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Scaling up and kinetic model validation of Direct Black 22

degradation by immobilized Penicillium chrysogenum

Ignacio Durruty, Jorge Froilán González and Erika Alejandra Wolski
ABSTRACT
This research was undertaken to develop tools that facilitate the industrial application of an

immobilized loofah–fungi system to degrade Direct Black 22 (DB22) azo dye. In laboratory-scale tests,

the DB22, and loofah as support, were used. Assays without loofah were used as a free-cells

control. The use of natural carriers to facilitate adhesion and growth of the fungi has shown favorable

results. The degradation rate of immobilized cells increased twice as compared to free-cells control.

At day 5 the decolorization was almost complete, while without loofah the total decolorization

took more than 10 days. After 10 days, the extent of growth was nine times higher for the

immobilized assays in comparison with the control flask. In subsequent experiments decolorization

of DB22 was proven in a bench-scale reactor. A previously developed kinetic model was validated

during the process. The model validation over free-cells assays gives an average normalized root

mean squared error (ANRMSE) of 0.1659. Recalibration steps allowed prediction of the degradation

with immobilized cells, resulting in an ANRMSE of 0.1891. A new calibration of the model during the

scaling-up process yielded an ANRMSE of 0.1136 for DB22. The results presented encourage the use

of this modeling tool in industrial scale facilities.
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INTRODUCTION
The textile industry is very relevant to the economic activity
in Mar del Plata, Argentina. However, it produces a waste-

water very difficult to treat, with an intense color, high
pH, high salinity and high chemical oxygen demand
(COD) due to the presence of azo dyes used for dyeing

(Firmino et al. ; Sen et al. ). In Mar del Plata 32%
of industrial wastes are dyes and solvents from the textile
industry. Furthermore, seawater pollution has been detected

as a consequence of illegal dumping of dyes over pluvial
collectors from a dying facility (Anon ). There are regu-
lations regarding the color limits in effluents, which vary in
different countries. Even though the law regulating the

wastewater discharges in Mar del Plata city (Law n�5965/
1958, Buenos Aires Province) established the limits for sev-
eral physicochemical parameters, it did not define any

criteria for the color of the effluents or the presence of azo
dyes, which results in an environmental risk.

Due to the textile wastewater complexity and chemical

stability, several physicochemical treatment methods have
been developed including coagulation, precipitation,
activated carbon adsorption, filtration and oxidation. How-
ever, these traditional methods are expensive and usually

not at all effective (Singh ; Sen et al. ). The fungal
biological treatment has been found an attractive alternative
since it is low-cost and effective (Rodríguez Couto ;

Solís et al. ; Krastanov et al. ; Sen et al. ). Fur-
thermore, the total mineralization can be achieved (Solís
et al. ; Balapure et al. ). In addition, immobilized

fungal cells have several advantages over free-growing
cells. The immobilized preparations contain a higher con-
centration of biomass and have greater operational
stability (Krastanov et al. ). Immobilized cell systems

facilitate the separation of cells from the liquid medium.
This leads to the possibility of biomass reuse and simplifies
the operation of both the continuous culture and the sub-

sequent downstream processes. Cell immobilization also
decreases the apparent broth viscosity and makes the rheo-
logical features more favorable for oxygen supply and mass

transfer. In addition, immobilized cultures tend to have a
higher level of activity and are more resilient to
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Figure 1 | Chemical structure of Direct Black 22 (DB22).
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environmental perturbations such as pH or exposure to

toxic chemical concentrations than suspension cultures.
Finally, immobilization protects the cells from shear (Rodrí-
guez Couto & Toca-Herrera ; Rodríguez Couto ).

Several immobilization beads and biosorbents have been
used but, due to their closed embedding structures, the
immobilization matrices based on polymeric gels usually
have the inconvenience of restricted diffusion of reactants

and degradation products (Vijayaraghavan & Yun ). A
valid alternative is the use of a structural fibrous network
like that of loofah sponge, which overcomes this problem,

becoming therefore an attractive possibility in the treatment
of industrial wastewaters (Iqbal & Saeed ; Saudagar
et al. ). The immobilization matrix provided by the

fibrous network of loofah sponge has extensive surface
area, depressions and cavities making it ideally suited to
allow microbial growth and prevent diffusive problems
(Iqbal & Saeed ; Rodríguez Couto ).

Among dye degradation by fungi, themost widely studied
are the ligninolytic fungi or white rot fungi (WRF) (Solís et al.
). However white rot fungi have two major limiting fac-

tors that hinder their applicability in the industry, namely:
they require a lignocellulosic substrate and many species
have slow growth kinetics (Saroj et al. ), which

encourages the study of other kinds of fungi (Saroj et al.
; Durruty et al. ). Furthermore, the use of carriers
has demonstrated good results on azo-dye decolorization

using WRF (Rodríguez Couto ; Krastanov et al. )
but has not been investigated so far on non-WRF (Rodríguez
Couto ; Solís et al. ) and this work represents the very
first report on such use. Filamentous fungi have a natural ten-

dency to adhere to surfaces and, in this way, become
immobilized (Rodríguez Couto & Toca-Herrera ; Rodrí-
guez Couto ).

