass 

changes during lignin pyrolysis by DSC and TGA, respectively.  

MWL is considered to be representative of the whole native lignin in the plant and 

therefore, the objective for using MWL in pyrolysis is to create a baseline. Under the 

pulping conditions, the residual lignin after kraft pulping was found to be 2.0% for 

cottonwood and E. urograndis and 1.4 % for E. globulus and E. nitens. TLs were 

precipitated with aqueous sulfuric acid and extracted with diethyl ether without further 

purification [6]. Sugar analyses revealed high levels of carbohydrate content, mainly 

xylans.  The total sugar contents of the sampled lignins were 13.5, 14.6, 22.6 and 17.6% 

for E. nitens, E. urograndis, E. globulus and cottonwood, respectively. 

 

3.1. Lignin Quantification by 
13

C-NMR 

 
13

C NMR is a powerful tool that provides valuable qualitative and quantitative 

structural information. The technique presents advantages such as relatively short 
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experimental acquisition, high accuracy, and a small amount of sample compared to 

traditional wet chemistry techniques. Previous NMR lignin characterizations for MWL, 

technical, and residual lignin in hardwoods have shown promise [5, 10-14]. The lignin 

substructures determined by 
13

C-NMR are shown in Figure 1. 

 

 

Figure 1. Lignin substructures determined by 
13

C NMR. 

 

Carbohydrates signals could be found at their corresponding anomeric correlations 

(C1-H1) between 99-102/4.0-4.5 ppm for TL estimated by HSQC NMR (Figure 2B) and 

also 
13

C-NMR (Figure 3). Even though it is believed that the linkage between 

carbohydrates and lignin in plant cell walls is covalent, it is not possible at this point to 

assume the presence of such linkages. For MWL, anomeric correlations of carbohydrates 

were not detected (Figure 2A) and these results are in good agreement with sugar analysis 

because less than 3% of carbohydrates were detected for the studied species.  Table 1 

shows the values found by 
13

C-NMR, whereas Figure 3 shows the spectra for MWL and 

TL of E. globulus. It is worth mentioning again that MWL represents a ―true‖ 

representation of lignin in wood, while TL instead is a degraded one. Such a finding was 

corroborated by the resolved spectrum for MWL (Figure 3A) versus TL (Figure 3B). Thus, 

the pulping process and the isolation process have already demonstrated that there exists a 

great difference between MWL and TL structures. 
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Figure 2. HSQC spectra of MWL (A) and TL (B) for E. globulus. In red, presence of 

anomeric correlation present in the carbohydrates.  

 

 

Figure 3. NMR spectra of MWL (A) and TL (B) for E. globulus. 

 

Oxidized lignin structures (β-O-4/α-CO) (Figure 1B) were detected in both types of 

lignin which upon further analysis indicate significant lignin structural variations (using 

the two-tailed Student’s t test at 95% significance). Although the milling experiment was 

not supposed to oxidize lignin (it was done under an inert atmosphere and low heat 

generation), higher amounts of β-O-4 linkages having α-CO group were found for MWL. 

Such results may be attributable to mechanically induced oxidation, whereas oxidation 

during lignification in plant may also generate such structures for lignins right in syringyl 

units [10]. Most of the native structures identified in MWL such as β-β substructures 

(pino/syringaresinol) (Figure 1C) and β-5 (phenylcoumaran) (Figure 1D) are still found in 

TLs. The abundance of phenylcoumaran substructures is rather low and it presents no 

significant difference between MWL and TL. β-β substructures were found to be slightly 
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higher for MWL (Table 1) confirming the permanence of these substructures after the 

pulping process [6]. 
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Table 1. Content of lignin substructures quantified by 
13

C NMR of MWL and TL isolated from four hardwood species  

Substructures E. urograndis E. nitens E. globulus Cottonwood 

 
MWL TL MWL TL MWL TL MWL TL 

β-O-4/α-CO 2 1 3 1 4 1 3 0 

β-O-4  62 8 59 5 61 6 55 6 

Phenylcoumaran 2 1 3 2 2 2 4 1 

Pino/syringaresinol 9 7 10 8 10 7 8 7 

Spirodienone 3 2 3 2 3 2 4 3 

Ar-CHO 3 2 3 1 3 1 4 1 

Al. COOR 1 9 6 8 7 7 4 10 

Methoxyl groups  164 114 174 140 175 142 151 128 

Total OH 153 121 157 134 161 135 142 121 

Aliphatic OH 128 52 131 66 136 67 118 56 

Primary OH 75 27 74 29 80 30 66 29 

Secondary OH 53 25 57 36 56 37 52 27 

Phenolic OH 24 69 24 68 21 68 19 65 

Deg. Condensation 20 36 15 27 17 27 16 32 

S/G 1.76 1.08 2.59 2.2 2.73 2.3 1.41 1.16 
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The spirodienone structure (β-1/-O-) might also be present in native lignin 

(Figure 1E) [15]. The higher amounts of these substructures in the MWL compared to TL 

can be explained due to the conversion of the linkage to β-1, under acid conditions (black 

liquor precipitation stage, pH 2.5) [16]. 

