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a b s t r a c t

Hydrogen peroxide and an immobilized derivative of soybean peroxidase, covalently bound to a glass
support, were used in a continuous tank reactor to remove phenol from aqueous solutions. An efficiency
of about 80% was attained in phenol removal in the best of the operational conditions assayed.

With the aim of scaling up the process to pilot-plant scale, the influence of the main plant operational
variables, enzyme and substrate concentrations and flow rate, on the removal efficiency was studied. The
continuous reactor was operated under isothermal conditions at the optimal temperature established in
the literature for this system. As a first approximation to the industrial application of the process, no buffer
solutions were used.

Additionally, and to check the validity of a generalized Ping Pong bisubstrate kinetics for the enzymatic
reaction, obtained from an expanded version of the Dunford mechanism previously published, and assum-
astewater treatment ing an ideal mixing flow for the continuous tank reactor, a transient design model was developed. By using
the intrinsic kinetic parameters obtained in a previous work, where the kinetic model was developed, the
reactor model was solved and the theoretical conversion values were calculated.

The nearness of the experimental and calculated conversion values confirmed that the proposed kinetic
equation and the design model, as well as the intrinsic kinetic parameters previously determined, can be
used to predict the behaviour of the reactor under conditions of slow enzyme deactivation, although, for
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. Introduction

Phenolic compounds are toxic and are often found in industrial
ffluents such as those generated by high-temperature coal con-
ersion, petroleum refining and the manufacture of plastics, resins,
extile, iron, steel and paper [1–4].

The removal of phenolic compounds from wastewater is an
mportant issue, as can be seen from the number of papers that have
een published [5–36]. Physical, chemical and biological methods,

ncluding incineration, adsorption on activated carbon, chemical
r enzymatic oxidation, solvent extraction, microbial degradation,
tc., have been proposed for removing or degrading phenols from
aste waters [5–7]. However, no method stands out as being better

han the others.

One of the alternatives, which has been widely studied, is based

n the application of oxireductive enzymes to catalyze the removal
f these compounds from wastewater. The research has focused
n the use of peroxidases, mainly horseradish peroxidase (HRP),

∗ Corresponding author. Tel.: +34 968 367351; fax: +34 968 364148.
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ed version of the model deactivation equation is necessary.
© 2008 Elsevier B.V. All rights reserved.

nd more recently on the use of the soybean peroxidase (SBP)
8–15].

Although the use of peroxidases offers several advantages for
emoving phenolic compounds, the main disadvantage is enzyme
eactivation during the reaction due to precipitation with the
eaction products (oligomers and polymers) and, additionally, to
he effect of hydrogen peroxide, if an excess of this substrate is
resent [16,17]. Consequently, most studies have focused in the use
f protective additives to minimize the deactivation effects, with
olyethylenglycol (PEG) being the most frequently used [18–21].

The use of immobilized enzymes has several advantages. For
nstance, they can be easy separated from the reaction products and
eused. They also work better in continuous processes [30–33].

Additionally, by using free enzyme in buffered media with or
ithout additives, studies on the kinetic of the process and design
odels for the reactors used have been published. In these stud-

es, the kinetic mechanism proposed by Dunford and Stillman [36]

s commonly accepted and the bisubstrate Ping Pong kinetic equa-
ion is frequently used to explain the reaction rate of the removal
rocess, with the batch reactor being the most frequently used
eactor configuration [22–29]. Only a few papers describe the use
f continuous reactors with free enzyme [31,33], and this reactor

http://www.sciencedirect.com/science/journal/13858947
mailto:carrasco@um.es
dx.doi.org/10.1016/j.cej.2008.07.050
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Nomenclature