Most of the research studies on dye degradation are con-
ducted at Erlenmeyer flask scale (Rodríguez Couto ;
Singh et al. ). Nevertheless, before an industrial appli-

cation can be implemented, fungal bioreactors which can
be operated under industrial conditions must be developed
(Donati & Paludetto ; Blánquez et al. ; Anastasi

et al. ). Many works studied the treatment of textile
wastewaters in different reactor systems (Lourenco et al.
; Santos & Boaventura ; Jegatheesan et al. ).
These studies are critical to allow the scaling up from the

laboratory to the pilot plant (Anastasi et al. ; Zhang &
He ). During the scaling-up process, experiments
should be followed by a sound statistical and mathematical

modeling analysis in order to demonstrate and improve
the applicability (Donati & Paludetto ). The validation
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of the kinetics models on different conditions or during scal-

ing up is of paramount importance since the model could fit
adequately the data that have been used for fitting identifi-
cation, but could perform poorly with new incoming data

(Donoso-Bravo et al. ).
In this work, the main objective was to study loofah-

immobilized fungi systems for the azo-compound degradation
by Penicillium chrysogenum at laboratory scale and at bench

scale, as a first step of scaling up. Finally the cross-validation
of a previous developed kinetic model was performed.
MATERIALS AND METHODS

Azo dye

In engineering science it is customary to design for the worst
case scenario. Since DB22 showed longer decolorization

times among the previously tested dyes (Durruty et al. ),
it was selected in this work to develop industrial application
tools (scaling-up process, model validation and immobiliz-

ation). Figure 1 shows the chemical structure of Direct
Black 22 (DB22). The dye has a complex chemical structure,
is one of the most common dyes used in the textile industry
and its degradation by P. chrysogenum has already been

proven (Durruty et al. ). In addition kinetic parameters
of the proposed model are available for this dye (Durruty
et al. ). The azo dyewas kindly provided byGabriela Fior-

amonti, manager of Gama S. A. (Mar del Plata, Argentina).

Microorganism

A P. chrysogenum ERK 1 isolate (GenBank, accession num-
bers HQ336382 and HQ336383) was maintained in potato
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dextrose agar (PDA, Gibco) at room temperature for 14

days. This fungus was isolated from commercial crop soils
from Balcarce, Buenos Aires province, Argentina, as
described by Wolski et al. (a).

Inocula

As was described by Durruty et al. (), the fungus was

inoculated directly from the PDA plate into 150 mL of
liquid mineral salt (LMS) medium with 200 mg/L of azo
dye, which had been previously sterilized. The composition

of LMS medium was glucose 9 g/L, MgSO4·7H2O 0.1 g/L,
K2HPO4 1 g/L, NH4NO3 1 g/L, KCl 0.1 g/L and 25 μL
of trace elements solution (in mg/L: MnSO4 15.4,

FeCl3 40, ZnSO4·7H2O 6.3, CuSO4·5H2O 2.5, (NH4)6·
MO7·O24·4H2O 0.5). The fungus was grown for 8 days and
filtered. This is the time during which the fungus grows
actively. It was incubated in darkness at room temperature

with orbital shaking at 120 rpm. The filtered conidia solution
was used as inoculum in the decolorization assays. Inocula
substrate ratio (ISR) was defined as the volumetric relation

between the conidia solution and the final volume.

Immobilization

The fungus was immobilized by attachment using loofah as
carrier as described by Iqbal & Edyvean (). The use of a

natural support instead of an artificial inert one to attach
fungi is advantageous because immobilization material
mimics the natural habitat of the fungi (Rodríguez Couto
& Toca-Herrera ; Rodríguez Couto ).

The loofah was cut into cubes of 2.54 × 2.54 cm and
autoclaved twice to kill spores. The carrier was inoculated
with conidia solution to allow the nucleation and growth

of attached P. chrysogenum. The fungal immobilization pro-
ceeded as the degradation assays were carried out. The
attachment was evaluated by weighing the carrier before

and after the degradation assay.

Laboratory-scale assays

Decolorization/degradation of DB22 tests were performed in
Erlenmeyer flasks with a working volume of 150 mL of LMS
medium, with a final concentration of 200 mg/L of azo com-

pounds, which is the concentration of the azo dyes present in
real wastewater (Durruty et al. ). One gram of loofah per
Erlenmeyer (6.7 g/L) was used as carrier in immobilization

assays. All Erlenmeyer flasks were inoculated with 50 mL
of conidia solution (ISR¼ 1/3). The inoculated flasks were
://iwaponline.com/wst/article-pdf/77/1/17/211373/wst077010017.pdf
incubated at room temperature (25 �C) with orbital shaking

at 120 rpm. The initial pH was 7 and the run was carried
out without pH control other than that provided by the
media composition. All the assays started saturated with

oxygen (8 mg/L). Tests without carrier were used as free-
cells control and a non-inoculated assay with carrier was per-
formed as sorption test.
Bench-scale assays

The bench-scale bioreactor consisted of a heterogeneous

stirred tank of 1.7 L capacity with 1 L of work volume
with temperature, aeration and stirring control. Loofah
was used as natural carrier for immobilizing the microorgan-
ism as in the laboratory-scale tests; however in this case, the

carrier was used as a nest. The stirring speed was set at
150 rpm and air was supplied at 200 mL/min (0.2 vessel
volume per minute (VVM)) and temperature fixed to 25 �C
(room temperature). The initial pH was 7 and the run was
carried out without pH control other than that provided
by the media composition. The reactor started saturated

with oxygen (8 mg/L).The same carrier/final-volume ratio
and ISR were used in both flasks and reactor experiments.
Biomass and growth substrate

Fungal growth was determined by measuring the mycelium
dry weight. The fungal mycelium was filtered onto a What-

man GF/A filter, rinsed twice with distilled water, and dried
at 100 �C until constant weight. For the immobilized assays,
the sample was weighed together with the carrier. The mass

of carrier had been previously weighed and subtracted from
the fungus-plus-carrier mass. Biomass was expressed as milli-
grams of dry weight per volume of reactor (L).

