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"Biological treatment of paper pulp effluents: the application of
ligninolytic white rot-fungi"

Martín, C; Fajardo, S.; Manzanares, P.
34 págs., 16 figrs. 19 refs.

Abstract

Biological treatments using white-rot fiíngi, based in their ability to degrade lignin, can constitute an
interesting approach to remove colour and toxic compounds usually contained in paper pulp effluents due to
the presence of recalcitrant lignin derived molecules.

In this vvork, strains A-137 and A-136 (IJFM collection, CIB-CSIC, Madrid) of Trámeles versicolor, a
ligninolytic white-rot fungus that have been frequently reported in relation to degradation of lignin, have been
used for decolorization studies of the stravv alkaline-pulping effluent from SAICA factory (Zaragoza, Spain).

From results obtained it can be concluded that decolorization percentages about 80% can be obtained in
4-6 days (for máximum initial colour effluent between 12,000 and 15,000 CU) and total phenolics content can
be reduced in about 90%. Mn-dependent peroxidase (about 20 IU/I) and high valúes of lacease activities (up to
700 IU/I) were produced, what may be of great interest to set up ligninolytic enzymes production processes
for industrial uses.

"Tratamiento biológico de efluentes de la industria papelera: aplicación
de hongos ligninolíticos"

Martín, C ; Fajardo, S.; Manzanares, P.
34 págs., 16 figrs. 19 refs.

Resumen

Los tratamientos biológicos con hongos ligninolíticos, basados en su capacidad de degradar lignina,
pueden ser un método interesante para la eliminación del color y los compuestos tóxicos que normalmente
contienen los efluentes de la industria papelera, debido a la presencia de moléculas recalcitrantes derivadas de
la lignina.

En este trabajo, se han utilizado las cepas A-137 y A-136 (colección IJFM, CIB-CSIC, Madrid) de
Trámeles versicolor, un hongo ligninolítico descrito frecuentemente en relación con la degradación de la lignina,
para estudiar la decoloración de efluentes, procedentes de la cocción alcalina de paja de cereal, de la industria
papelera SAICA (Zaragoza).

De los resultados obtenidos, se puede concluir la posibilidad de eliminar alrededor del 80% del color
inicial (para valores iniciales máximos en el efluente entre 12.000 y 15.000 unidades de color), así como reducir
el contenido en fenoles hasta en un 90% para tiempos de tratamiento entre 4 y 6 días. La producción
durante el proceso de elevados valores de lacasa (hasta 700 UI/I) y peroxidasa dependiente de Mn (alrededor
de 20 UI/I), puede ser de gran interés para la puesta a punto de métodos de obtención de enzimas ligninolíticas
a escala industrial.
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Biológica! treatment of paper puip eífluenís:
the application of ligninolytic white rot-fungi

SUMMARY

Biological treatments using white-rot fungí, based in their ability to degrade lignin,
can constitute an interesting approach to remove colour and toxic compounds usually
contained ¡n paper pulp effluents due to the presence of recalcitrant lignin derived
molecules.

In this work, strains A-137 and A-136 (IJFM collection, CIB-CSIC, Madrid) of
Trametes versicolor, a ligninolytic white-rot fungus that have been frequently reported in
relation to degradation of lignin, have been used for decolorization studies of the straw
alkaline-pulping effluent from SAICA factory (Zaragoza, Spain).

From results obtained it can be concluded that decolorization percentages about
80% can be obtained in 4-6 days (for máximum initial colour effluent between 12,000 and
15,000 CU) and total phenolics content can be reduced in about 90%. Mn-dependent
peroxidase (about 20 IU/I) and high valúes of lacease activities (up to 700 IU/I) were
produced, what may be of great ¡nterest to set up ligninolytic enzymes production
processes for industrial uses.

1. INTRODUCTION AND OBÜECTIVES

Effluents generated in the paper-pulp industry are causing concern because of the
high content of coloured lignin and chlorolignin-derived compounds which can cause
severe environmental damage. Future regulations will forcé paper making companies to
introduce changes in their manufacturing processes or in their effluents treatments to fit
the correspondent normatives. One of the problems that has not been solved until now is
the strong dark color of the effluents because of the elimination of lignin and its by-
produets during the bleaching phases or during cooking. This fact is more remarkable in
the production of cereal straw pulp whose effluents are not reeyeled by technical reasons.
Although different treatments such as anaerobio processes are being used to reduce the
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organic contení before discharge ¡nto receiving waters, the colour from the lignin derived
producís remains almosí unalíered by íhe depurative process.