[A] concentration of species A in the reactor (mM)
[A]0 concentration of species A in the feed flow (mM)
Dp permeability coefficient of dimer at the reactor out-

let
Eactive active enzyme
F volumetric feed flow (ml min−1)
H2O2 hydrogen peroxide
kcat1 enzyme catalytic constant in the phenol oxidizing

reaction, (mmol of substrate (g enzyme min)−1)
kcat2 enzyme catalytic constant in the dimer oxidizing

reaction, (mmol of substrate (g enzyme min)−1)
kd enzyme deactivation constant (g enzyme (l min)−1)
kDp constant for Dp calculation (min mmol−1)
kH2O2 proportionality constant for total peroxide con-

sumption
KMi generic Michaelis constants in the kinetic equation

(i = 1, 2, 3, and 4), mM for KM1, KM2 and KM3, dimen-
sionless for KM4

r�H2
phenol consumption rate (mM min−1)

rH�–�H dimer consumption rate (mM min−1)
rH2O2 hydrogen peroxide consumption rate (mM min−1)
rdimer overall reaction rate of dimer (mM min−1)
t time (min)
VR reactor volume (ml)
X phenol conversion

Greek symbols
�t time increment (min)
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�H2 phenol
H�–�H dimer of phenol

onfiguration is most frequently reserved for when immobilized
erivatives of the enzyme or immobilized microorganisms are used
32–35].

The influence of temperature and pH on the phenol removal
fficiency was previously analyzed, using the same commercial
oybean peroxidase as used in the present work [21]. From these
tudies, 30 ◦C and pH 7 were established as the optimal temperature
nd pH values, respectively. In another study on phenol removal, we
ompared the use of an immobilized derivative of soybean perox-
dase, covalently bound to a glass support, and the free enzyme.

hen the influence of the molar ratio of the substrates was ana-
yzed, the range 1.3:1–1.5:1 peroxide/phenol molar ratio obtained
he highest phenol removal percentages.

In a previous paper [37], we proposed an expanded version of
he Dunford mechanism, which takes into account the influences
f the dimers and oligomers on the reaction rate, and a generalized
isubstrate Ping Pong kinetic equation was developed. This kinetic
quation also included a covered particle deactivation model for
he enzyme deactivation, which was interpreted as a consequence
f the precipitation of the reaction products (oligomers and poly-
ers) formed, over the surface of the catalyst particles (enzyme

equestration). From experimental data of the hydrogen perox-
de/immobilized soybean peroxidase/phenol system obtained in a
atch reactor, the kinetic parameters of the model were obtained
nd the validity of the proposed kinetic law was confirmed [37].
For further industrial applications of the removal process, con-
inuous tank reactors and non-buffered media should be used. For
his, it is necessary to know if the kinetic of the process and the
alues of the kinetic parameters, previously established in [37], can
e applied in the continuous reactors.

2
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In this work, an immobilized derivative of soybean peroxidase,
ovalently bound to a glass support, was used in a continuous
tirred tank reactor, in order to study its viability for use in the
henol removal process. The continuous reactor was operated at
0 ◦C, which is the optimal temperature previously established
or this enzymatic system [21], and no buffered solutions were
sed, the pH in these conditions very close to 7, which is, also,
he optimal value established in [21] for this variable. Under these
xed conditions, the influence of the main operational variables
f the continuous reactor (enzyme and both substrate concen-
rations as well as flow rate) on the conversion of phenol was
nalyzed. A transient design model for the continuous tank reac-
or was also developed and, by using the values of the intrinsic
inetic parameters previously obtained [37], the experimental data
f the phenol conversion at the reactor outlet were fitted to the
odel and the additional parameters of the model were also cal-

ulated. Then, the theoretical conversion values were calculated
or all the experimental conditions assayed. The good approxi-

ation between the experimental and calculated values for all
he experimental conditions assayed confirmed that the proposed
esign model and the kinetic law used, as well as the values
f the intrinsic kinetic parameters, are useful for predicting the
ehaviour of the continuous tank reactor under conditions of
low enzyme deactivation, although, for further applications, an
mproved version of the deactivation equation of the model is nec-
ssary.