Growth substrate concentration (mainly glucose) was

determined by COD. COD is an indirect measure of organic
matter commonly used in water and wastewater analysis
(APHA ; Balapure et al. ; Jegatheesan et al. ).
The COD was determined using method 5520 (closed
reflux method) (APHA ).
Kinetic model

A previously developed kinetic model of azo-compound
degradation by P. chrysogenum (Durruty et al. ) was

used in this work. The model uses Monod kinetics
(Monod ) to predict the microbial growth (X) and
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growth substrate (G) depletion.

dX
dt

¼ μ �X ¼ μmax �G
KM þG

�X (1)

dG
dt

¼ � 1
YX=G

μmax �G
KM þG

�X (2)

where μmax is the maximum specific growth rate, KM is the
half constant saturation and YX/G is the growth yield coeffi-
cient. Durruty et al. () found that growth parameters are

the same for all the azo-compounds studied.
The decolorization/degradation of the azo-compound

(Si) follows a Michaelis–Menten type equation associated
with biomass growth.

dSi
dt

¼ b:μ:X ¼ bmax,iSi
KSi þ Si

μmax �G
KM þG

�X (3)

where bmax is the maximum decolorization ratio, KS is the

half saturation constant and the subscript i represents the
azo-compound.

Several mathematical models of textile wastewater
degradation have been proposed on laboratory scale (Sand-

hya & Swaminathan ; Durruty et al. ). Among
these, the non-structured models based on global parameters
which are easy to estimate have demonstrated both their

ability to predict the behavior of real systems at a minimum
computational cost and their capability to be used in the
design and optimization of reactors in wastewater treatment

systems (Farhadi et al. ; Durruty et al. ; Durruty &
Ayude ). The previously developed kinetic model (Durr-
uty et al. ) used in this work falls into this non-structured
kind of model and the parameters b and μmax considered

both kinetic and substrate diffusive phenomena.

Statistical and informatics tools

Non-linear regressions were performed with Origin 8.0®
(OriginPro, v. 8.0724; Origin Lab Corporation, Northamp-

ton, MA 01060, USA). Once the kinetic parameters were
set, the profiles were modeled using a fourth-order Runge–
Kutta algorithm coupled to the regression in order to inte-
grate the differential equations simultaneously (MathCad

14.0.0.163, Parametric Technology Corporation, Needham,
USA).

To use the model as an evaluation tool two criteria were

used: regression coefficient (R2) of those parameters re-fitted
on this work and root mean squared error (RMSE) for every
om http://iwaponline.com/wst/article-pdf/77/1/17/211373/wst077010017.pdf
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output variable in all the cases. The RMSE is a common cri-

terion to quantify the mean difference between simulated
and measured values in the case of non-linear models
(Kobayashi & Salam ; Quilot et al. ).

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Xn

i¼0
(xi � yi)

2

r
(4)

The normalization of the RMSE facilitates the compari-
son between datasets or models with different scales. With

this aim, in the present work the previously used dimension-
less normalized RMSE (NRMSE) was applied (Collard &
McNally ; Han et al. ; Appeltant et al. ).
NRMSE values greater than 0.5 were considered not to be

relevant, values between 0.25 and 0.5 were considered
not suitable, values lower than 0.25 were considered suit-
able, values lower than 0.2 were considered good and

values lower than 0.1 were considered very good.

NRMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Xn

i¼0
(xi � yi)

2

r

�x
(5)

The global goodness-of-fit of the model was computed
by averaging the NRMSE (ANRMSE) values of all variables.
RESULTS AND DISCUSSION

In the present work, degradation of DB22 by P. chryso-
genum at laboratory scale, immobilized on loofah, was
tested. Figure 2 shows the mycelium of the fungus grown

over loofah carrier in both Erlenmeyer and reactor scale
after the decolorization process. This figure shows how the
fungus grows macroscopically. In the no-carrier controls

the fungal mycelia growths take the form of spheres
(Figure 2(a)); however, in the presence of the carrier, all
the mycelia growths attached to the loofah and no sus-

pended mycelia were observed (Figure 2(b)).
Figure 3 shows the results of DB22 decolorization/

degradation by P. chrysogenum at laboratory scale. The con-

centration of DB22 (SDB22), the total organic load expressed
as COD (G) and biomass (X) are depicted versus time for
both the immobilized fungus on loofah and free-cells
fungus. At day 5 the decolorization was almost complete,

while without loofah the total decolorization took more
than 10 days, indicating that the decolorization rate
improved by more than twice in the presence of carrier.

Furthermore, the fungal growth was improved in the pres-
ence of loofah as natural carrier. The growth was nine



Figure 2 | Fungal growth: (a) no-carrier control after 15 days at laboratory scale, (b) with loofah as carrier after 5 days at laboratory scale, (c) reactor scale using a unique piece of loofah as

carrier, after 5 days, and (d) detail of (c).

Figure 3 | Laboratory-scale DB22 degradation assays by P. chrysogenum: (a) dye concentration (SDB22), (b) growth substrate as COD (G) and (c) biomass concentration (X). The solid squares

show the results of the loofah-immobilized assays, empty triangles represent the free-cells control and empty circles represent sorption control. Solid lines represent the

prediction of immobilized assay and dashed lines represent the predictions for the free-cells control assay.
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times higher for DB22, for immobilized assays, in compari-
son with the control at day 10. In both conditions, with

and without loofah, the initial pH was 7 and fell to a mini-
mum to nearly 4, to later freely rise again to nearly 7. As
://iwaponline.com/wst/article-pdf/77/1/17/211373/wst077010017.pdf
was reported by Durruty el at. (), the fall in the pH
was coincident with the presence of organic acids detected

by Fourier transform infrared analysis. The same results
were observed during azo-dye degradation by Elisangela
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et al. () with the bacterium S. arlettae. Afterwards, the

return to pH 7 could be explained by the consumption of
these compounds.

