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ABSTRACT 

Laccases can functionalize paper pulps with phenolic compounds but little is known about the formed linkages. 
Treatment of a high-kappa sisal pulp with Trametes villosa laccase and ferulic acid resulted in strong increases 
of kappa-number and acid-group content. This suggested extensive incorporation of ferulic acid, as confirmed by 
pyrolysis in the presence of tetramethylammonium hydroxide. The coupling linkages were investigated by 2D-
NMR of the lignin isolated from pulps. The aromatic region of the spectra showed incorporation of the cinnamic 
molecule, representing ~4% of the lignin content. Interestingly, the spectra revealed that ferulic acid is C4-
etherified. The aliphatic region of the spectra showed that ferulic acid also incorporates as the corresponding β-β' 
dilactone (another ~4% of the total lignin) with characteristic 13Cα-1Hα and 13Cβ-1Hβ correlations. The lignin 
composition and interunit linkages in the treated pulps were only slightly modified revealing that the main effect 
of the treatment was ferulic acid biografting.                  

I. INTRODUCTION 

Laccases are multi-copper oxidases widely distributed in fungal and plant species, where they play multiple 
functions. Laccases present broad substrate specificity including substituted phenols, aromatic amines and thiols 
and many others, which are converted into reactive radicals using oxygen as the electron acceptor. By virtue of 
these characteristics, laccases are being intensively investigated as eco-friendly biocatalysts for a wide array of 
biotechnological applications [1]. Within the pulp and paper field, a novel subject of research is the application 
of laccase-catalyzed radical coupling reactions to modify lignocellulosic fiber chemistry with a view to altering 
paper properties [2]. Two main approaches are used for laccase-assisted modification of lignocellulosic fibers: i) 
laccase-mediated cross-linking of lignin molecules in situ; and ii) coupling of low molecular weight (generally 
phenolic) compounds onto fibers (biografting). The second approach provides a versatile method for 
functionalizing lignocellulosic fibers and imparting desirable properties to pulps. Although much research has 
been carried out to explore the potential of biografting for tailoring the properties of lignocellulosic materials, 
few of them have assessed the mechanistic aspects of this process and the nature of the chemical bonds formed 
and they mainly involved the use of lignin model compounds due to the complexity of the lignin polymer. In the 
present study, a high-kappa pulp from sisal was treated with laccase and trans-ferulic acid (FA) according to the 
conditions reported by Aracri et al. [3]. After extensive washing, the treated pulp was directly analyzed by 
pyrolysis, in the presence of tetramethylammonium hydroxide (TMAH) [4], to confirm the FA incorporation. 
Then, in order to gain additional information on the amount of FA incorporated with respect to pulp lignin, and 
identify the lignin-FA linkages formed in the biografting reaction, analysis of the lignin isolated from treated 
pulp was performed by HSQC (heteronuclear single quantum correlation) 2D-NMR spectroscopy.  

II. EXPERIMENTAL 

2.1. Enzyme, chemical and pulps 

Laccase from Trametes villosa was kindly provided by Novozymes (Bagsvaerd, Denmark) and the chemicals for 
enzyme assay were purchased from Sigma-Aldrich. Pulp was obtained from a laboratory cooking of sisal (Agave 
sisalana) fiber bundles kindly supplied by Celesa mill (Tortosa, Spain). Refined pulp samples were treated in an 
oxygen-pressurized (0.6 MPa) reactor at 5% consistency [3], using 50 mM sodium tartrate (pH 4), 40 U/g 
laccase and 3.5% (w/w) FA (all relative to pulp dry weight). Tween 80 (0.05% w/v) was added as surfactant. 
Treatments were conducted for 4 h at 30 rev/min shaking, and 50 °C. After treatment, the pulp samples were 
filtered in a fritted glass funnel and washed with de-ionized water until a colorless, neutral filtrate was obtained. 
Pulp properties were analyzed after Soxhlet extraction with acetone aimed at removing the fraction of FA that 
failed to covalently bind to fibers [5]. Kappa number was determined according to the standard methods ISO 302 
and cellulolytic enzyme lignins were isolated by enzymatically saccharifying polysaccharides as described by 
Chang et al. [6]. 
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2.2. Analytical pyrolysis and NMR analysis

Pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS) was performed in the presence of TMAH. 
Approximately 0.1 mg of milled pulp was mixed with 1 µL of TMAH (25%, w/w, methanol solution). The 
pyrolysis was carried out at 500 ºC, using an EGA/PY-3030D micro-furnace pyrolyzer (Frontier Laboratories 
Ltd.) connected to an Agilent 7820A gas chromatograph using a DB-1701 fused-silica capillary column (60 m x 
0.25 mm i.d., 0.25 μm film thickness) and an Agilent 5975 mass detector (EI at 70 eV). The oven was 
programmed from 45 ºC (4 min) to 280 ºC (10 min) at 4 ºC min-1. Helium was the carrier gas (2 mL min-1). 

For NMR analysis of isolated lignins, around 20 mg of the isolated lignin was dissolved in 0.75 mL of DMSO-
d6. 2D-NMR HSQC spectra were acquired at 25ºC on a Bruker AVANCE III 500 MHz spectrometer fitted with 
a cryogenically cooled 5 mm TCI gradient probe with inverse geometry. The 2D 13C-1H correlation spectra were 
carried out using an adiabatic HSQC pulse program. The central solvent peak was used as an internal reference 
(δC/δH 39.5/2.49) and 2D-NMR cross-signals were assigned and integrated as in previous publications [7,8]. 

III. RESULTS AND DISCUSSION

The laccase-FA treatment increased the kappa number of sisal pulp by 11 units relative to control (laccase 
alone). To confirm the enzymatic incorporation of FA, the acetone extracted pulps were analyzed by pyrolysis in 
the presence of TMAH. Pyrolysis/TMAH of laccase-FA treated sisal pulp released important amounts of the 
methyl derivative of FA, which was detected in the m/z 222 ion chromatographic profile (Fig. 1c) but which was 
absent from the pyrograms of both the untreated (control) pulp and the pulp treated with laccase alone (Fig. 1a
and b). This fact confirms that the cinnamic FA molecule was successfully incorporated by the laccase into the 
sisal pulp. Its relative abundance was ~10% of the total degradation products in the laccase-FA treated pulp.

Figure 1. Pyrolysis/TMAH of sisal pulp control (a), laccase alone (b) and treated with laccase-FA (c). Selected-
ion (m/z 222) chromatographic profiles.

Since the aim of the study was to get further information of the laccase biografting of phenols onto pulp, the 
lignins were enzymatically isolated from the laccase-FA treated sisal pulps and subsequently analyzed by 2D-
NMR spectroscopy. The HSQC spectra of the lignins isolated from the laccase-FA treatment (and the respective 
untreated control pulp) are shown in Fig. 2. The main cross-signals in the aromatic/unsaturated region (δC/δH
98−148/5.2−8.7 ppm) of the spectra of the lignins isolated from the laccase-FA treated sisal pulp, and the 
untreated control (Fig. 2d and b, respectively) corresponded to the aromatic rings of the G and S lignin units, 
and the FA attached to the lignin (in the laccase-FA treated pulp). Signals for the Cα–Hα and Cβ–Hβ correlations 
in the FA cinnamic structure were observed at δC/δH 144/7.5 and 117/6.4 ppm, respectively. Interestingly, the 
latter olefinic signal was displaced with respect to the position found in the spectrum of free FA (116/6.4 ppm) 
and matched with that reported for 3,4-dimethoxycinnamic acid [9]. The presence of this signal, (and the absence 
of the above-mentioned Cβ–Hβ correlation signal characteristic of free FA), clearly indicated that FA is C4-
etherified during its incorporation onto the sisal lignin.

