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ABSTRACT 

This study shows the ability of laccases to remove lignin when applied on the (milled) whole lignocellulosic 
biomass in combination with 1-hydroxybenzotriazole or methyl syringate, in a multi-step sequence where the 
enzymatic stages alternate with alkaline extractions. Eucalypt (Eucalyptus globulus) and Elephant grass 
(Pennisetum purpureum) were selected as representative for rapid growth woody and nonwoody plant 
feedstocks, respectively. Paralleling lignin removal from E. globulus and P. purpureum (~50% and ~30% of the 
initial content, respectively) a positive effect on sugar yield was also observed. The modification of lignin was 
analyzed by 2D NMR of the whole samples at the gel state. Different removal of p-hydroxyphenyl, guaiacyl and 
syringyl lignin units, and a moderate removal of p-coumaric acid (present in P. purpureum) was observed 
without a substantial change in polysaccharide signals. However, the most noticeable change was the strong 
increase of Cα-oxidized syringyl units after the enzymatic sequence. 

I. INTRODUCTION 

Lignocellulosic biomass serves as feedstock for the lumber and paper pulp industries, and has also attracted 
increased interest for the production of biofuels and other chemicals and materials. Biomass recalcitrance 
towards enzymatic hydrolysis is correlated to the content and composition of lignin. Different pretreatments are 
being studied for deconstructing biomass and removing lignin. Laccases are multicopper oxidases whose direct 
action on lignin is restricted to the minor phenolic moiety. However, the interest on laccases as industrial 
biocatalysts steadily increased after discovering that some mediators expand the range of oxidized substrates, 1-
hydroxybenzotriazole (HBT) being among the most efficient ones. The present study shows the ability of 
Trametes villosa and Myceliophthora thermophila laccases to remove lignin when applied on the (milled) whole 
lignocellulosic biomass in combination with HBT and methyl syringate (MeS), respectively, in a multi-step 
sequence where the enzymatic stages alternate with alkaline extractions. Eucalyptus globulus and Pennisetum 
purpureum were treated as representative for rapid growth woody and nonwoody plant feedstocks, respectively. 
The modification of lignin was analyzed by 2D NMR of the whole samples at the gel state [1,2], a promising 
methodology for the in situ analysis of lignin in delignification studies.  

II. EXPERIMENTAL 

Laccase-mediator treatments  

Milled Elephant grass and eucalypt samples were treated with 50 U·g-1 (estimated by 2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid) oxidation at pH 5) of T. villosa laccase (from Novozymes) in the 
presence (or absence) of 2.5% HBT at 6% consistency in 50 mM tartrate (pH 4) under O2 atmosphere (2 bars) 
and 170 rev·min-1 shaking for 24 h at 50ºC. After washing, samples (6% consistency) were submitted to a 
peroxide-reinforced alkaline extraction using 1% NaOH and 3% H2O2 at 80ºC for 90 min. Cycles of four 
successive enzyme-extraction treatments were applied. Additionally, eucalypt samples were treated with M. 
thermophila laccase (50 U·g-1) (from Novozymes) in the presence (and absence) of 3% MeS under the same 
conditions described above, but using sodium dihydrogen phosphate (pH 6.5) as a buffer. Treatments with 
laccase alone and controls without laccase and mediator, were also performed (followed by the corresponding 
alkaline extractions). Klason lignin content was estimated according to T222 om-88 [3]. 

Saccharification of pretreated material 

The saccharification of samples treated with T. villosa laccase (25 U·g-1) and 2.5% HBT was performed with a 
cocktail of commercial enzymes (from Novozymes) with cellulase (Celluclast 1.5 L; 10 FPU·g-1) and β-
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glucosidase (Novozym 188; 500 nkat·g-1) [4]. The saccharification of eucalypt samples treated with M. 
thermophila laccase (50 U·g-1) and 3% MeS was also carried out with the above enzymatic cocktail [5].