MWL of hardwood species has a higher proportion of β-O-4 linkages than TL 

(Figure 1A), relatively lower proportion of phenolic groups, and lower proportion of 

condensed structures (carbon-carbon linkages). During alkaline pulping, β-O-4 ether 

linkages are cleaved, leading to an increased content of phenolic groups and also reactions 

resulting in elimination of terminal methyloyl groups (-CH2OH) [13]. As a result, residual 

and dissolved kraft lignins have greater amounts of phenolic groups than native wood 

(MWL). At the same time, condensed linkages resist alkaline cooking conditions [17].  

MWL has a greater abundance of methyloyl groups (-carbons). During pulping, a 

reduction in the methyloyl group is expected due to elimination of formaldehyde (CH2O). 

Total OH groups, consisting of aliphatic and phenolic groups, is higher for MWL than for 

TL and the reason for this can be attributed to the greater quantity of MWL aliphatic 

groups available primarily from the primary hydroxyl groups (methyloyl groups). 

Taking in account that during kraft pulping delignification reactions (mainly ether 

cleavage reactions) can be counter-balanced to some extent by a number of different 

condensation reactions, it is not surprising that the content of methoxyl groups found in the 

TL is rather low compared to MWL, while the degree of condensation of the TL is higher. 

The extent of the condensation reactions is dependent on pulping conditions such as 

temperature and heating time [13]. Methoxyl group contents in the Eucalyptus in this study 

are high in agreement with previous work [11]. 

Signals of H units (Figure 1F) were found to be low as has been previously 

reported in Eucalyptus lignins [18]. In terms of H units and S/G ratios, no significant 

difference (using the two-tailed Student’s t test at 95% of significance) was observed 

between MWL and TL, even with a large variation between the values for H units. S and G 

units (Figure 1F) were estimated to give molar S/G ratios of these lignin types and the 

results are in Table 1. The major difference in hardwoods is the ratio of S/G. 

Considerable variation in kraft pulping performance for different hardwood species 

has been reported [19-21]. A study with model compounds has indicated easier cleavage of 

β-aryl ethers in syringyl lignins versus guaiacyl lignins [22]. Because β-O-4 is the 
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dominant linkage pattern in lignin and appears to greatly correlate with the S/G ratio, 

investigation of the S/G effect on kraft pulping of hardwoods have been extensively 

studied [19-21]. The influence of S/G ratio on pulping yield of E. globulus wood species 

led to the use of lignin S/G ratio as a selection parameter in clonal breeding programs for 

pulpwood production [23]. 

It was noticed that TL has a lower S/G value than MWL (Table 1) which is due to 

the higher reactivity of the S units during the pulping. The current S/G values for MWL are 

in agreement with S/V values found for the hardwood species determined by nitrobenzene 

oxidation [24] (S/V - E. globulus: 4.17; E. nitens: 3.28; E. urograndis: 2.01; cottonwood: 

1.58). 

 

3.2. Pyrolysis of Lignins in TGA/DSC 

3.2.1. TGA experiments  

 Figure 4 shows typical TGA experimental results for MWL and TL undergoing 

pyrolysis under a nitrogen atmosphere. The samples were heated from room temperature to 

600C at a rate of 10C min
-1

. A considerable amount of char (~ 30%) remained which can 

resist temperatures as high as 900C [4, 25]. The TGA weight-loss curves decay until 

approximately 100C due to moisture evaporation and are stable between 100 and about 

180C. 

 

 Figure 4. TGA curves. (A) MWL and (B) TL. E. urograndis (—), E.nitens (‐‐‐), E. 

globulus (‒    ‒), cottonwood (−—−).   