A bioíechnological approach ío íhe eliminaíion of the color from these wastewaters
¡s íhe use of whiíe-roí fungí íreaímenís because of their capacity ío meíabolize both lignin
and its by-products. Alíhough several síudies have been carried ouí on fungal íreatment
of effluenís from wood pulping, much less is known abouí liquors generaíed from síraw
pulping technologies. Various species have shown the abiliíy to remove color from pulping
effluenís and, in particular, Phanerochaete chrysosporíum and Trametes versicolor have
been síudied in relaíion to decolorization processes (Chang eí al., 1987; Archibald eí al.,
1990; Eriksson ,1990; Terrón eí al., 1991, 1992).

The main objecíive of íhe work reporfed here, has been the study of the biological
decolorizaíion of síraw alkaline-pulping effluenís using ligninolyíic white-roí fungi, based
in íhe abiliíy of íhese microorganisms ío degrade lignin and lignin derived compounds
(Martín and Manzanares, 1994b). Effluenís from SAICA factory ¡n Zaragoza, which
produces various types of paper from soda cooking of wheaí síraw and wasíe paper, were
used. These effluenís correspond ío íhe final slep of differení anaerobio and aerobio
depuraíive meíhods carried ouí in íhe paper-pulp facíory.

The research work reported here ¡ncludes the study of the relaíionship beíween
changes in lignin chemical structures, decrease of íhe effluení colour, fungal meíabolism
and secreíion of ligninolyíic acíiviíies, during growth of T. versicolor, in order to
determine the conditions for opíimizaíion of íhe biological íreaímení of the effluents.

2. MATERIALS AND METHODS

2.1. Effluent characterization.
A preliminar/ characterization of five effluents produced ai differení síeps in the

SAICA factory was carried out. Parameíers analyzed in íhese effluenís included: pH,
colour uniís, conducíiviíy, íoíal and suspended solids, COD, caíions (Ca+2, Mg"2, Na+ y K+)
and anions (CT, NO3" and SO4

=), by síandard meíhods of waíer analysis. Daía obíained
from íhose parameiers, used as main indicaíors of íhe biological íransformaíions by fungal
íreaímenís, are shown in Table 1.



Tablei.
Characteristics of the final effluent used in the decolorization tests.

pH 8.5
Color 22,000 CU
Total solids 14.6 g I"1

COD 4.6 g I"1

Alkali-lignin 2.5 g I"1

Total phenols 890 mg I'1

Elemental analysis C: 20,9%
(on total solids) N: 1,1%

S: 1,0%

After some preliminary experiments using several effluents produced in the different
steps of the production process, final effluent obtained after anaerobic, aerobic and
decanting treatments, was selected to be used in biodecolorization assays.

2.2. Selection of microorganisms: set up of culture conditions.
First studies carried out in various fungal species selected from the IJFM (CIB-

CSIC Collection) for their ability to degrade lignin: {Phanerochaete chrysosporium IJFM
A-547, several strains of Trametes versicolor and Pleurotus eryngii IJFM A-169),
conducted to the selection of Trametes versicolor strains A-136 and A-137 for further
experimental work, since these strains presented suitable decolorization abilities in
preliminary experiments, both in solid and liquid media.

Trametes versicolor was maintained on malt-extract agar plates. As an initial step
of the decolorization experiments in liquid conditions with Trametes versicolor, and after
several preliminary assays, a two stage process, described in Figure 1, was selected for
the inoculum production which was used to obtain free biomass (as pellets), or immobilized
biomass (Martín and Manzanares, 1994a). In the first step of inoculum production, 500 mi
Erlenmeyer flasks containing 200 mi of sterile growth médium (10 g/litre glucose; 2 g/litre
ammonium tartrate; 1 g/litre MgSO4.H2O; 0,5 g/litre KCI; 1 g/litre yeast extract and 1
ml/litre of a solution containing 100 mg/litre Na2B4O7.10H2O, 10 mg/litre CuSO4.5H2O,
50 mg/litre FeSO4.7H2O, 10 mg/litre MnSO4.4H2O, 10 mg/litre NH4Mo04.4H20 and
70 mg/litre ZnSO4.7H2O) and four glass beads of 1 cm diameter were inoculated with



Agar malt plates
{Trámeles versicolor)

mycelium plugs

Flasks with 200 mi growth médium and several
plástic beads (30 eC, 200 rpm, 24 hours)
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Figure 1. Scheme of the process to produce the inocula
of T. versicolor.
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several agar plugs from a 7-day-old agar píate. After 24 h ¡ncubation in an orbital shaker
at 30°C and 180 rev/min, the médium was filtered through a sterile net, an 15 mi of the
fíltrate was used as ¡noculum for the production of free or immobilized biomass (2nd. step).