2D NMR spectroscopy

For gel-state NMR experiments, ∼100 mg of ball-milled lignocellulose samples after the several steps of the 
whole multistage sequence were directly transferred into 5-mm NMR tubes, and swelled in 1 mL of 
dimethylsulfoxide-d6, forming a gel inside the NMR tube [1,2]. Heteronuclear single-quantum correlation 
(HSQC) 2D-NMR spectra were acquired as previously described [4,5]. 

III. RESULTS AND DISCUSSION

Lignin modification by the T. villosa-HBT pretreatment

The lignin content in both lignocellulosic materials decreased considerably after the enzymatic sequence applied. 
For Elephant grass, the decrease was about 32% of the initial lignin content. The reduction in eucalypt wood was 
even more pronounced, attaining 48% with the same laccase doses. The treatments with laccase alone (without 
mediator) slightly decreased the lignin content (<5%) in both materials.

The NMR spectra of the whole treated samples at the gel state confirmed the partial removal of lignin p-
hydroxyphenyl (H), guaiacyl (G) and syringyl (S) units and a more limited removal of p-coumaric acid present 
in Elephant grass, as shown in the aromatic regions of the HSQC spectra of the Elephant grass (Figure 1B) and 
eucalypt wood (Figure 1D) treated with laccase and HBT, compared with the corresponding controls (Figure
1A and C, respectively). A decrease in the intensity of the main (β-O-4'-linked) lignin side-chains (Figure 2, A)
was observed in the aliphatic region of the spectra (not shown), while the amorphous polysaccharide cross-
signals remained basically unaffected (crystalline cellulose was silent under the present conditions).

Semi-quantitative evaluation of the relative abundances of the different lignin and cinnamic acid structures 
(Figure 2, PCA, FA, H, G, S and S') after the enzymatic sequence revealed a preferential removal of G (and 
minor H) units, and the higher recalcitrance of cinnamic acids towards laccase treatment (compared with lignin) 
resulting in their accumulation. However, the most noticeable modification observed was the massive formation 
of Cα-oxidized S lignin units during the enzymatic treatment, as revealed by the intensity increase of the 
characteristic 13C-1H correlation around 106/7.3 ppm (S'2,6 in Figure 1). This was especially significant in the 
enzymatically-treated eucalypt wood, and resulted in a very unusual lignin consisting of up to 60% oxidized S 
units. 

Such extensive oxidation is congruent with the concept of lignin degradation as an enzymatic combustion [6],
and the Cα modification observed confirms the attack mechanism (H atom abstraction from the Cα position) 
suggested by degradation studies using model compounds [7].

Figure. 1. Aromatic region of the HSQC spectra of Elephant grass (A-B) and eucalypt (C-D) treated with T. 
villosa laccase and HBT (swollen in dimethylsulfoxide-d6): A and C, Controls without enzyme; B and E, 50 U·g-1

enzyme and 2.5% mediator. See Figure 2 for the main lignin structures identified.
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Lignin modification by the M. thermophila laccase-MeS pretreatment

The lignin content of eucalypt sample decreased considerably after the enzymatic sequence reaching a decrease 
of 47% of the initial lignin content. The treatments with laccase alone (without mediator) decreased the lignin 
content about 20%. 

The HSQC spectrum of the eucalypt sample treated with laccase-mediator at the end of the whole sequence 
(Figure 3B) showed important differences compared to the control (Figure 3A). The signals of side-chains in β-
O-4' lignin substructures (Aα and Aβ(S)) decreased considerably with respect to the carbohydrate and S-lignin 
signals. On the other hand, the G lignin signals completely disappeared with the laccase-mediator treatment, 
while the S units were Cα-oxidized (and in a significant extent remained as such) as revealed by the increase in 
the S'2,6 signal (after deducting the MeS contribution estimated from the aliphatic signal at δC/δH 52/3.8 ppm). 
The results obtained showed a Cα-oxidation mechanism for lignin removal by laccase in the presence of MeS, 
and revealed that about half of the residual lignin in the laccase-mediator treated wood corresponds to the Cα-
oxidized S units. Finally, the low intensity of the aromatic and aliphatic-oxygenated lignin signals in the HSQC 
spectrum of the laccase-mediator treated sample, compared to the carbohydrate signals, was in agreement with 
the reduced Klason lignin content.