 

B A 
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 In keeping with the drivers for this work, differences have been obtained between 

the pyrolysis behavior for MWL and TL. Figure 4 shows greater thermal stability for TL 

versus MWL. It is known that the difference in the stability of the lignins may be attributed 

to their preparation as well as to the presence of chemical characteristics such as degree of 

condensation [26, 27]. Unlike the TGA curves for TL, MWL curves are smooth for all 

species. This behavior could be likely explained based on the sugar content difference 

between the two types of lignin. The higher sugar content (13.5 – 22.6%) for TL might 

create inflection points in the TGA curves due to the thermal decomposition of the 

carbohydrates (xylans) present in the samples. Previous work using DSC has attributed an 

exothermic peak at 275C – 300C to the pyrolysis of hemicelluloses [4, 28] which is in 

agreement with the temperature of the inflection points in the TL TGA curves (Figure 4B). 

 TLs from E. urograndis and cottonwood have shown TGA curves with similar 

patterns and were thermally more stable than the other two species. Comparing E. 

urograndis/cottonwood species with E. globulus/E. nitens in terms of chemical structure, it 

can be observed (Table 1) that the first two samples have a higher degree of condensation 

as well as lower S/G molar ratio, which may confer higher thermal stability  to these 

samples. 

 3.2.2. DSC experiments  

 A further advantage of DSC analysis is that it is a direct analysis, not requiring 

pretreatment. DSC curves for all samples show similar tendencies when temperatures are 

lower than 200C as reported previously [4] and therefore the range 30C – 200C was not 

shown on the thermograms (Figure 5). An endothermic peak was found at about 100C for 

all samples which can be attributed to the evaporation of water.  
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Figure 5. DSC curves (A) MWL and (B) TL. E. urograndis (—), E.nitens (‐‐‐), E. 

globulus (‒    ‒), cottonwood (−—−).   

 

Beyond 200C, two exothermic peaks were found for both types of lignin (Figure 

5) and the peak temperatures for each DSC curve are shown in Tables 2 and 3, for MWL 

and TL respectively. MWL has its peak temperature at 301 – 327C (peak 1) and at 424 – 

434C (peak 2), while peaks between 286 – 307C and 413 – 427C were characteristic for 

TL. The average values of peak temperature for MWL increased by a factor of 20 and 10 

for peak 1 and 2, respectively, compared to TL. The larger shifts observed for temperature 

of peak 1 might be attributed to the sugar content of lignin. This fact can be ascertained by 

noting the peak temperatures of 1 for TL extracted from cottonwood and E. globulus. 

Because the amount of samples for the DSC experiments were similar, the shifts to lower 

temperatures observed in Table 2 and Figure 5B for those species are likely related to the 

content of sugar (xylans) recovered from black liquor at the end of pulping. 

Taking into account the amount of carbohydrates in TL and the fact that 

hemicelluloses display peak temperatures varying from 275 to 370C [4, 28], the first peak 

of TL can be attributed mainly to the degradation of hemicelluloses [4, 29, 30]. 

Great differences in the thermal responses of lignin and wood derivatives have been 

reported. DSC curves of Björkman lignin (MWL), for example, revealed three maxima at 

330, 485, and 555°C, while two peaks at 350 (more pronounced) and 505C were found 

for Klason lignin [31]. MWL and lignin-carbohydrate complexes (LCC) have presented 

DSC peaks at temperatures of 530C and 475C, respectively. By removing hemicelluloses 

A B

A 
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from LCC through acid hydrolysis, peak temperatures shifted from 475 to 520C. 

Although higher top temperatures have been assigned to lignin pyrolysis, many studies 

involving lignin pyrolysis have shown peak temperatures in the range of 250 – 365C, 

including Klason and alkali-extracted lignin [4, 25, 26, 28, 32]. Note that in this study, 

DSC experiments were conducted at temperatures only up to 500C, which might have 

neglected any peak above this set temperature. At temperatures higher than 500C, 

however, it is assumed that lignin has secondary pyrolysis events [4]. In fact, in this study, 

the DSC curves showed good similarity to wood powder and a mixture of lignin and 

cellulose (50:50) set as reference for thermal analysis of soil organic matter, which 

presented two exothermic peaks with maxima at 320 and 420C [28, 30]. 

Even though it was found that the MWLs have rather low carbohydrate contents (< 

3.0%), peak 1 attributed to hemicellulose pyrolysis from DSC curves is well pronounced 

(Figure 5A). The reason attributed to this behavior is based on a possible modification of 

polysaccharides during the isolation/purification process such as oxidation of hydroxyl 

groups on carbohydrates into carboxylic groups. In fact, previous work has attributed the 

first peak to decarboxylation [33, 34]. HSQC NMR (Figure 2) provides semi-quantitative 

evidence for the higher level of carboxylic groups on MWL (190-192/9.7-10 ppm). 