The main cross-signals in the aliphatic-oxygenated region of the spectra (δC/δH 45-95/2.5-6.0/ppm) of the lignins 
isolated from the laccase-FA treated sisal pulp, and the untreated control (Fig. 2c and a, respectively) 
corresponded to side chains of lignin and FA-derived structures (in the laccase-FA treated pulp) forming 
different inter-unit linkages and end-units (Fig. 2, structures A to I). Moreover, a comparison of the aliphatic 
region of the 2D-NMR spectra revealed that FA also incorporates to lignin (in the laccase-FA treated pulp) as the 
corresponding β-β' dilactone dimer (structure CL) with characteristic Cα-Hα and Cβ-Hβ correlations at δC/δH
82/5.7 and 48/4.2 ppm, respectively [9]. A semiquantitative estimation of the different (i) lignin (S, S' and G)
and etherified FA units and (ii) lignin (A to I) and FA dilactone side-chain structures, in the HSQC spectra of 
control (Fig. 2a and b) and laccase-FA treated (Fig. 2c and d) pulps is provided in Table 1.
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Figure 2. HSQC spectra of the lignins isolated from sisal pulp treated with laccase-FA and the respective control 
without enzyme. The aliphatic-oxygenated and aromatic regions of the control pulp are shown in a and b, 
respectively. The aliphatic-oxygenated and aromatic regions of the laccase-FA treated pulp are shown in c and d, 
respectively. Main substructures identified: (A) β-O-4' ether structure; (B) phenylcoumaran; (C) resinol; (CL)
FA dilactone; (F) spirodienone; (I) trans cinnamyl end-group; (FA) etherified trans ferulic acid; (G) guaiacyl 
unit; (S) syringyl unit; (S') Cα-oxidized syringyl unit.

Table 1. Quantification of main lignin structures and units, and FA-derived structures in 
control and laccase-FA treated sisal pulps, as estimated from HSQC spectra (Fig. 2).

Control pulp Treated pulp
Lignin substructures (%)1

   β-O-4' (A) 88 90
   Phenylcoumaran (B) 2 1
   Resinol (C) 4 3
   Spirodienone (F) 3 2
   Cinnamyl alcohol end-group (I) 3 3
Lignin units (%)2

   Syringyl units (S) 85 77
   Oxidized syringyl units (S') 3 6
   Guaiacyl units (G) 11 17
Ferulic structures/units (%)
   FA dilactone structures (CL)1 0 7.0 (4.52)
   Etherified ferulic acid units (FA)2 0 4.2
1Percentage of side-chains (A+B+C+F+I); 2Percentage of lignin (S+S'+G)
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The values obtained showed over 4% etherified FA referred to the lignin content in the lignin isolated from the 

laccase-FA treated pulp. Moreover, the aliphatic region of the spectrum of the lignin isolated from the laccase-

FA treated pulp revealed that a similar percentage of the lignin-linked FA (~4% referred to the lignin content 

estimated by NMR) is coupled to a second FA molecule forming a dilactone structure (CL in Fig. 2). Slight 

differences in lignin composition, in terms of S and G units were observed, including higher amounts of S' and G 

units and lower amounts of S units in the lignin from the laccase-FA treated sisal pulp. Concerning the different 

interunit linkages in sisal lignin, the percentage of side chains involved in β-O-4' linkages (88-90%), resinols (3-

4%), spirodienones (2-3%) and phenylcoumarans (1-2%)  were very similar in the treated and the control pulps, 

and the same happened for the cinnamyl end-groups (3%) (Table 1). 

IV. CONCLUSIONS 

Laccase is highly efficient in incorporating FA on high lignin sisal pulp, as shown by the increases of kappa 

number (11 points). Such modification confers new properties to pulps, and the aim of the present study was to 

elucidate the chemical linkages formed during FA biografting. Pyrolysis/TMAH demonstrated that FA in the 

pulp is linked by covalent bonds. 2D-NMR of the enzymatically isolated lignins confirmed that grafting is 

produced on the lignin component of the pulp. Moreover, information on the linkage types formed during 

laccase grafting of phenols onto pulp was provided by both the aromatic/unsaturated and aliphatic-oxygenated 

regions of the NMR spectra. While the former showed significant amounts of FA etherified (to lignin) at its C4 

position, the latter revealed formation of a similar amount of FA dilactone structures from coupling at the side 

chain level. Although minor modification of the lignin composition was observed after the laccase-FA treatment, 

we could conclude that biografting is the predominant modification during sisal pulp treatment with laccase-FA.  
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	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:
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	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.
	The operational values for the independent variables in the 15 experiments conducted are given in Table 1.
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