Interestingly, lignin modification and removal was also shown by the NMR spectra of the eucalypt feedstock 
treated with laccase alone (not shown), with a relative decrease of the lignin signals compared to the 
carbohydrate signals, although not as evident as that observed after the laccase-mediator treatment. Among them, 
the signals of side-chains in β-O-4' lignin substructures (Aα and Aβ(S)) and especially, the G lignin signals, 
decreased considerably with respect to the control sample although the changes were less intense than those 
found in the sample treated with laccase and MeS. Likewise, the Cα-oxidation of S units was much less 
pronounced than found in the presence of MeS. 

Figure 2. Main lignin and cinnamic acid structures identified: A, β-O-4' lignin structure (aliphatic region of the 
spectra); PCA, p-coumaric acid; FA, ferulic acid; H, p-hydroxyphenyl unit; G, guaiacyl unit; S, syringyl unit; 

and S', Cα-oxidized S unit (R can be a hydroxyl in carboxylic acids or a lignin side-chain in ketones).

Figure 3. HSQC NMR spectra of whole eucalypt samples treated with M. thermophila laccase and MeS 
(swollen in dimethylsulfoxide-d6): A, Control without enzyme; B, Sample treated with laccase-MeS. See 

Figure 2 for the main lignin structures identified. Correlation signals from xylan (X1-X5) are also indicated.
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Saccharification of enzyme pretreated materials 

The Elephant grass and eucalypt wood samples treated with T. villosa laccase and HBT were hydrolyzed using a 
cellulase and β-glucosidase cocktail, and the main monosaccharides released were analyzed [4]. The effect of 
hydrolysis time was investigated and 72 h hydrolysis was chosen since monosaccharide release already 
stabilized after this time period, attaining increases up to 61% and 12% for eucalypt and Elephant grass 
feedstocks, respectively. In the case of eucalypt wood, the effect of the laccase-HBT treatment increased with 
cellulase hydrolysis times, the highest increases in glucose and xylose releases were obtained after 72 h. 
However, for Elephant grass the highest increases in sugar releases by the laccase-mediator treatment were 
observed after only a 4-h hydrolysis [4]. Interestingly, the treatment with laccase alone (without mediator) also 
slightly increased the hydrolysis yields for eucalypt and Elephant grass, with respect to that of the controls. The 
laccase-mediator pretreatment significantly increased ethanol production after 17 h of saccharification-
fermentation [4]. Interestingly, the enzymatic treatment was considerably more efficient improving ethanol 
production from eucalypt (over 4 g·L-1 in 17 h) than from Elephant grass (~2 g·L-1 in 17 h).  

In eucalypt samples pretreated with M. thermophila laccase-MeS, an increases in glucose yield up to 41% (with 
respect to the initial eucalypt wood sample) was attained when low cellulase (2 filter-paper units [FPU]·g-1) and 
β-glucosidase (100 nkat·g-1) doses were used. In the samples pretreated with laccase alone (without mediator), an 
increase in glucose release of 21% was produced. The effect of oxygen and alkaline extraction steps in the 
control sample were responsible for the increase of 11% in glucose yield with respect to the initial eucalypt 
sample. On the other hand, an improvement on xylose release of about 37% was obtained after the laccase-MeS 
treatment of eucalypt wood (with respect to the initial eucalypt wood sample). In the pretreatment with laccase 
alone an increase in xylose yield of 21% was obtained. The effect of oxygen and alkaline extraction on xylose 
yield (control sample with respect to the initial one) represented an increase of 12%.  