Immobilization was carried out in Erlenmeyer flasks equipped with a system
designed to provide a supporting surface formed from foam or plástic nets of different
mesh sizes (a plástic net of 18-mesh screen was finally selected according to the results
obtained). A glass rod fixed through the silicone cap was used to fasten a circular piece
of the plástic material (9 cm diameter). This plástic surface was placed 2 mm under the
liquid level, which allowed the supported biomass to grow at the air-liquid interface (the
scheme of the system designed is shown in Figure 2). When grown as pellets, the biomass
remained submerged in the médium. In both cases, after 4 days of growth, the médium
was removed and substituted by the industrial effiuent, or the biomass harvested and used
as preinoculum for bioreactor assays.

As experiments were going on, a specific technique for conservation of these
fungal strains was evaluated, since some lost of activity after successive transferences of
the fungal biomass from solid to solid and solid to liquid media for the ¡noculum production
was observed. It included the periodical maintenance of fungal biomass in solid media
containing sawdust of different wood sources. The positive effect of these seeding
techniques on the ligninolytic activity of fungal strains was assessed and verified and
finally included in the standard methodology employed for strains conservation.

2.3. Decolorization assays.
2.3.1. Solid médium assays. For solid media decolorization experiments, strains

were inoculated on Petri dishes in which the effiuent had been solidified with malt extract
agar. The ability of fungi to produce haloes of decolorization was proved and evaluated.
This methodology was used as criterion for the selection of the strains above mentioned.
Although the adaptation of the fungi to grow in the effiuent was also tried through
periodical transfers of the mycelia to the agar solidified effiuent, no significative results
were obtained.

2.3.2. Flaskconditions. Experiments were carried out in 500 mi Erlenmeyer flasks
using free and immobilized biomass of Trametes versicolor. The effect of some variables
as agitation, pH, temperature and organic and mineral suppiementation on the ability to
decolorize the effiuent was evaluated. In all the experiments flasks were shaken (180 rpm)
at 30°C and flushed with sterile air at a rate of 1ml/min per mi of operating volume.



1. Air ¡nlet
2. Sample outlet
3. Silicone cap
4. Plástic net

Figure 2. Scheme of the system designed to grow immobilized biomass.



The final effluent was centrifuged at 10,000 rpm for 15 min and the supematant
adjusted to pH 5.5 prior to its utiüzation.

The colour of the effluent was measured periodically at 465 nm, after pH adjustment
to 7.6 and filtration through an 0.8 um filter (Millipore). Readings were converted to colour
units (CU) using a Pt-Co standard (NCASI, 1971). Controls in which no fungal biomass
was present were included to detect possible changes in absorbance at 465 nm. Glucose
consumption was monitored by HPLC (refractive index detector, BioRad Aminex HPX-87P
300 X 78 mm2 column, water as eluent and 0.6 ml/min flow rate).

2.3.3. Bioreactors. Different types of bioreactors were employed to establish the
óptima conditions for colour removal of the effluent. First experiments were carried out in
an air-lift reactor under conditions of pH control, and using as inoculum pellets previously
grown in mycological broth. The air-lift type reactor was selected because allows a
complete agitation of the médium without shearing forces which could disturb the fungal
growth in pellets and origínate a diffuse growth of the mycelium. Stirred tank reactors of
1, 2 and 15 litres were also assayed.

Óptima conditions selected for bioreactor experiments were the following: pH
interval 4.5-5.5, temperature 28°C-30°C, inoculum 400-450 mg dry matter/litre, continuous
aeration of 1 ml/min per mi of operating volume and sugar addition of 3 g/l initially and 1
g/l daily from the third day. Nitrogen addition was shown not to be necessary (initial C/N
in the effluent: 20).

In all experiments, the following parameters were evaluated in relation to the
decolorization process: colour, aromatic compounds, phenolics, sugar consumption and
alkali-lignin contení.

