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Abstract

Oxidation of lignin obtained from Acetosolv pulping of sugarcane bagasse
was performed by polyphenoloxidase (PPO) using glycerol or poly-
ethyleneglycol to increase the number of carbonyl and hydroxyl groups in
lignin, and to improve its chelating capacity. Increase in the absorption in
UV-spectrum related to α-carbonylphenolic and α,β-unsaturated structures
was observed in all the experiments. The chelating properties of the original
and oxidized lignins were compared by monitoring the amount of Cu2+ bound
to lignin by gel permeation chromatography. The chelating capacity of origi-
nal Acetosolv lignin was 354 mg Cu2+/g lignin. On the other hand, lignin
oxidized with PPO/O2 showed an increase of 73% in chelating capacity in
relation to the original lignin. The chelating capacity of lignin oxidized with
PPO/O2/glycerol was 110% higher than that of the original lignin. Glycerol
stabilizes PPO, increasing its half-life. Average molecular weight (MW),
measured by size-exclusion chromatography, was smaller for the oxidized
lignins than for the original Acetosolv lignin. This result suggests that quino-
nes can eventually be formed through the action of PPO, but are not poly-
merized. The chelating capacity of oxidized lignins increases with the
incorporation of vicinal hydroxyl groups.

Index Entries: Oxidation of lignin; polyphenoloxidase; sugar cane bagasse;
Acetosolv; chelating agents.

Introduction

Chelating agents have been extensively studied with a view to
removing heavy metals from aqueous solutions (1,2). Substances with high
chelating capacity contain functional groups with high electronic density,
such as carbonyls, amines, thiols, hydroxyls and aromatic rings (3–5).
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Lignin, a very adequate substance for use as a chelating material, contains
various of these groups.

Sugarcane bagasse is a promising lignin source. In Brazil, there are
large sugarcane plantations and the principal products are sugar for ali-
mentary purposes and ethanol used as fuel and fuel additive for automo-
biles. The production of sugarcane bagasse is 5 × 106 to 10 × 106 ton/yr (6,7);
the largest part is burned for energy production and 10% of the sugarcane
bagasse remains as excess, which corresponds to 1.0 × 106 ton/yr (8). Lignin
can be easily obtained from the bagasse through separation techniques
(pulping and steam explosion, for example).

Enzymatic systems are promising in the oxidation of lignins. Poly-
phenoloxidases (PPO) catalyze the aerobic oxidation of monophenols
incorporating vicinal hydroxyls. Further oxidation of vicinal dihy-
droxyderivatives leads to o-quinones (9,10). PPO can oxidize lignin pro-
ducing cresols or quinone structures, increasing the number of chelating
groups in the lignin macromolecule. This oxidized lignin can be used in the
removal of metals present in industrial effluents (11). In this work lignin
obtained from Acetosolv pulping of sugarcane bagasse was oxidized with
comercial PPO to improve its chelating properties.

Materials and Methods

Enzymatic Oxidation of Bagasse Acetosolv Lignin
Acetosolv pulping of depithed sugarcane bagasse was carried out as

described by Benar (12). Lignin was isolated from the pulping liquor by
precipitation in water. The Acetosolv sugarcane bagasse lignin was oxidized
by polyphenoloxidase (PPO) [Sigma Phenolase EC 1.10.3.1 (0.88 µg/g
lignin)] in homogeneous phase, using O2 bubbled at 30 mL min–1, 30 mg of
lignin, and, in some experiments, 0.1% (m/v in respect to solvent volume)
of glycerol or polyethyleneglycol in 3 mL of phosphate buffer:dioxane
3:1 (v/v) at pH 6.6, 30°C for 4 h, without agitation. Oxidized lignin was
recovered after precipitation with HCl and analyzed by UV in the range of
200–400 nm in a Hitachi U-2001 spectrometer.