IV. CONCLUSIONS 

This work shows the modification of lignin structure and content produced by two laccase-mediator 
pretreatments, directly on ground lignocellulosic material and its relationship with enzymatic saccharification 
yields. A better understanding of the action mechanisms of lignin-degrading enzymes, when acting on 
lignocellulosic substrates, should contribute to the development of knowledge-based transformations in future 
lignocellulose biorefineries based on fast-growing woody and nonwoody plant species. 

V. ACKNOWLEDGEMENT 

This study was funded by INDOX (KBBE-2013-7-613549) EU- and LIGNOCELL (AGL2011-25379) Spanish- 
MICINN (co-financed by FEDER funds) projects. J. Rencoret acknowledges the CSIC JAE-Doc contract of the 
program JAE co-financed by the ESF. H Lund (Novozymes) is acknowledged for the cellulases and the M. 
thermophila laccase, J Romero (ENCE) and JL Colodette (Univ. of Viçosa) for the eucalypt and Elephant grass, 
respectively, and M Angulo (CITIUS, Univ. of Seville) for providing technical assistance in the NMR analyses. 
EM Cadena (Univ. of Colombia) and D. Barth (VTT) are acknowledged for their valuable contribution to first 
enzymatic pretreatments and saccharification assays, respectively. 

VI. REFERENCES 

[1] Kim H; Ralph J; Akiyama T. Solution-state 2D NMR of ball-milled plant cell wall gels in DMSO-d6. 
Bioenerg. Res. 2008, 1, 56-66. 
[2] Rencoret J; Marques G; Gutiérrez A; Nieto L; Santos I; Jiménez-Barbero J; Martínez AT; del Río JC. HSQC-
NMR analysis of lignin in woody (Eucalyptus globulus and Picea abies) and non-woody (Agave sisalana) ball-
milled plant materials at the gel state. Holzforschung 2009, 63, 691-698. 
[3] Tappi: 2006-2007 TAPPI Test Methods. Norcoss, GA 30092, USA: TAPPI Press; 2006. 
[4] Gutiérrez A; Rencoret J; Cadena EM; Rico A; Barth D; del Río JC; Martínez AT. Demonstration of laccase-
mediator removal of lignin from wood and non-wood plant feedstocks. Bioresource Technol. 2012, 119, 114-
122. 
[5] Rico A; Rencoret J; del Río JC; Martínez AT; Gutiérrez A. Pretreatment with laccase and a phenolic 
mediator degrades lignin and enhances saccharification of Eucalyptus feedstock. Biotechnol. Biofuels 2014, 7, 6. 
[6] Kirk TK; Farrell RL. Enzymatic "Combustion": the Microbial Degradation of Lignin. Annual Reviews in 
Microbiology 1987, 41, 465-505. 
[7] Fabbrini M; Galli C; Gentili P. Comparing the catalytic efficiency of some mediators of laccase. J. Mol. 
Catalysis. B-Enzyme 2002, 16: 231-240. 

13th European Workshop on Lignocellulosics and Pulp

44


	Table of contents(con Lisbeth)
	PROCEEDINGS-ALL(conLisbeth)
	ORALS-ALL(menos Lisbeth)
	O-1-Colodette_JL
	O-2-daSilvaPerez_D
	O-3-Sevastyanova_Oral
	O-4-Chirat_C
	Sugar analysis of pulps : the pulps were subjected to acid hydrolysis consisting of a two step treatment :  72% HR2RSOR4R followed by dilute acid hydrolysis in an autoclave for 1 h at 120 C ( according to TAPPI T 249 cm-00)  to hydrolyse all the polys...
	Kraft cooking of control and pre-hydrolysed (PH) wood chips

	O-5-Pouyet_F
	O-6-Chenna_NK
	O-8-Baumberger_S
	Investigation of the biochemical variability of maize lines
	Eight maize recombinant inbred lines RILs were selected within the F286 x F7012 RIL population developed at INRA Lusignan to present similar lignin content and contrasted cell wall degradability as predicted by near-infrared reflectance spectrophotome...
	Synthesis, isolation and characterization of lignin-carbohydrate fractions
	Lignin-carbohydrate fractions were isolated from the stem of maize F2 (INRA) line grown on experimental field condition as described above and harvested at silage stage. Sequential fractionation of the extractive-free maize stems was carried out using...
	Implementation of cell wall model to investigate enzyme mobility
	Bioinspired model assemblies of grass secondary cell wall were prepared by dispersing ramie fibers cellulose nanocrystals (CNC) into a maize bran feruloylated arabinoxylan (FAX) matrix cross-linked by laccase oxidative treatment [12]. Gels and films w...