2.3.4. Enzyme production in the decolorization media. In order to study the
metabolic pathways that take part in the decolorization process, the reléase into the
médium of ligninolytic enzymes was evaluated both in flask and bioreactor experiments.
In all cases, high amounts of lacease activity, measured using ABTS as substrate, were
found. Also manganese peroxidase activity was detected using phenol red as substrate,
only when manganese was added to the médium as manganese sulphate (Manzanares
et al., 1994b). No other enzymes, such as lignin peroxidase, were detected during
decolorization process.
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3. RESULTS AND DISCUSSION

3.1. Flask assays.
Experiments in flasks conditions using immobilized biomass (Terrón et al., 1991,

Terrón et al., 1992, Martín and Manzanares, 1994a, Martín et al., 1994a,) showed that the
best results were obtained when effluent was supplemented with 10 g/l glucose as carbón
source and the biomass was immobilized on plástic nets as described ¡n Material and
Methods Section, where a high growth and colour removal yield (about 80% in four days)
were obtained. The presence of a carbón source, preferably glucose, was found absolutely
necessary for growing the fungal biomass on the effluent and therefore for its
decolorization. Static cultures were eliminated from the first studies due to the poor growth
of the fungus and the low efficiency of decolorization. When agitated, a greater loss of
colour was always observed with the immobilized biomass than with pellets.The deficient
oxygenation of the mycelium when pelleted biomass remained submerged in the médium
could be a decisive factor in influencing fungal growth and decolourization metabolism.
This fact suggest that operative conditions that would allow better oxygen diffusion into the
decoiourization médium when pellets are used could be worthwhile. Figure 3a shows the
differences obtained in colour removal when biomass was used as pellets or immobilized
and glucose was or not added to the effluent. Results in Figure 3b show the time course
of the decolorization by Trámeles versicolor using different carbón sources. Figure 4
shows the evolution of the decolorization together to the glucose consumption an the pH
when glucose is added to the effluent at 10 grams per litre an biomass is used immobilized
on a plástic net of 18 mesh screen.

No significant differences were observed ¡n the glucose metabolism rates when
effluent was supplemented with nutrients in addition to glucose (Figure 5) although the pH
reached lower valúes with glucose alone, when máximum decolorization was obtained.
Under these conditions, after 4 days of treatment, 80% of the glucose initially added to the
médium was consumed and the colour reduced by 70%. Thereafter a slow rate of
decolourization was observed, attaining a reduction of 90% of the initial colour after 14
days treatment. When additional nutrients were added to the médium, loss of colour
followed a different pattern, reaching a valué of 60% towards the end of the experiment
(day 16). It was observed that the loss of effluent colour continued after all the glucose was
completely consumed (day 8 and day 7 for glucose and glucose plus nutrients
supplemented effluents, respectively).
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Figure 3a. Colour removal from a straw soda pulping effiuent by T.versicolor. Effiuent with
10 g/l glucose (+) or alone (-). Initial colour, 10,000 CU.

% colour removal

o/ " •
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Figure 3b. Colour removal from a straw soda-pulping effiuent by immobilized biomass of
T.versicolor. Effiuent supplemented with 2 g/l, 5 g/l or 10 g/l of glucose, 5 g/l of maltose
and 4 g/l of CMC. Initial colour 10,000 CU.
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Figure 4. Colour removal (CR) and residual glucose (RG), as percentages of the initiai
valué, and pH evolution, during decolorization of a straw soda-pulping effluent
(supplemented with 10 g/l glucose) by immobilized T.versicolor. Initiai colour, 10,000 CU.
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Figure 5. Colour removal (CR) and residual glucose (RG), as percentages of the initiai
valué, and pH evolution during decolorization of a straw soda-pulping effluent by
immobilized T.versicolor. Effluent supplemented with glucose, 10 g/l plus nutrients of the
growth médium. Initiai colour, 10,000 CU.
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A considerable proportion of the colour loss could be attributed, however, to
adsorption rather than degradation.

It was also tested the ability of the supported biomass to carry out successive cycles
of decolorization (up to three) with a high extent of decolorization in every cycle. Figure
6 shows the results obtained during three consecutive decolourization experiments in
which médium was removed at the end of each cycle and replaced by fresh médium
supplemented with 10 grams per litre of glucose as carbón source.
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Figure 6. Colour removal (CR) and glucose consumption (GC) during three consecutive
decolourization cycles of a straw soda-pulping effluent by immobilized T.versicolor.
Effluent supplemented with glucose, 10 g/l. Initial colour, 10,000 CU.