Previous reports showed an improvement in azo-dye

degradation when WRF was immobilized (Rodríguez Couto
; Krastanov et al. ). However, this is the first study
that demonstrates such improvement with a non-basidio-
mycete fungus. The increase of azo-dye degradation rate

generally has been attributed to an increase in laccase activity
due to the immobilization (Rodríguez et al. ) or to the
carrier matrix sorption of pollutant (Krastanov et al. ).
However, laccase activity was not detected in plate activity
assays for this P. chrysogenum strain (Wolski et al. a).
In addition, a sorption test was performed in this work and

no significant differences were observed with respect to the
case of no-carrier control (p< 0.05). Since the degradation
rate depends on the amount of biomass (Blanch & Clark
), the improvement in decolorization rate is considered

a side consequence of the fungal growth.
Moreover, it is important to mention that catechol

dioxygenase activity was detected in plate assays (Wolski

et al. b) for this fungus during the degradation of
phenol as a sole carbon source, and this enzyme could be
also involved in some step during the azo-dye degradation

pathway. In addition, phytotoxicity of the degradation pro-
ducts was already been tested in previous work by Durruty
et al. () showing that biological degradation did not

increase the toxicity of the untreated azo dyes.
The kinetic model used in this work was originally

developed to be applied in the free-cells azo-compound
degradation by P. chrysogenum (Durruty et al. ), and
was cross-validated in this work on free-cells and
Table 1 | Kinetic parameters

Parametera Direct Black 22

μmax Free cell 0.273± 0.023

[d�1] Immobilized 0.715± 0.071

KM Free cell 1631± 112

[mgO2·L
�1] Immobilized 1542± 231

YX/S Free cell 0.380± 0.023

[mgX/mgO2] Immobilized 0.391± 0.043

bmax Free cell 0.179± 0.011

[mgS/mgX] Immobilized 0.179± 0.011

KS Free cell 25.162± 6.118

[mgS·L
�1] Immobilized 25.162± 6.118

aAll the parameters were fitted at room temperature (25 �C).

om http://iwaponline.com/wst/article-pdf/77/1/17/211373/wst077010017.pdf
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immobilized assays. A cross-validation is mandatory under

new conditions. In the same context, short calibration
steps may also be performed regularly during the validation
of the model (Béline et al. ; Batstone et al. ).

The parameter values used to predict the output vari-
ables’ behavior in every assay are summarized in Table 1
and model predictions are also shown in Figure 3 as solid
lines. In free-cells controls the values previously fitted

(Durruty et al. ) were used as cross-validation; however,
the kinetic parameters must be refitted to predict the
immobilized behavior (Donoso-Bravo et al. ). In this

work, the initial condition used to initialize the differential
equations was 70.73 mg/L of biomass, obtained by aver-
aging the initial values.

The model prediction capability was evaluated using
RMSE. Table 2 shows the values of RMSE for X, G and
S. The predictions for growth substrate present a very
good performance with an error lower than 10% (NRMSE

< 0.1) and predictions for S present a good performance
with an error near to 10% of the mean. The values for
RMSE of X predictions are comparable with those of

other assays. However, the low value of the mean (�x)
makes the NRMSE not suitable for DB22. Nevertheless,
since the ANRMSE values are lower than 0.2 (good fitness)

this cross-validation confirms the capability of the model to
predict these data. The predictions are also shown in
Figure 3 as dashed lines.

To predict the growth during immobilized assays, the
model must be recalibrated and parameters μmax, KM and
YX/S must be refitted (R2¼ 0.876). On the other hand, the
model was able to predict the azo-compound degradation

with original bi and KS values once growth parameters
Reference Validation

Durruty et al. () Cross-validated

This work Recalibrated

Durruty et al. () Cross-validated

This work Recalibrated

Durruty et al. () Cross-validated

This work Recalibrated

Durruty et al. () Cross-validated

Durruty et al. () Cross-validated

Durruty et al. () Cross-validated

Durruty et al. () Cross-validated



Table 2 | Root mean squared error (RMSE), normalized root mean squared error (NRMSE) and average normalized root mean squared error (ANRMSE) for different assays

Assay Variable RMSE NRMSE ANRMSE

Laboratory scale DB22 Free cell X 130.37 mg/L 0.2999 (ns) 0.1659 (g)
G 749.5297 mgO2/L 0.0699 (vg)
S 13.63725 mg/L 0.1281 (g)

Immobilized X 403.4194 mg/L 0.1738 (g) 0.1891 (g)
G 1058.162 mgO2/L 0.1854 (g)
S 9.9159 mg/L 0.2079 (s)

Bench scale DB22 Table 1 G 4107.204 mgO2/L 0.4577 (ns) 0.5056 (ns)
S 21.2229 mg/L 0.4491 (ns)

Optimized G 1130.718 mgO2/L 0.1260 (s) 0.1136 (g)
S 4.7768 mg/L 0.1011 (s)

The goodness-of-fit was labeled based on NRMSE as not-relevant (NRSME> 0.5) not-suitable (ns, NRSME¼ 0.25–0.5); suitable (s, NRSME< 0.25); good (g, NRSME< 0.20) and very good

(vg, NRSME< 0.10).
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were refitted. Thus, the decolorization sub-model was vali-
dated for the immobilized assay without recalibration with
NRMSE near to 20% for DB22. This gives mathematical

support to the statement that the presence of a natural
carrier facilitates the fungal growth and the improvement
of decolorization rate is a side consequence. The model pre-

dictions obtained after solving the model using the Runge–
Kutta method with the parameters shown in Table 1 are
also shown in Figure 3 as solid lines.