	O-9-Alekhina_M
	Acid insoluble lignin or Klason lignin, acid soluble lignin (ASL) and carbohydrate contents of solid and liquid samples were determined after acid hydrolysis according to NREL/TP-510-42618 and NREL/TP-510-42623, respectively. Subsequent analysis of the recovered neutral sugar monomers was performed by using a Dionex ICS 3000 high-performance anion exchange chromatograph with pulsed amperometric detection (HPAEC-PAD) equipped with a CarboPacPA20 column (Dionex, Sunnyvale, CA, USA). Water was used as the eluent at a flow rate of 0.4 mL/min at 30º C. The carbohydrate compositionin solid samples was calculated according to previously published method [3]. The molecular mass distribution (MMD) of selected lignin samples was determined by gel permeation chromatography (GPC) equipped with UV detection (UV-Vis Detector 2487). The column was eluted with DMSO with 0.1 LiBr at a flow rate of 1 ml/min. The GPC system consisted of two analytical columns (Suprema 1000 and Suprema 100, 20 μm, 8 mm I.D.*300 mm) and one pre-column (Suprema 20 μm). The columns, injector and UV detector were maintained at 80°C during the analysis.

	O-10-Wahlstroem_RM
	ABSTRACT
	I. INTRODUCTION
	II. EXPERIMENTAL
	III. RESULTS AND DISCUSSION
	IV. CONCLUSIONS
	V. ACKNOWLEDGEMENT
	VI. REFERENCES


	O-11-Gutierrez_A
	O-12-Heikkinen_H
	O-13-Rahikainen_JL
	O-14-Ralph_J
	O-15-Crestini_C
	O-16-Balakshin_M
	O-17-Liu_J
	O-18-Argyropoulos_D
	Dimitris S. Argyropoulos 1,2,3, H. Sadeghfifar2, S. Sen, 2 C. Cui, 2 R. Sun2
	The thermal degeneration observed in the oxypropylated kraft lignin is possibly due to the dehydration of the secondary hydroxyl group of the oxypropyl substituent. For mono-oxypropylated phenolic OH components, their dehydration can be a facile react...
	III. References

	O-19-Setala_H
	NOVEL CHEMICAL MODIFICATIONS OF TECHNICAL LIGNINS FOR COMPOSITE AND RESIN APPLICATIONS
	VTT Technical Research Centre of Finland, Biologinkuja 7, Espoo, P.O. Box 1000, FI-02044 VTT, Finland
	Results on preparation of amide derivatives


	O-20-Liitiä_T
	O-21-Koivu_KAY
	O-22-Gosselink RJA
	O-23-Rudnitskaya_A
	O-24-Oberlerchner_JT
	O-25-Mikkonen_KS
	Materials
	Mechanical properties


	O-26-Dahlman_O
	O-27-Lund_H
	O-28-Martinez_AT
	O-29-Faulds_CB
	The expanding numbers of sequenced fungal genomes provide an unprecedented framework for identifying their potential in the deconstruction of lignocellulosic biomass. Comparative genomic studies enable us to decipher the different strategies used by f...
	In our genomic approaches developed in the laboratory, the purposes consist in focusing on the differences in the fungal lignocellulolytic repertoires to look for convergence and divergence among the families. Each fungal group has its own enzymatic s...
	III. TRANSCRIPTOMIC APPROACHES
	Beyond the comparison of genome portfolios, the analysis of transcriptome profiles in vivo allows identification of the sets of genes encoding the enzyme machineries expressed according to the organisms’ strategy for plant cell wall degradation/modifi...
	IV. SECRETOMIC AND ENZYMATIC APPROACHES
	With the growing numbers of fungal genomes, their transcriptomes and the actively secreted enzymes produced, there is no doubt that such an integrated approach as outlined in this extended abstract will provide new insights into the adaptation of fung...