It can be observed that glucose is completely depleted about four days after the
beginning of each run and a decolorization percentage about 80% obtained at the end of
each cycle (seven days). Nevertheless, the study of fungal biomass attached to the plástic
support revealed an important degree of colour retention by the biological matrix
constituted by the fungal biomass and the mucilaginous substances secreted which
indicates a phase change of the coloured substances. It was observed a simultaneous
decrease of the pH along the decolorization assays, probably due to the synthesis of
organic acids, that may explain that phenomenon. The decrease of the pH by the fungal
metabolism can lead to the precipitation of lignin in the acidic environment giving rise to
a subsequent adsorption of the coloured lignin molecules on to the fungal biomass. Colour
adsorption was evaluated by washing with NaOH 0.1 N the mycelial mass, reaching valúes
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about 60% of the initial colour. These data indícate a real percentage of decolorization not
higher than 30% (Manzanares et al., 1992b). Figure 7 shows the evolution of colour, as
colour removed from the médium and colour retained in the biological matrix during
treatment of effluents with Trametes versicolor.

- - • = 1I 0 0 - '

8 0 - '

6 0 - "

40 •'

0 ^oa_j=i
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( % ) = A C ( % ) T C (%)

Figure 7. Residual colour in the effluent (RC), recovery of the colour adsorbed on to the
immobilized biomass (AC) and total residual colour (TC), as percentages of the initial
colour, during decolourization of a straw soda-pulping effluent by immobilized T.versicolor.
Effluents supplemented with glucose 10 g/l. Initial colour, 10,000 CU.

Decolorization assays in flask conditions using free biomass as pellets resulted in
loweryields than that obtained in immobilization conditions as described previously. It was
observed that the pH decrease had a negative effect on the growth of the pellets and the
colour removal achieved under these culture conditions. The addition of different buffering
substances was tested, and 100 mM succinic acid was selected as the most adequate to
maintain the pH valué almost constant along the experiments. Experiments using different
nitrogen sources did not show significant differences in relation to the extemal addition of
nitrogen in the decolorization médium (Martin and Manzanares, 1994a). Although
nitrogen limitation has been reported as an important factor in inducing ligninolytic
activity and ligninase production in several white rot species, different results were found
when the regulation by nitrogen of the decolourization of pulping effluents was studied.
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So while Chang et al. (1987) found a remarkable increase in the decolourization rate with
Phanerochaete chrysospoñum on the addition of a small amount of nutrient nitrogen
(about 20-30% of the growth médium nitrogen), Archibald et al. (1990) found that
decolorization of kraft effiuents by Trametes versicolor was not significantly depressed or
stimulated by the presence of nitrogenous substances. In the present work, an additional
experiment in which the nitrogen supply was eliminated from the chemical supplement
formulation of the complete médium was carried out in order to evalúate possible effects
on the decolourization process. In this case (Figure 8), the colour evolution profile as well
as the final decolourization valúes were similar to those observed in effiuents
supplemented with glucose alone (Figure 4). However, to attain the máximum percentage
of colour removal (about 75%) a longer time was required (14 days). No significant
differences in the glucose consumption pattem compared with the other supplementation
schemes were observed.

These results seem to confirm that the addition of nitrogen (at the concentration
employed heró) has a detrimental effect on the decolourization by T. versicolor.
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Figure 8. Colour removal (CR) and residual glucose (RG), as percentages of the initial
valué, and pH evolution during decolorization of a straw soda-pulping effluent by
immobilized Trametes versicolor. Effluent supplemmented as in Fig. 5, but excluding
nitrogen supply. Initial colour 10,000 CU.
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3.2. Bioreactor assays

Several preliminary assays ¡n laboratory bioreactors revealed an enhancement in
the decolorization yield as compared to thaí of free biomass in flask conditions. It
suggested that the aeration conditions in flask experiments were not óptima for the growth
of pellets and decolorization process, so further assays with free biomass were achieved
in small scale reactors. In air-lift experiments and after some preliminary runs, a pattern
of continuous addition of glucose, by which sugar concentration in the decolorization
médium was maintained at low levéis, was selected. These studies were carried out in
cooperation with the Department of Technical Chemistry of the Universidad de Alcalá de
Henares (Langfelder et al., 1993, Manzanares et al., 1992a, Martin et al., 1993b).
Operational parameters in stirred tank fermenters of 1, 2 (Martín et al., 1993a, Manzanares
et al., 1994a, Manzanares et al., 1994c) and 15 litres were also evaluated.