Chelating Capacity Determination
The chelated complexes were quantified using a glass column filled

with a suspension of Sephadex G-10 in the mobile phase (13). The mobile
phase was composed of 0.58 g NaCl, 1.21 g Tris-buffer (hydroxymethyl-
aminomethane), and 0.128 g of CuCl2·2H2O in 800 mL and the pH was
adjusted to 8.0. Samples were prepared with 17 mg of original or oxidized
lignins in 10 mL of a 0.04 mol L–1 NaOH aqueous solution. The solution or
filtrate (500 µL) was introduced into the top of the column. Samples were
collected during the elution of 1 mL every 2 min, added to a diethyldithio-
carbamate solution and the absorbance of the resulting complex was mea-
sured at 440 nm in an Hitachi U-2001 spectrometer. For the calibration
curve six standard Cu2+ solutions were used.
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Molecular Weight Distribution
The determination of molecular weight distribution of the lignins

was performed by size-exclusion chromatography using a glass column
filled with a suspension of Sephadex G-50. The mobile phase was NaOH
0.5 mol L–1 at 0.5 mL min–1. The samples (500 µL of 1 g L–1 lignin in NaOH
0.04 mol L–1) was introduced at the top of the column. Samples were
colected during the elution of 4.5 mL and the absorbance measured at 280
nm (λmax for lignin) in a CINTRA 20 spectrometer. For the calibration a set
of proteins was used: albumin 66 kDa; carbonic anhydrase 29 kDa; cyto-
chrome C 12.4 kDa, and aprotinin 6.5 kDa. Total exclusion volume (Vt)
was determined with blue dextran (1000 kDa) and total permeation vol-
ume (V0) with acetone. Elution volumes (Ve) were converted to Kd using
the relation Kd = (Ve – V0)/(Vt – V0).

Results and Discussion

The enzymatic system was effective for the oxidation of the Acetosolv
lignin, since in all the experiments an increase in the relative absorption at
280 nm (related to α-carbonylphenolic structures) was observed. This ab-
sorption increase was measured in relation to the band at 310 nm, corre-
sponding to α,β-unsaturatedstructures (Fig. 1). The yield of oxidized lignin
was higher than 80%, and only a small fraction of the lignin was lost as low-
molecular-weight compounds.

Similarly to the action on monophenols (9,10), the action of PPO should
increase the number of hydroxyl and carbonyl groups (as quinones) in
lignin, and improves its chelating properties (Table 1). Lignin oxidized

Fig. 1. UV-spectra of Acetosolv lignin (—) and oxidized lignins from Expt 2 (× × ×)
and from Expt 3 (-�-�-�-).
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with PPO/O2 showed a 73% increase in chelating capacity in relation to the
original lignin (Expt 2).

Enzyme denaturation, which results from small changes in the tem-
perature, pH, ionic strengh, pressure, and solvent nature of the medium, is
still a limiting factor for its application. Nevertheless, enzymatic stability
can be achieved, for example, by adding polyols to the medium as demon-
strated by Matsumoto et al. (14), and, as a consequence, enzymes have been
utilized in the analysis and production of chemicals. Polyols are the best
aqueous solvent for preventing denaturation and maintaining the native
conformation of the enzymes. Since the direct action of a polyol cannot be
detected, its effect was evaluated by the chelation power of the oxidized
lignin (Table 1).

Lignin oxidized with PPO/O2/glycerol had a chelating capacity 110%
higher than that of the original lignin (Expt 3), showing that glycerol stabi-
lized PPO and increased its half-life. Glycerol interacts more effectively
with the enzyme, which is maintained in its quaternary form (Fig. 2). The
high viscosity of the polyethyleneglycol is a barrier for the dissolution of
low-polarity compounds (15) and so there was no significant difference
between Expt 1 and 4 concerning the chelating capacity.