	O-30-Cusola_O (oral)
	O-31-Böhmdorfer_S
	Development of Preparative Separations by HPTLC
	Quantification of Monosaccharides in Samples with High Matrix Content
	Direct Bioautography

	O-32-von_Wright-A
	O-33-Neto_CP
	O-34-Le Normand_M
	O-35-Silvestre_AJD
	O-36-Li_D
	Isolation of epoxy acid and preparation of polyesters
	The final purity of epoxy acid was approximately 95%, as determined by solution NMR, and the isolation yield was 8 wt% (theoretically 10 wt% [3]), calculated on dry birch outer bark.
	Size exclusion chromatography revealed that the polyester was successfully prepared through lipase catalysis. MALDI-TOF MS showed poly-linear and cyclic structures, with the former dominating the composition. Solution NMR showed that the epoxy groups ...
	Preparation of polyester-cellulose composites
	The epoxy-activated polyester could be cured by dicarboxylic acids under heating, which was confirmed by FTIR and DSC. By compression molding of the polyester and dicarboxylic acids impregnated cellulose at a high temperature, the curing reaction was ...

	O-37-Lehnen_R
	O-38-Asaadi_Sh
	O-39-You_XY

	POSTERS-ALL
	Aguado_R
	Aldaeus_F
	Alfaro_A
	Andreu_G
	Ariza_M
	Arnoul-Jarriault_B (V2)
	Arshanitsa_A-Telysheva_G
	Barbosa_MM
	Bardot_F
	Barneto_AG
	Barrasa_JM
	Batog J
	Bellido_C
	Beltramino_F
	BERTAUD_F
	Bialik_M
	Björklund Jansson M
	Bogolitsyn_k, Kashina_EM.
	Bogolitsyn_K, Krasikova_A
	Bogolitsyn_K, Pafrenova_L
	Bogolitsyn_K, Pustinnaja_M
	Bogolitsyn_K, Selivanova_N
	Bogolitsyn_K,Zubov_I
	Borges-GOMES FJB
	Boucher_J
	Brovko_OS
	Cadena_EM
	Campos_E
	Carbajo JM
	Carro_J
	Chemin_M
	Cheng_NN
	Costa_CA
	Cruz-Lopes et al-EWLP2014
	Cusola_O (poster)
	daSILVA_V (2)
	Dávila_JA
	Dehne_L
	delRio_JC-A detailed
	delRio_JC-Isolation
	Demuez_M
	Dias_V.M
	Dobele_G
	Ek_M
	Elissetche_JP
	Ershova_O
	Fernandes_L
	Fernandez-Fueyo_E
	Ferrer__A
	ACETOSOLV PULPING: A STAGE IN THE FRACTIONATION OF EFB (EMPTY FRUIT BUNCHES) FROM OIL PALM INDUSTRY
	Ana Ferrer1, Alberto Vega2, Pablo Ligero2, Luis Jiménez1, Alejandro Rodríguez1*
	1Chemical Engineering Department, Campus of Rabanales, Building C3, University of Córdoba, 14071 Córdoba, Spain 2Department of Physical Chemistry and Chemical Engineering. University of A Coruña, Spain, 15071 A Coruña, Spain, *corresponding author: a....
	ABSTRACT
	Empty fruit bunch is a residue generated by the oil palm industry after a sterilization process and the separation of the fruits for oil extraction. This residue, which in many countries, especially in Malaysia and Indonesia, is produced in very high ...
	Acetosolv pulping could be seen as a stage in the fractionation of empty fruit bunches for pulp production used in various applications as; pulps for specialty papers or other applications such as obtaining microcrystaline cellulose, microfibrilled ce...
	The aim of this work was to study the influence of operational variables in the empty fruit bunches acetosolv pulping process [acetic acid (60-95%), hydrochloric acid (0.10-0.25%) and time process (60-180 min)], on the solid yield, Schopper Riegler in...
	I. INTRODUCTION