Bioreactors experiments, both in air-lift and stirred tanks, gave very promising
results for further applications in biodecolorization processes. Experiments with different
carbón sources revealed that glucose and xylose were the most efficient ones and that
similar amounts of either sugars were necessary to achieve comparable decolorization
yields (Martín et al., 1994b).

Results showed that decolorization percentages about 80% can be obtained in 4-6
days for effluents with máximum initial colour between 12,000 and 15,000 CU. Phenolics
content can be reduced in about 90% and aromatic compounds in about 50%. Alkali
soluble lignin content decreases from about 2-2.5 g/l to about 0.5 g/l, as an average valué
for the different decolorization assays. The analysis of some alkali-lignins from treated
effluents by pyrolysis and gas chromatography showed certain modifications as
considerable decrease of the relative amount of lignin pyrolysis producís and of the
syringil/guayacil ratio, and evidenced some oxidation rate of the C3-alkyl chain in lignin
units (Terrón et al., 1993).

Taking into account that an additional carbón source has been demonstrated to be
necessary for growing the fungus on the pulp effluent, some test were made at bioreactor
scale trying to reduce the amount of external glucose needed. After different addition
pattems assays, it was concluded that an initial glucose concentration of 2-3 g/l followed
by periodical addition (usually of 1 g/l/d) results in the best pattern to maintain enough
glucose ¡n the médium to support fungus growth without creating an excess of carbón
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source, which can be deviated to the exopolysaccharides production with the consequent
loss in the process efficiency and the additional drawbacks of ¡ncreasing the viscosity and
decreasing the oxygen transfer rate into the médium. The results obtained using an initial
concentration of 3 g/l as the solé glucose supply were compared with those obtained when
a low glucose level was maintained through experimentation by periodical addition of
glucose. In this step, the effect of pulses of puré oxygen that were previously found to be
effective in flasks assays was also evaluated. In the case of bioreactor experiments, the
difference between air supply and oxygen pulses was not significative. This fact can be
related to the better degree of aeration in the case of fermenter which is not ¡mproved by
periodical oxygen pulses as ¡s in the case of flasks where the aeration system efficiency
is iower.

Fig 9a and 9b show the results achieved forthe treatment of effiuents in a 1.5 litres
bioreactor. In the first case, the addition of a carbón source in the form of glucose was
made only at the beginning of the experiment and in a quantity of 3 grams per litre of
effluent. The results achieved show some differences in the decolorization pattern through
the effects of glucose supplementation. It can be seen that, up to the 2nd day, the
evolution in the loss of colour is more or less similar in both cases (about 15% at the
second day). From then on and coinciding with the depletion of the initial carbón source
and the beginning of the automatic feeding, there is a quite different profile in the
elimination of colour. It finally achieves a valué of 35%(on initial colour) after 9 d of
treatment in the case of a solé initial addition of glucose, against a valué of 70%, at the
same time, for the continuous feeding model.

Evolution of phenols degradation was very similar for both types of glucose addition.
In the case of the initial feeding of glucose, the proportion of phenols removal achieves
80% after 9 days of treatment, against 90% in the case of continuous feeding.

The study of enzymatic activities related to the lignin metabolism, produced during
the treatment of effiuents in bioreactors shows the appearance of significant levéis of
phenol oxidase (lacease) and manganese-dependent peroxidase activities. No LiP activity
was detected. For the two glucose feeding pattems an early secretion of lacease is
observed which achieves higher valúes than 500 IU per litre (on average) by the 3rd day.
The profile of lacease activity up to the 9th day, when the solé initial addition experiment
comes to an end, it is very similar in both cases and coincides with the evolution of the
reduction of phenols. In other experiments, not shown here, significant reductions of colour
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Figure 9. Colour and phenols content reduction, and evolution of both lacease and Mn
peroxidase activities, along the treatment with Trametes versicolor of effluent
supplemented with (a) 3 g/l glucose, (b) 3 g/l glucose plus 1 g/l daily from the 3rd day
onwards (1,5 laboratory bioreactor).

were not found although high phenol oxidases activities, about 300 IU per litre, together
with high reductions of total phenolic groups of about 70% were detected. All these data
seem to indícate that the presence of lacease is not a determining factor, by itself, of the
evolution of the decolorization process by Trametes versicolor, because the high lacease
activities produced are not always linked to high decolorization results.