It was reported that alkaline degradation of cellulose occurs even under mild 

time/temperature conditions leading to many products. Therefore, it is not unexpected that 

amorphous polysaccharides such as xylans are more prone to rapid molecular weight loss, 

degradation, and subsequent generation of many types of organic acids under alkali-

extraction [35]. 

   

 3.3. Analysis of the enthalpy and correlation with lignin substructures/content 

In order to correlate lignin substructures/content to thermal characteristics, 

enthalpies of each peak were calculated from the area under the DSC curves and are listed 

in Tables 2 and 3 for MWL and TL, respectively. The exothermic peaks found in this work 

were coincident with results found for soil organic matter fractions. The first peak was 

attributed to the liberation of aliphatic compounds and decarboxylation and the second one 

to the decomposition of aromatic moieties such as lignin dimers [30]. 

No significant difference (P < 0.05) was found between MWL and TL from the 

enthalpy values for Peak 1. However, TL enthalpies of Peak 1 showed good correlation 
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with sugar contents. TL from E. globulus showed the highest sugar content, while E. nitens 

and E. urograndis showed the lowest. 

In general, MWL had higher enthalpies (Peak 2) than TL (Table 1 and 2), but the 

driving factors behind this behavior were not due to lignin chemical structures. Instead, 

MWL samples are more pure than TL and this fact reflects in a higher heating value. 

Earlier studies reported a good linear correlation between lignin contents and heat of 

combustion (expressed as higher heating value - HHV) of fourteen biomass fuels, but there 

were no direct relationships between HHV and the holocellulose for the same 

lignocellulosic fuels [36]. 

 

Table 2. Enthalpy values (±SD) and peak top temperatures for MWL. 

Species Peak 1 Peak 2 

 -ΔH
o
 (J g

-1
) Temperature (

o
C) -ΔH

o
 (J g

-1
) Temperature (

o
C) 

E. urograndis 74.6 ± 13.9 321.8 181.0 ± 17.3 424.7 

E. nitens 44.8 ± 3.9 327.0 152.6 ± 9.8 434.1 

E. globulus 47.1 ± 2.1 312.1 212.0 ± 7.6 424.6 

Cottonwood 36.8 ± 3.9 301.2 221.8 ± 11.6 425.7 

 

Table 3. Enthalpy values (±SD) and peak top temperatures for TL. 

Species Peak 1 Peak 2 

 -ΔH
o 

 (J g
-1

) Temperature (
o
C) -ΔH

o 
(J g

-1
) Temperature (

o
C) 

E. urograndis 22.7 ± 1.8 307.2 149.9 ± 12.4 425.5 

E. nitens 23.6 ± 1.2 305.8 105.1 ± 10.1 423.7 

E. globulus 55.5 ± 3.6 293.4 104.4 ± 8.3 413.5 

Cottonwood 45.4 ± 4.1 286.0 139.2 ± 12.2 427.5 

 

Because the enthalpy value for Peak 2 is attributed to the decomposition of 

aromatic moieties such as lignin, enthalpy values and substructures’ quantity estimated by 

13
C-NMR were subjected to correlation analyses. MWL did not show any significant 

correlation (at P < 0.05) either positive or negative to the enthalpy values, while TL 

showed significant relationships.  
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Among all the correlations, the degree of condensation was the only measurement 

that had positive interaction with enthalpy values for Peak 2. Even though it was suggested 

that peak(s) at temperatures above 500C were likely correlated to the degree of 

condensation [31], it was found that a fairly close relationship existed between those 

parameters (R
2
=0.96) at temperatures under 500C (Peak 2) during pyrolysis (Figure 6A). 

Indeed, some authors have demonstrated that lignin is transformed to a more thermally 

stable form via condensation reactions during low-temperature heating [37]. Earlier work 

found that thermal behavior during pyrolysis depends upon the degree of condensation 

present in the initial lignin. Carbon-carbon linkages have shown to be more resistant to 

pyrolytic bond breakage than ether bonds [27, 37]. For example, methoxyl groups (-OCH3) 

connected to the aromatic ring of lignin are readily cleaved under pyrolysis conditions and 

demethoxylation of –OCH3 was found to occur from 370 to 420C [27]. In the present 

work, methoxyl groups showed negative correlation with the enthalpy calculated for Peak 

2 for TL (R
2
=0.93) as could be seen in Figure 6B. Taking into account that higher 

methoxyl contents in TL correlate with a lower degree of condensation (correlation not 

shown), a lower pyrolysis temperature was revealed. With this in mind, the basis of the 

relationship between S/G ratio and enthalpy values (Figure 6C) is reasonable; as expected, 

it was found that a positive correlation existed between S/G and methoxyl groups (not 

shown). The R
2
 found for S/G versus ΔH was 0.98 (Figure 6C). 