	Plant biomass has been for centuries a resource used by humanity worldwide, for energy and cellulosic pulp production. The production of paper pulp has traditionally been a highly polluting process.
	Organosolv methods use organic compounds of relatively low molecular weight as delignification agents, and are a good alternative to Kraft because of the possibility of eliminate the sulphur compounds in cooking. Although lignin removal can be achieve...
	However, the fact of being able to use compounds with very different characteristics makes organosolv cooking processes very different versus Kraft. Some of them may be performed at atmospheric pressure and therefore at a much lower temperature, which...
	The Acetosolv process uses acetic acid enriched (70-90% by weight) aqueous mixtures with the addition of small amounts of hydrochloric acid (typically 0.1-0.2% by weight) which contributes to enhance the delignification through partial hydrolysis and ...
	Oil palm empty fruit bunch (EFB) is a waste generated by the oil palm industry after a sterilization process and the separation of the fruits for oil extraction. This residue, which in many countries, especially in Malaysia and Indonesia, is produced ...
	The aim of this work was to study the Acetosolv treatment of EFB by means of an experimental design factor, considering the influence of the operational variables on the composition of the resulting pulp, with the aim of finding the optimum conditions...
	II. EXPERIMENTAL
	Raw material
	African palm from Western Africa supplied by Straw Engineering S.L (Zaragoza) were used. Each hectare of oil palm produces an average of 10 tons of fruits per year which give about 3000 kg of palm oil (the main product) [8,9].
	Pulping and pulps characterization
	Mixtures of EFB, water and acetic acid (proportions ranging from 60 to 95% by weight of liquor) were heated to the boiling point in glass Pyrex flasks. Hydrochloric acid was added (0.10-0.25% by weight of liquor) when boiling started (zero time), and ...
	Experimental design
	A second order factorial design of experiment was used [10] consisted in a central experiment (in the centre of a cube) and several additional points (additional experiments lying at the cube vertices and side centers).
	Experimental data were fitted to the following second-order polynomial:
	,𝐘-𝐞.=,𝐚-𝟎.+,𝐚-𝟏.,𝐗-𝐀.+,𝐚-𝟐.,𝐗-𝐇.+,𝐚-𝟑.,𝐗-𝐓.+,𝐚-𝟏𝟏.,𝐗-𝐀-𝟐.+,𝐚-𝟏𝟐.,𝐗-𝐀.,𝐗-𝐇.+,𝐚-𝟏𝟑.,𝐗-𝐀.,𝐗-𝐓.+,𝐚-𝟐𝟐.,𝐗-𝐇-𝟐.+,𝐚-𝟐𝟑.,𝐗-𝐇.,𝐗-𝐓.+,𝐚-𝟑𝟑.,𝐗-𝐓-𝟐.       (1)
	where Ye denotes the response variables [viz. yield (YI), beating grade or Shopper Riegler index (SR), Kappa number (KN), lignin (LI) or viscosity (VI)]; XA, XH and XT are the normalized values of the operational variables (acetic acid concentration –...
	The values of the operational variables were normalized to values from -1 to +1 by using the following expression:
	,𝐗-𝐧.=𝟐,𝐗−,𝐗-𝐦.-,𝐗-𝐦𝐚𝐱.−,𝐗-𝐦𝐢𝐧..     (2)
	where Xn is the normalized value of A, H or T; X is the actual experimental value of the variable concerned; Xm is the mean of Xmax and Xmin; and Xmax and Xmin are the maximum and minimum value, respectively, of such a variable.
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