The value of μmax obtained in this work was 2.61 times

higher than the previous one obtained for a non-immobi-
lized system (Table 1). However, the difference in values
obtained for KM and YX/S fall into the fitting error and there-

fore they cannot be considered different. This strongly
suggests that the presence of loofah as carrier increases
the growth rate but does not affect either the microorganism

affinity for the substrate or the yield.
Figure 4 shows the DB22 decolorization, the COD

depletion and biomass growth together with pH evolution
Figure 4 | Bench-scale DB22 degradation by P. chrysogenum assays. DB22 concentration (SDB
lines represent the model prediction using the parameters obtained from laborator

recalibration. Empty gray squares represent the pH measured during degradation.

://iwaponline.com/wst/article-pdf/77/1/17/211373/wst077010017.pdf
in the reactor assay. The fungal growth in the reactor can
also be seen in Figure 2(c) and 2(d). The results show
how, in the reactor assay, the fungus was able to grow

attached to the carrier and decolorize the azo-compounds,
and the pH shows the same behavior as in laboratory-
scale assays.

The model was also tested to predict the reactor
performance. When parameters fitted to laboratory-scale
immobilized assays (Table 1) were used, the model overes-
timated the experimental rates (dashed lines in Figure 4)

and the ANRMSE results were not relevant. For this
reason, an optimization step had to be done and the
growth parameters μmax and KM had to be recalibrated.

This procedure is usual during the model validation for
industrial applications, when operational variables affect
the degradation rates (Béline et al. ; Donoso-Bravo

et al. ; Durruty et al. ). After calibration, μmax and
KM values were 0.572 d�1 and 5,500 [mgO2/L], respectively.
The model prediction after the recalibration step is shown
22), COD (G) and biomass concentration (X). Dots represent the experimental data. Dashed

y assay (Table 1). Solid lines represent the model prediction after the growth parameters’
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in Figure 4 as solid lines. Furthermore, ANRMSE fell from

0.4577 to 0.1136 (Table 2). Figure 4 also shows the model
prediction of X. Experimental values could not be
measured over time in the case of the reactor since it

would require ending the assay. However, the final value
shows the same biomass yield. In that sense the model is
presented as an effective tool to predict the fungal growth
during the scale-up process.

The recalibration required seems to indicate that under
reactor conditions the specific growth rate is slower and
inoculum–substrate affinity is much lower. These phenom-

ena can be attributed to issues derived from scaling up:
increases in substrate mass transfer resistance and reduced
oxygen transport (Donati & Paludetto ). The differences

in geometry and shaking system (Erlenmeyer’s flask orbi-
tally shaken versus the reactor with torispherical bottom
and magnetically shaken), the different aeration devices
(Erlenmeyer superficially aerated versus reactor bubbled

by a deep tube) and VVM in reactor lower than reported
in the literature (Moldes et al. ; Enayatzamir et al.
; Pazdzior et al. ) seem to indicate an insufficient

oxygenation, detrimental to aerobic fungal growth. A para-
metric study which evaluates dissolved oxygen and
decolorization rates to different aeration rates and rpm agi-

tation is mandatory to discriminate between these effects
and will be performed in future research at bench scale to
approach the industrial application.

Despite the complications inherent to the scaling up, the
degradation performance showed by the reactor was similar
to those observed in laboratory assays and encourages the
industrial scale application. Furthermore, the immobilized

treatment at bench scale was faster than the non-immobi-
lized treatment at laboratory scale. This clearly indicates
that the immobilized treatment at bigger scale presents an

improvement over the free-cells assay.
CONCLUSIONS

The immobilization of P. chrysogenum on loofah increases

significantly the degradation rate of BD22 at laboratory
scale as well as at bench scale, with respect to the non-
immobilized treatment. The use of a reactor is the first
step of scaling up with a view to an industrial application.

The kinetic model was successfully cross-validated with
fresh data using RMSE as evaluation tool. The degradation
performance showed by the reactor was similar to

those observed in laboratory assays and encourages the
industrial-scale application.
om http://iwaponline.com/wst/article-pdf/77/1/17/211373/wst077010017.pdf

 2022
ACKNOWLEDGEMENTS

This research was supported by the Universidad Nacional

de Mar del Plata, the Consejo Nacional de Investigaciones
Científicas y Técnicas (CONICET) and the Agencia Nacio-
nal de Promoción Científica y Tecnológica (ANPCYT).
J. F. González is associated with C.I.C. (Comisión de Inves-

tigaciones Científicas), Buenos Aires. I Durruty and E. A.
Wolski are staff of CONICET. The authors would like to
thank Gabriela Fioramonti from Gama S. A. for kindly pro-

viding the azo dyes.
REFERENCES

Anastasi, A., Spina, F., Prigione, V., Tigini, V. & Varese, G. C. 
Textile wastewater treatment: scale-up of a bioprocess using
the fungus Bjerkandera adusta. Journal of Biotechnology
150, 52.

Anon  La mancha en el mar se debió a vertidos ilegales de
una hilandería. 0223, Mar del Plata, Argentina. Available at
https://www.0223.com.ar/nota/2007-11-30-la-mancha-en-el-
mar-se-debio-a-vertidos-ilegales-de-una-hilanderia (accessed
15 November 2017).

APHA  Standard Methods for the Examination of Water and
Wastewater, 20th edn. American Public Health Association/
American Water Works Association/Water Environment
Federation, Washington, DC, USA.

Appeltant, L., Soriano, M. C., Van der Sande, G., Danckaert, J.,
Massar, S., Dambre, J., Schrauwen, B., Mirasso, C. R. &
Fischer, I.  Information processing using a single
dynamical node as complex system. Nature Communications
2, 468.

Balapure, K., Bhatt, N. & Madamwar, D.  Mineralization of
reactive azo dyes present in simulated textile waste water
using down flow microaerophilic fixed film bioreactor.
Bioresource Technology 175, 1–7.

Batstone, D. J., Tait, S. & Starrenburg, D.  Estimation of
hydrolysis parameters in full-scale anerobic digesters.
Biotechnology and Bioengineering 102 (5), 1513–1520.