In relation to manganese-dependent peroxidase activity, as can be seen in Fig. 9a
and b, it is detected from the second day of treatment, and achieves valúes of about 15
IU per litre in the case of initial feeding and valúes higher than 20 IU per litre in the case
of a continuous feeding. In the former, the activity becomes practically zero towards the
end of the experiment (9 day), while in the last case high activity valúes are kept even after
18 days.
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Consecutive peaks of activity detected ¡n some cases, mainly for phenol oxidase
activity, can indícate the appearance of a different enzymatic species related among them.

Results of experiments carried out in 15 I bioreactor revealed high efficiencies of
colour and phenolics removal that suggest good forecasts forthe possible scaling up of
this process. Figure 10 shows the results obtained in 15 litres fermenter using an initial
supplementation of 10 gram per litre. When an initial amount of 3 grams per litre and
periodical additions of 1 gram per litre was used as carbón supplementation pattern, a
near 70% decolorization was obtained after 6 days which again indicates the improvement
obtained by a continuous glucose supplementation.
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Figure 10. Colour, phenols and aromatics removal and lacease and Mn peroxidase
activities during treatment with Trametes versicolora a 15 I bioreactor.

As can be seen in Fig 10, Mn peroxidase and very high valúes of lacease activities
were obtained in 15 I bioreactor assays. The fact that both enzymatic activity levéis
maintained stable during a long period of time may be of great t up ligninolytic enzymes
production processes in bioreactor conditions .
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It is important to remark that through ail the experimentation using different supplies
of SAICA effluent, some assays gave not good results in terms of fungal growth and
decolorization, probably due to some variations in the effluent composition that may
involve the presence of some toxic compounds, including high contení of phenolic groups,
so a considerable number of assays have been necessary to verify the average results
shown above.

3.3. Ligninolytic activities

With the aim of studying the metabolic pathways that take part in the decolorization
process, the reléase into the médium of ligninolytic activities was evaluated both in flasks
and in bioreactor experiments (some results already discussed). In all cases, high amounts
of lacease, measured using ABTS as substrate, were found. Also manganese peroxidase
was detected using phenol red as substrate, only when manganese was added to the
médium as manganese sulphate (Manzanares et al. 1994b). No other enzymes as lignin
peroxidase were detected during decolorization process.

Máximum lacease activity valúes were obtained using highly coloured effluents
which also had high phenolics contení (Martín et al., 1994b). Nevertheless, it has noí been
possible to establish a clear relaíionship beíween íhe lacease acíiviíy profile and the colour
removal evoluíion íhrough íhe assays. Mn-dependení peroxidase acíiviíies obtained were
about 20 IU/I when manganese sulphate was added ío íhe effluent. In this case, íhese
valúes do noí differ subsíaníially from íhaí obíained in syníheíic media. In íhe case of Mn
peroxidase, ñor an inducíive effecí of phenolic compounds in íhe activity could be
esíablished, neiíher a relaíionship between this enzyme and íhe increase of decolorizaíion
could be found.

In order ío esíablish íhe inducíive effect of íhe lignin derived compounds presení
in íhe effluenís on íhe enzymatic acíiviíies level, íhe influence of íhe effluent concentraíion
in íhe producíion of lacease and Mn peroxidase, as well as in íhe evoluíion of colour,
glucose consumpíion and phenolics coníení was studied using effluent dilutions in waíer
ai 30%, 60% and 100% (iniíial colour valúes of 6,600, 13,000 and 22,000 CU respecíively)
supplemeníed wiíh 10 grams per litre of glucose and the components of íhe basal médium.
Resulís of colour evoluíion and phenols removal during 9 days íreaímení are shown in
Figure 11 . The highesi colour removal, expressed as perceníage referring ío íhe iniíial
colour in each case, corresponded ío íhe greaíer diluíion of íhe effluení and íhe lowesí
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Figure 11. Colour and phenols contení reduction along the treatment with Trametes
versicolor oí effiuent at 30%, 60% and 100% in water (¡nitial colour valúes of 6,600, 13,000
and 22,000 CU, respectively), supplemented with 10 g/l glucose and the components of
the basal médium.