Table 1
Parameters and Results of the Enzymatic Oxidation

of Acetosolv Lignin with 0.88 µg PPO/mg Lignin

Experiment Oxygen Glycerol Polyethyleneglycol Chelating capacity
Number (mL min–1) (% m v –1) (% m v –1) (mg Cu2+/g lignin)

Original Acetosolv lignin 354

1 — 0.0 0.0 414
2 30 0.0 0.0 615
3 30 0.1 0.0 748
4 30 0.0 0.1 413

Fig. 2. (A) Denaturation of the enzyme in an organic solvent. (B) Schematic presen-
tation of the effect of the polyol on the stabilization of the enzyme.
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The chelating capacity of the oxidized lignin (Expt 1) in flask open in
the air was only 17% higher than that of the original lignin, showing the
influence of shaking and O2 concentration.

The distribution of molecular weight of original and oxidized lignins
is shown in Fig. 3. The Acetosolv lignin had a monomodal distribution and
the oxidized lignins showed bimodal profiles. Table 2 presents the weight-
average (MW) and number-average (MN) molecular weight and polydisper-
sity (D) values for the lignins.

The MW of oxidized lignins was smaller than the MW of the original
lignin, showing an inhibition of polymerization reactions. Lignin oxidized
by PPO/air (Expt 1) presented the smallest MW value, but the number of
polar groups incorporated in the lignin was not high, since its chelating
capacity was only 17% higher than that of the original Acetosolv lignin. An
opposite behavior was observed for lignin oxidized with PPO/O2/glycerol
(Expt 3), with high values of MW and chelating capacity.

The increase in MW values was also accompanied by an increase in
polydispersity and a closer evaluation of this analysis was performed with
the distribution of MW values fractioned in selected molecular weight ranges
(Table 3). Oxidized lignins showed a high fraction with MW <1000 Da, which
was not present in the original Acetosolv lignin. The original lignin was
probably hydrolyzed through clivages of β-O-4 ether bonds. More than
85% of the original Acetosolv lignin had MW between 2.0 × 103 and 10.0 × 103

Da. For the oxidized lignins this fraction corresponded to only 8–26%. The
increase in the fraction with MW higher than 2000 Da in the oxidized lignin
was correlated with the increase in chelating capacity of these lignins.

Fig. 3. Molecular weight distribution for the original Acetosolv and oxidized lignins.
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Actually, the property measured by size exclusion chromatography
is the hydrodynamic volume. Lignin has a globular structure, stabilized
by hydrogen bonds (16). This structure is distorted when hydroxyl groups
are introduced into the lignin, whose hydrodynamic volume increased as
a consequence. The enzyme was stabilized by glycerol, and its activity
was maintained for a longer time. More vicinal groups were incorporated
and so quinones could be also formed. The MW should have increased
with the quinone polymeryzation whereas the chelating capacity should
have decreased.

Conclusions

Glycerol improved the oxidation of sugarcane bagasse Acetosolv lig-
nin with PPO. The half-life of the enzyme increased and oxidized lignin
with 110% more chelating capacity was obtained. Lignin was also hydro-
lyzed by decreasing the fractions with high molecular weight. The higher
the MW values were the higher was the chelating capacity. Effectiveness of
the enzyme resulted in increased polar groups in the lignin, causing an
increase in the hydrodynamic volume and, as a consequence, an increase
in the measured MW.

Table 2
Average Molecular Weights and Polydispersity

of Original and Oxidized Lignins

Lignin MW (×103 Da) MN (×103 Da) D

Original Acetosolv 5.2 3.7 1.4
Expt 1 1.1 0.2 5.5
Expt 2 1.9 0.2 9.5
Expt 3 2.4 0.3 8.0
Expt 4 3.4 0.4 8.5

Table 3
Fractionation of Lignins in Selected Molecular Weight Ranges

Molecular weight range Original Expt 1 Expt 2 Expt 3
(Da) (%) (%) (%) (%)

<1000  0.0 77.9 65.6 53.5
1000–2000  5.8 10.9 14.7 11.9
2000–4000 40.8  5.6  7.1 14.7
4000–10,000 44.4  2.6  8.6 11.0
>10,000  9.1  2.9  4.0  6.1
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