Béline, F., Boursier, H., Daumer, M. L., Guiziou, F. & Paul, E.
 Modelling of biological processes during aerobic
treatment of piggery wastewater aiming at process
optimisation. Bioresource Technology 98 (17), 3298–3308.

Blanch, H. W. & Clark, D. S.  Biochemical Engineering.
Marcel Dekker, New York.

Blánquez, P., Sarrá, M. & Vicent, T.  Development of a
continuous process to adapt the textile wastewater treatment
by fungi to industrial conditions. Process Biochemistry 43 (1),
1–7.

Collard, A. D. & McNally, A. P.  The assimilation of infrared
atmospheric sounding interferometer radiances at ECMWF.
Quarterly Journal of the Royal Meteorological Society
135 (641), 1044–1058.

http://dx.doi.org/10.1016/j.jbiotec.2010.08.138
http://dx.doi.org/10.1016/j.jbiotec.2010.08.138
https://www.0223.com.ar/nota/2007-11-30-la-mancha-en-el-mar-se-debio-a-vertidos-ilegales-de-una-hilanderia
https://www.0223.com.ar/nota/2007-11-30-la-mancha-en-el-mar-se-debio-a-vertidos-ilegales-de-una-hilanderia
http://dx.doi.org/10.1038/ncomms1476
http://dx.doi.org/10.1038/ncomms1476
http://dx.doi.org/10.1016/j.biortech.2014.10.040
http://dx.doi.org/10.1016/j.biortech.2014.10.040
http://dx.doi.org/10.1016/j.biortech.2014.10.040
http://dx.doi.org/10.1002/bit.22163
http://dx.doi.org/10.1002/bit.22163
http://dx.doi.org/10.1016/j.biortech.2006.07.004
http://dx.doi.org/10.1016/j.biortech.2006.07.004
http://dx.doi.org/10.1016/j.biortech.2006.07.004
http://dx.doi.org/10.1016/j.procbio.2007.10.002
http://dx.doi.org/10.1016/j.procbio.2007.10.002
http://dx.doi.org/10.1016/j.procbio.2007.10.002
http://dx.doi.org/10.1002/qj.410
http://dx.doi.org/10.1002/qj.410


25 I. Durruty et al. | Azo-dye treatment by immobilized Penicillium Water Science & Technology | 77.1 | 2018

Downloaded from http
by guest
on 02 February 2022
Donati, G. & Paludetto, R.  Scale up of chemical reactors.
Catalysis Today 34 (3–4), 483–533.

Donoso-Bravo, A., Mailier, J., Martin, C., Rodríguez, J., Aceves-
Lara, C. A. & Wouwer, A. V.  Model selection,
identification and validation in anaerobic digestion: a review.
Water Research 45 (17), 5347–5364.

Durruty, I. & Ayude, M. A.  Modeling of an industrial
anaerobic digester: a case study for undergraduate students.
Chemical Engineering Education 48 (2), 71–78.

Durruty, I., Zaritzky, N. E. & González, J. F.  Organic
fractions influence on biogas generation from potato
residues. Kinetic model generalization. Biomass and
Bioenergy 59, 458–467.

Durruty, I., Fasce, D., González, J. F. & Wolski, E. A. 
A kinetic study of textile dyeing wastewater degradation by
Penicillium chrysogenum. Bioprocess and Biosystems
Engineering 38 (6), 1019–1031.

Elisangela, F., Andrea, Z., Fabio, D. G., de Menezes Cristiano, R.,
Regina, D. L. & Artur, C.-P.  Biodegradation of textile
azo dyes by a facultative Staphylococcus arlettae strain
VN-11 using a sequential microaerophilic/aerobic process.
International Biodeterioration & Biodegradation 63 (3),
280–288.

Enayatzamir, K., Alikhani, H. A. & Rodríguez Couto, S. 
Simultaneous production of laccase and decolouration of the
diazo dye Reactive Black 5 in a fixed-bed bioreactor. Journal
of Hazardous Materials 164 (1), 296–300.

Farhadi, S., Aminzadeh, B., Torabian, A., Khatibikamal, V. &
Alizadeh Fard, M.  Comparison of COD removal from
pharmaceutical wastewater by electrocoagulation,
photoelectrocoagulation, peroxi-electrocoagulation and
peroxi-photoelectrocoagulation processes. Journal of
Hazardous Materials 219–220, 35–42.

Firmino, P. I. M., Silva, M. E. R. d., Mota, F. S. B. & Santos,
A. B. d.  Applicability of anthraquinone-2,6-disulfonate
(AQDS) to enhance colour removal in mesophilic UASB
reactors treating textile wastewater. Brazilian Journal of
Chemical Engineering 28, 617–623.

Han, X.-W., Shao, M.-A. & Horton, R.  Estimating van
Genuchten model parameters of undisturbed soils using an
integral method. Pedosphere 20 (1), 55–62.

Iqbal, M. & Edyvean, R. G. J.  Loofa sponge immobilized
fungal biosorbent: a robust system for cadmium and other
dissolved metal removal from aqueous solution.
Chemosphere 61 (4), 510–518.

Iqbal, M. & Saeed, A.  Biosorption of reactive dye by loofa
sponge-immobilized fungal biomass of Phanerochaete
chrysosporium. Process Biochemistry 42 (7), 1160–1164.

Jegatheesan, V., Pramanik, B. K., Chen, J., Navaratna, D., Chang,
C.-Y. & Shu, L.  Treatment of textile wastewater with
membrane bioreactor: a critical review. Bioresource
Technology 204, 202–212.

Kobayashi, K. & Salam, M. U.  Comparing simulated and
measured values using mean squared deviation and its
components. Agronomy Journal 92 (2), 345–352.