decolorization ratio was that of the undiluted effiuent. After 9 days, decolorization
percentages for the complete effiuent and for 60% and 30% diluted effiuents, achieved
valúes of 21%, 34% and 65% respectively. Nevertheless, when these data are referred to
the corresponding initial colour valúes, namely 22,000, 13,000 and 6,600 CU respectively,
it can be seen that the colour reduction range is between 4,300-4,400 CU in all three
cases. This indicates that a fixed amount of colour is removable under these conditions
and ¡s not dependent on the initial colour levéis. In the case of the phenols contení, at íhe
end of íhe experimení, valúes abouí 90% phenols removal were obíained iníheíhree
cases síudied. The profiles of glucose consumption are represented in Figure 12 . As can
be observed, a much more slow profile was obtained in the basal médium , where the
complete depletion of íhe carbón source does noí occur until íhe 8íh day, while in íhe case
of íhe assays wiíh effiuent, both compleíe or diluíed, glucose was depleíed beíween íhe
3rd and íhe 5íh day depending on íhe case. The fasíesí consumpíion corresponds ío íhaí
of íhe undiluted effiuent assay.
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Figure 12. Glucose consumption in basal médium and effiuent diluted in water at 30%,
60% and 100% (supplemented with the components of the basal médium) during the
treatment with Trámeles versicolor. Initial glucose concentration: 10 g/l.

The production of lacease which had been observed to be stimulated by the
presence of the phenolic compounds from the effiuent, was evaluated in this case
comparing the basal médium and the three different effiuent dilutions. The evolution of
this enzyme measured as phenol oxidase activity on ABTS ¡s shown ¡n Figure 13. It can
be seen that the activity of this enzyme is greatly increased as the effiuent concentration
in the media becomes higher; máximum valúes achieved in the case of undiluted effiuent,
about 700 ¡ntemational units (IU) per litre by the 10th day, are 12-times higher than the
máximum activity found in the case of a basal médium (about 50 IU per litre between the
2nd and the 3rd day of growth). It can be also observed that, in addition to a first activity
peak on the 2nd or 3rd treatment day (¡n the case of 60% effiuent concentration and more
clearly ¡n the case of the undiluted effiuent), there is a second activity peak which is higher
than the first one, and which reaches its máximum level by days 14 and 10 respectively.
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Figure 13. Production of lacease activity by Trámeles versicolor depending on the
concentration of effiuent in the culture médium. The basal growth médium was used as
control. The final media were supplemented with glucose 10 g/l and the components of the
basal médium.

These peaks, which could correspond to the production of a second enzyme, are
not related to the presence of phenolic groups in the médium, as might be thought in the
case of the first activity peak, since the phenols content determined by the above-
mentioned methodology, decreases (Fig. 11) down to valúes of about 10% of the initial
content by the 9th day. As glucose is completely depleted between days 3 to 5 (Fig. 12),
it could be thought that an increased enzyme activity in this last stage of the process could
be related to the utilization of some effiuent compounds as a new carbón source. From
Figure 14 , where the valúes for lacease activity, decolorization and reduction of phenols
at the end of the treatment are jointly represented, the enhancing effect of the effiuent
concentration on the enzymatic activity and the decolorization (expressed as percentages
on initial colour levéis) can be clearly observed.
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Figure 14. Colour and phenols contení reduction (% DEC and % PHR, respectively) and
lacease activity (LAC) in basal médium and effluent diluted al 30%, 60% and 100% in
water (supplejnented with glucose 10 g/l and the components of the basal médium) after
a 10 days treatment with Trametes versicolor.

Manganese dependent peroxidase activity was only detected when Mn was added
to the cultures. After some preliminar/ tests with different Mn concentrations, the addition
of 23 ppm manganese in the form of manganese sulphate was selected for the studies of
this enzymatic activity. When using basal médium (Figure 15), the enzymatic production
was detected after 24 h, and the highest activity reached by the 2nd day was kept more
or less constant (about 20 I U/i) until the 8th day. In the case of different effluent
concentrations, a delay in the appearance of peroxidase activity (48 h after the beginning
of the experiment) was observed in the three cases studied. This fact was more evident
in the case of the assays with undiluted effluent. The activity, which peaks between the 7th
and 8th days depending on the case, reached for both dilutions employed valúes of about
25 lU/ml. It can also be observed that a higher concentration of effluent corresponds to a
faster decrease in the activity from the máximum reached in each case.
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Figure 15. Production of Mn peroxidase activity by Trametes versicolor in relation to the
concentration of effiuent in the culture médium. The growth basal médium is used as
control. The final media were supplemented with 10 g/l glucose and the components of the
basal médium.
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