. Experimental

.1. Materials

.1.1. Enzyme and substrates
Soybean peroxidase enzyme (SBP) (EC 1.11.1.7, 108 IU/mg), cata-

ase (EC 1.11.1.6, 2200 IU/mg) from bovine liver, hydrogen peroxide
35%, w/v), phenol (molecular mass 94.11, minimum purity 99%),
ere purchased from Sigma–Aldrich Fine Chemical.

.1.2. Colorimetric reagents
4-Aminoantipyrine (AAP) and potassium ferricyanide, were pur-

hased from Sigma–Aldrich Fine Chemicals.

.1.3. Immobilization reagents
Nitric acid (HNO3) of 65% purity (Merck), �-APTES ((3-

minopropyl) trietoxysilane) (C9H23NO3Si), hydrochloric acid (HCl)
f 36.5% purity (Probus S.A.) and glutaraldehyde (OCH (CH2)3 CHO)
f 25% purity.

.1.4. Supports
PG 75–400, controlled pore glass 75–400, with a 200–400 mesh

article size, 77 Å average pore diameter and 182 m2/g surface area.

.2. Immobilization

Immobilized derivative was prepared by covalent coupling
etween the amine groups of the protein and the aldehyde
roups of the porous glass treated with (3-aminopropyl) trietoxysi-
ane and glutaraldehyde, as described in a previous work [30].
he immobilization procedure, protein determination and activity
easurements are described below.
.2.1. Immobilization procedure
Using 1 g of support, the immobilization process was carried out

ccording to the following steps:
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Preparation of the carrier: glass beads were washed in 5% HNO3 at
80–90 ◦C for 60 min and rinsed with distilled water and dried in
an oven for 24 h at 110 ◦C.
Support activation: 18 ml of distilled water along with 2 ml of �-
APTES (10%, v/v) was added to 1 g of clean PG, and the pH was
adjusted to between pH 3 and 4 with 6N HCl. After adjustment,
the mixture was placed in a 75 ◦C water bath for 2 h. The silanized
glass was removed from the bath, washed with distilled water and
dried overnight in an oven at 110 ◦C. The resulting product may
be stored for later use.
Immobilization on PG-glutaraldehyde: 1 g of silanized glass was
made to react in a jacketed column reactor (3 cm i.d. and 40 cm
length) with 25 ml of glutaraldehyde 2.5% in 0.05 M phosphate
buffer, pH 7. The reactor was equipped with a porous plate placed
4.5 cm from the bottom. The solution was recycled for 60 min with
peristaltic pump and the PG-glutaraldehyde washed with 25 ml of
the same buffer. Enzyme solution (40 ml of SBP 2 mg/ml solution)
was then added to the reactor and the enzyme solution recycled
overnight at 4 ◦C. The derivative was then washed three times
with 0.1 M phosphate buffer, pH 7. The immobilized derivative
was suspended in 50 ml of the same buffer and stored at 4 ◦C
until use.

.2.2. Protein determination
The amount of protein initially offered and in the wash-liquid

fter immobilization was determined by Lowry’s procedure mod-
fied by Hartree [38], using bovine serum albumin as a standard.
he amount of coupled peroxidase was the difference between the
mount of the enzyme added initially and the amount of enzyme
n the wash-liquid.

.2.3. Measurement of free and immobilized enzyme activity
The initial reaction rates of both soluble and immobilized

nzyme were measured in a jacketed batch reactor (50 ml total
olume) at 30 ◦C and pH 7. Substrate concentrations (phenol and
ydrogen peroxide) were kept constant at 2 mM, while enzyme
oncentration was varied between 0.01 and 0.05 mg/ml. Samples
ere taken from the reactor every 2.5 min and phenol concentra-

ion was determined as described below. When the immobilized
nzyme derivatives were tested for activity, the samples were
assed through a nylon membrane (10 �m) to retain the solid bio-
atalyst and phenolic polymer particles in the reactor. When the
nzymes were used in solution the samples from the reactor were
oured into 1 ml of catalase solution (2200 IU ml−1) to stop the
eaction by breaking down the hydrogen peroxide. For this, 0.2 ml
f a coagulant, AlK(SO4)2 (40 g/l), were added to 1 ml of the for-
er mixture, before centrifuging for 30 min at 10,000 × g. From the

ctivity data of the free and immobilized enzyme, the activity yield
as calculated.