Krastanov, A., Koleva, R., Alexieva, Z. & Stoilova, I. 
Decolorization of industrial dyes by immobilized mycelia of
://iwaponline.com/wst/article-pdf/77/1/17/211373/wst077010017.pdf
Trametes versicolor. Biotechnology & Biotechnological
Equipment 27 (6), 4263–4268.

Lourenco, N. D., Franca, R. D. G., Moreira, M. A., Gil, F. N.,
Viegas, C. A. & Pinheiro, H. M.  Comparing aerobic
granular sludge and flocculent sequencing batch reactor
technologies for textile wastewater treatment. Biochemical
Engineering Journal 104, 57–63.

Moldes, D., Rodríguez Couto, S., Cameselle, C. & Sanromán,
M. A.  Study of the degradation of dyes by MnP of
Phanerochaete chrysosporium produced in a fixed-bed
bioreactor. Chemosphere 51 (4), 295–303.

Monod, J.  The growth of bacterial cultures. Annual Review of
Microbiology 3, 371–394.

Pazdzior, K., Klepacz-Smolka, A., Ledakowicz, S., Sojka-
Ledakowicz, J., Mrozinska, Z. & Zylla, R.  Integration of
nanofiltration and biological degradation of textile wastewater
containing azo dye. Chemosphere 75 (2), 250–255.

Quilot, B., Génard, M., Lescourret, F. & Kervella, J. 
Simulating genotypic variation of fruit quality in an advanced
peach × Prunus davidiana cross. Journal of Experimental
Botany 56 (422), 3071–3081.

Rodríguez, E., Pickard, M. A. & Vazquez-Duhalt, R. 
Industrial dye decolorization by laccases from ligninolytic
fungi. Current Microbiology 38 (1), 27–32.

Rodríguez Couto, S.  Dye removal by immobilised fungi.
Biotechnology Advances 27 (3), 227–235.

Rodríguez Couto, S. & Toca-Herrera, J. L.  Laccase
production at reactor scale by filamentous fungi.
Biotechnology Advances 25 (6), 558–569.

Sandhya, S. & Swaminathan, K.  Kinetic analysis of treatment
of textile wastewater in hybrid column upflow anaerobic
fixed bed reactor. Chemical Engineering Journal (Lausanne)
122 (1–2), 87–92.

Santos, S. C. R. & Boaventura, R. A. R.  Treatment of a
simulated textile wastewater in a sequencing batch reactor
(SBR) with addition of a low-cost adsorbent. Journal of
Hazardous Materials 291, 74–82.

Saroj, S., Kumar, K., Pareek, N., Prasad, R. & Singh, R. P. 
Biodegradation of azo dyes Acid Red 183, Direct Blue 15 and
Direct Red 75 by the isolate Penicillium oxalicum SAR-3.
Chemosphere 107, 240–248.

Saudagar, P. S., Shaligram, N. S. & Singhal, R. S. 
Immobilization of Streptomyces clavuligerus on loofah
sponge for the production of clavulanic acid. Bioresource
Technology 99 (7), 2250–2253.

Sen, S. K., Raut, S., Bandyopadhyay, P. & Raut, S.  Fungal
decolouration and degradation of azo dyes: a review. Fungal
Biology Reviews 30 (3), 112–133.

Singh, H.  Mycoremediation: Fungal Bioremediation. John
Wiley & Sons, New Jersey, USA.

Singh, S., Pakshirajan, K. & Daverey, A.  Enhanced
decolourization of Direct Red-80 dye by the white rot fungus
Phanerochaete chrysosporium employing sequential design
of experiments. Biodegradation 21 (4), 501–511.

Solís, M., Solís, A., Pérez, H. I. S., Manjarrez, N. & Flores, M. 
Microbial decolouration of azo dyes: a review. Process
Biochemistry 47 (12), 1723–1748.