 

Figure 6. Correlation of 
13

C NMR and DSC enthalpy results for Peak 2 of TL. 

A B 

D E 

C 
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A negative correlation was found between enthalpy and total OH (Figure 6D). 

Total OH comprises aliphatic and phenolic OH units, but the phenolic OH content in TL 

had no significant difference among the hardwood species studied. This fact, therefore, 

indicates a negative contribution of aliphatic OH units to enthalpy (Figure 6E). Earlier 

studies have found OH groups in char from lignin at 550C and attribute it to phenolic OH 

because they display higher thermal stability than aliphatic OH units. In the same work, 

increasing aromatic character is observed beyond 450C by losing hydroxyl and aliphatic 

groups under such temperatures [38]. 

The results show greater regression values for aliphatic OH and enthalpy. In fact, 

the loss of OH groups through dehydration along with reactions such as decarboxylation 

and demethoxylation, contributes to increase aromatic carbon content and therefore degree 

of condensation. 

Overall, the lignin structures (especially in TL) that are driving the amount of 

energy released during pyrolysis were reflected in the quantities of syringyl and guaiacyl 

moieties. S/G ratio determines lignin methoxyl content and also degree of condensation. 

These findings merit substantial consideration when assessing pyrolysis efficiency because 

they demonstrate that the lignin substructural qualities such as S/G ratio and carbon-carbon 

condensation greatly influence the thermodynamics of the process. 

 

4. Conclusions 

The ratio of syringyl and guaiacyl in TL was found to be the driving force for 

enthalpy variation in the hardwoods studied. As S/G decreases, methoxyl content is 

reduced and the degree of condensation in lignin rises. The reduction in methoxyl content 

was shown to increase the enthalpy, whereas increasing the degree of condensation of 

lignin was shown to have a positive correlation with the energy associated with the lignin 

pyrolysis of the different species. 

Reducing the quantity of OH moieties present in lignin causes an increase in 

enthalpy values, whereas enhancing the degree of condensation of TL through dehydration, 

decarboxylation, and demethoxylation reactions contributes to increased aromatic carbon 

content and therefore cause the observed reduction in OH moieties.  
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Hardwood species with a higher degree of condensation (lower S/G ratios) were 

found to be thermally more stable than those with lower degrees of condensation. No 

significant difference (P < 0.05), however, was found between MWL and TL for enthalpy 

values for Peak 1 (DSC). However, TL enthalpies of Peak 1 had good correlation with 

sugar contents; specifically, Peak 1 for MWL was associated with decarboxylation of the 

aliphatic structures from carbohydrates arising from the isolation/purification process. 

Thus, MWL showed higher enthalpies (Peak 2) than TL due its purity in terms of freedom 

from sugar contamination. 
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OVERALL CONCLUSIONS 

 

Biomass components (cellulose, hemicelluloses and lignin) were successfully 

studied and exploited for achievement of the biorefinery model. The main focus of this 

work was the utilization of xylans, the most commom hemicellulose in hardwoods. For 

that, deeply investigation on the effects of xylans’ chemical features was accomplished in 

order to produce advanced products with tailored properties.  

Chemically modified xylans were deposited on cellulose pulp and among the 

parameters studied, temperature and type of uronic acid linked to the xylan chain played an 

important role during adsorption.  Xylans were also used to successfully produce advanced 

materials such as hydrogels. The presence of acetyl moieties leaded to stiffer hydrogels 

which have a reduced capacity for water uptake and high drug delivery ratios differently of 

the non-acetylated xylan-based hydrogels.  A development of a new hydrogel in a facile 

path was also accomplished by using mild delignification conditions. Aerogels from 

nanofibrillated cellulose was also produced and modifications on cellulose structure were 

able to generate high strength-materials. Finally, lignin from kraft liquor was isolated and 

studied according to its chemical structure and enthalpy changes during heating. 

Correlations between structures and enthalpy values were found, which allows further 

studies in order to modify the lignin structure to improve thermal processing.  
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APPENDIX 

 

 

 

Figure A.1.1. Formation of different xylan structures features by alkaline treatment. 

 

 

 

 

 

Figure A.2.1. Cellulose structure  
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Figure A.3.1. Typical xylan structure from Eucalyptus urograndis: 4-O-methyl-

(glucurono)xylans. 

 

 

 

Figure A.3.2 Procedure for synthesys of Xylan-Based Hydrogels. 
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Figure A.3.3 Chemical structure of doxorubicin. 

 

 

Figure A.5.1 Proposed structure for Eucalyptus grandis lignin. 