After immobilization, an immobilized derivative, which retains
4.7% of the total protein offered and conserves 74% of the free
nzyme activity, was obtained. The enzyme concentration in the
erivative storage suspension was 21.3 mg enzyme/g support and
.4 mg enzyme/ml suspension, respectively.

.3. Analytical method

Phenol concentrations were measured by a colorimetric method
sing solutions of potassium ferricyanide (83.4 mM in 0.25 M
odium bicarbonate solution) and 4-aminoantipyrine (20.8 mM

n 0.25 M sodium bicarbonate solution). Aliquots (2.4 ml) of the
ample (phenol concentration up to 0.2 mM) were placed in a
pectrophotometer cuvette (3 ml) together with 0.3 ml of ferri-
yanide solution and 0.3 ml AAP solution. After a few minutes to
llow the colour to develop fully, absorbance was measured at
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05 nm against a blank (2.4 ml of water, 0.3 ml ferricyanide solution
nd 0.3 ml AAP solution). Absorbance values were transformed to
henol concentrations in the sample by using a calibration curve
[phenol] = 0.0977 × Abs505, r = 0.999).

.4. Experimental system and operational procedure

The experimental system used in the continuous assays con-
isted of a jacketed tank reactor, 50 ml maximum capacity,
onnected to a thermostatic bath, three Watson Marlow Digital
eristaltic pumps (model 505 Du-RL) to feed the substrates into
he reactor and to pump the effluent from the reactor to the col-
ector tank, and two reservoir tanks for the substrate solutions. A
chematic diagram is shown in Fig. 1.

For each assay, two substrate solutions were prepared in dis-
illed water, one for phenol and another for the hydrogen peroxide,
nd poured into the reservoir tanks.

Operational procedure: For each assay, a sufficient volume of
mmobilized derivate to obtain the required initial concentration
as introduced into the reactor, and the total volume (50 ml) was

ompleted by distilled water. Next, at time zero, the substrate solu-
ions were continuously pumped into the reactor with two of the
eristaltic pumps. Simultaneously, a third pump was used to pump
he reactor effluent to the collector tank. The reaction course was

onitored by taking samples at the reactor exit at regular time
ntervals. The samples were passed through a nylon membrane
10 �m) to retain the solid biocatalyst and phenolic polymer parti-
les in the reactor.

The temperature was kept constant at the optimal value of 30 ◦C
y means of the thermostatic bath and the reaction mixture was
ontinuously stirred using magnetic stirrers and Teflon-coated stir
ars.

.5. Experimental planning

To establish the experimental planning, the results obtained
n previous studies were taken into account [21,30]. According to
he optimal values established for this system [21], the following
xperimental conditions were maintained unaltered in throughout
he experimental series: temperature 30 ◦C and pH ≈ 7 (pH with-
ut adding buffer solutions). As regards, the peroxide/phenol molar
atio, although the range 1.3:1–1.5:1 was established in a previous
ork [30] as the optimal ratio to attain the highest phenol conver-

ion values, a 1:1 molar ratio for both substrates was maintained
or all the experimental series described here.