http://dx.doi.org/10.1016/S0920-5861(96)00069-7
http://dx.doi.org/10.1016/j.watres.2011.08.059
http://dx.doi.org/10.1016/j.watres.2011.08.059
http://dx.doi.org/10.1016/j.biombioe.2013.09.013
http://dx.doi.org/10.1016/j.biombioe.2013.09.013
http://dx.doi.org/10.1016/j.biombioe.2013.09.013
http://dx.doi.org/10.1007/s00449-014-1344-9
http://dx.doi.org/10.1007/s00449-014-1344-9
http://dx.doi.org/10.1016/j.ibiod.2008.10.003
http://dx.doi.org/10.1016/j.ibiod.2008.10.003
http://dx.doi.org/10.1016/j.ibiod.2008.10.003
http://dx.doi.org/10.1016/j.jhazmat.2008.08.032
http://dx.doi.org/10.1016/j.jhazmat.2008.08.032
http://dx.doi.org/10.1016/j.jhazmat.2012.03.013
http://dx.doi.org/10.1016/j.jhazmat.2012.03.013
http://dx.doi.org/10.1016/j.jhazmat.2012.03.013
http://dx.doi.org/10.1016/j.jhazmat.2012.03.013
http://dx.doi.org/10.1590/S0104-66322011000400007
http://dx.doi.org/10.1590/S0104-66322011000400007
http://dx.doi.org/10.1590/S0104-66322011000400007
http://dx.doi.org/10.1016/S1002-0160(09)60282-4
http://dx.doi.org/10.1016/S1002-0160(09)60282-4
http://dx.doi.org/10.1016/S1002-0160(09)60282-4
http://dx.doi.org/10.1016/j.chemosphere.2005.02.060
http://dx.doi.org/10.1016/j.chemosphere.2005.02.060
http://dx.doi.org/10.1016/j.chemosphere.2005.02.060
http://dx.doi.org/10.1016/j.procbio.2007.05.014
http://dx.doi.org/10.1016/j.procbio.2007.05.014
http://dx.doi.org/10.1016/j.procbio.2007.05.014
http://dx.doi.org/10.1016/j.biortech.2016.01.006
http://dx.doi.org/10.1016/j.biortech.2016.01.006
http://dx.doi.org/10.2134/agronj2000.922345x
http://dx.doi.org/10.2134/agronj2000.922345x
http://dx.doi.org/10.2134/agronj2000.922345x
http://dx.doi.org/10.5504/BBEQ.2013.0096
http://dx.doi.org/10.5504/BBEQ.2013.0096
http://dx.doi.org/10.1016/j.bej.2015.04.025
http://dx.doi.org/10.1016/j.bej.2015.04.025
http://dx.doi.org/10.1016/j.bej.2015.04.025
http://dx.doi.org/10.1016/S0045-6535(02)00406-X
http://dx.doi.org/10.1016/S0045-6535(02)00406-X
http://dx.doi.org/10.1016/S0045-6535(02)00406-X
http://dx.doi.org/10.1146/annurev.mi.03.100149.002103
http://dx.doi.org/10.1016/j.chemosphere.2008.12.016
http://dx.doi.org/10.1016/j.chemosphere.2008.12.016
http://dx.doi.org/10.1016/j.chemosphere.2008.12.016
http://dx.doi.org/10.1093/jxb/eri304
http://dx.doi.org/10.1093/jxb/eri304
http://dx.doi.org/10.1093/jxb/eri304
http://dx.doi.org/10.1007/PL00006767
http://dx.doi.org/10.1007/PL00006767
http://dx.doi.org/10.1016/j.biotechadv.2008.12.001
http://dx.doi.org/10.1016/j.biotechadv.2007.07.002
http://dx.doi.org/10.1016/j.biotechadv.2007.07.002
http://dx.doi.org/10.1016/j.cej.2006.04.006
http://dx.doi.org/10.1016/j.cej.2006.04.006
http://dx.doi.org/10.1016/j.cej.2006.04.006
http://dx.doi.org/10.1016/j.jhazmat.2015.02.074
http://dx.doi.org/10.1016/j.jhazmat.2015.02.074
http://dx.doi.org/10.1016/j.jhazmat.2015.02.074
http://dx.doi.org/10.1016/j.biortech.2007.05.004
http://dx.doi.org/10.1016/j.biortech.2007.05.004
http://dx.doi.org/10.1016/j.fbr.2016.06.003
http://dx.doi.org/10.1016/j.fbr.2016.06.003
http://dx.doi.org/10.1007/s10532-009-9319-2
http://dx.doi.org/10.1007/s10532-009-9319-2
http://dx.doi.org/10.1007/s10532-009-9319-2
http://dx.doi.org/10.1007/s10532-009-9319-2
http://dx.doi.org/10.1016/j.procbio.2012.08.014


26 I. Durruty et al. | Azo-dye treatment by immobilized Penicillium Water Science & Technology | 77.1 | 2018

Downloaded fr
by guest
on 02 February
Vijayaraghavan, K. & Yun, Y.-S.  Chemical modification and
immobilization of Corynebacterium glutamicum for
biosorption of Reactive Black 5 from aqueous solution.
Industrial & Engineering Chemistry Research 46 (2), 608–617.

Wolski, E. A., Barrera, V., Castellari, C. & González, J. F. a
Biodegradation of phenol in static cultures by Penicillium
chrysogenum: catalytic abilities and residual phytotoxicity.
Revista Argentina de Microbiología 44, 113–121.
om http://iwaponline.com/wst/article-pdf/77/1/17/211373/wst077010017.pdf

 2022
Wolski, E. A., Durruty, I., Haure, P. & González, J. b
Penicillium chrysogenum;: phenol degradation abilities and
kinetic model. Water, Air, and Soil Pollution 223 (5),
2323–2332.

Zhang, F. & He, Z.  Scaling up microbial desalination cell
system with a post-aerobic process for simultaneous
wastewater treatment and seawater desalination.
Desalination 360, 28–34.
First received 24 May 2017; accepted in revised form 19 September 2017. Available online 5 October 2017

http://dx.doi.org/10.1021/ie061158g
http://dx.doi.org/10.1021/ie061158g
http://dx.doi.org/10.1021/ie061158g
http://dx.doi.org/10.1007/s11270-011-1026-z
http://dx.doi.org/10.1007/s11270-011-1026-z
http://dx.doi.org/10.1016/j.desal.2015.01.009
http://dx.doi.org/10.1016/j.desal.2015.01.009
http://dx.doi.org/10.1016/j.desal.2015.01.009

	Scaling up and kinetic model validation of Direct Black 22 degradation by immobilized Penicillium chrysogenum
	INTRODUCTION
	MATERIALS AND METHODS
	Azo dye
	Microorganism
	Inocula
	Immobilization
	Laboratory-scale assays
	Bench-scale assays
	Biomass and growth substrate
	Kinetic model
	Statistical and informatics tools

	RESULTS AND DISCUSSION
	CONCLUSIONS
	This research was supported by the Universidad Nacional de Mar del Plata, the Consejo Nacional de Investigaciones Cient&iacute;ficas y T&eacute;cnicas (CONICET) and the Agencia Nacional de Promoci&oacute;n Cient&iacute;fica y Tecnol&oacute;gica (ANPCYT). J. F. Gonz&aacute;lez is associated with C.I.C. (Comisi&oacute;n de Investigaciones Cient&iacute;ficas), Buenos Aires. I Durruty and E. A. Wolski are staff of CONICET. The authors would like to thank Gabriela Fioramonti from Gama S. A. for kindly providing the azo dyes.
	REFERENCES