There are two reasons for this decision: on the one hand, the
ncrease in phenol conversion when the 1.3:1–1.5:1 molar ratio
s used is not very great compared with the conversion obtained

hit the 1:1 molar ratio, as can be seen in [37]; and, on the other
and, due to the continuous operational mode of the reactor used,
qual concentration values for both substrates in the feed flow are
ecommended, as the best way to reach the steady state after a cer-
ain operation time. If the concentrations of both substrates are not
qual in the feed flow, of the more concentrated substrate may accu-
ulate in the reactor as time elapses it will be more difficult to reach

he steady state. Additionally, and as a consequence of non-equal
ubstrate concentrations in the feed flow, if the excess of hydrogen
eroxide is great, additional deactivation effects by this substrate
ay occur, as indicated in the literature [16,17].
For the reactor effluent, the flow rate was kept constant as the
um of the flow rates of the two substrates, ensuring a constant
eactor volume during the assay. A total reaction time of 120 min
as established for all the assays.

Three series of experiments were carried out in the continuous
ank reactor as follows.
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f experimental equipment.
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Fig. 2 shows the time course of phenol conversion in Series 1.
From the initial value of unity, conversion decreased continuously
until the steady state was reached.
Fig. 1. Flow diagram o

.5.1. Enzyme concentration variation
Three enzyme concentrations (0.17, 0.26 and 0.34 mg/ml) were

ssessed. In this series, the hydrogen peroxide and phenol concen-
ration was kept constant at 1 mM in the reactor, and the total flow
ate was 5 ml/min.

.5.2. Substrate concentration variation
The influence of substrate concentrations (hydrogen peroxide

nd phenol) was studied in the continuous tank reactor. Two
ubstrate concentrations (1.0 and 2.0 mM hydrogen peroxide and
henol, molar ratio 1:1) were assessed, using the same flow rate
f 5 ml/min and enzyme concentration of 0.17 mg/ml. With this
nzyme concentration, and for an operational time of 120 min, the
g enzyme/total volume of treated solution ratio was similar to

hat used in a batch reactor in a previous work [30].

.5.3. Feed flow variation
Several experiments were carried out with the immobilized

erivative PG 75–400, using three different flow rates (5, 7.5 and
0 ml/min). In all the assays, substrate concentrations (hydrogen
eroxide and phenol) were fixed at 1 mM and the enzyme concen-
ration at 0.26 mg/ml. This is higher than in the previous series,
ut was intended to compensate the expected decrease in phenol
onversion which takes place as a consequence of the diminish-
ng the spatial time, VR/F, of substrates in the reactor when the
ow rate increases from 5 ml/min to 7.5 and 10 ml/min, respec-
ively.

. Results and discussion

To monitor the time course of the reaction, the experimen-
ally measured variable was the phenol concentration, [�H2] in
he effluent, which was normalized with respect to the phenol
oncentration in the total feed flow, [�H2]0, by defining a con-
ersion, X = ([�H2]0–[�H2])/[�H2]0 (Eq. (6) of design model). This
ermitted a scale varying from 0 to 1 to be used in the plotting and
lso simplified the comparison between the different experimental
eries.

Since the reactor volume was initially filled with distilled water,

he initial value of [�H2] was zero in all the assays and the initial
onversion was always unity. After connecting the feed pumps, the
�H2] value increased continuously and the conversion decreased
ntil the constant value corresponding to the steady state was
eached. This can be observed from Figs. 2–4, where the time course

F
r

ig. 2. Influence of the enzyme concentration. [Phenol]0 = [H2O2]0 = 1 mM, flow
ate = 5 ml/min, [SPB]0 = (�) 0.17 mg/ml; (�) 0.26 mg/ml; (�) 0.34 mg/ml.

f the conversion is represented for the different experimental
eries.

.1. Influence of the enzyme concentration
ig. 3. Influence of substrate concentrations. [SPB]0 = 0.17 mg/ml, flow
ate = 5 ml/min, [Phenol]0 = [H2O2]0 = (�) 1 mM; (�) 2 mM.
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In the figure, it can be observed that the steady state was reached
n all the situations assessed and is represented by a final horizon-
al straight line for each one of the conversion progress curves. The
urves obtained show that the steady state conversion increased
ith increasing enzyme concentration, as was to be expected.
ccording to Fig. 2, the conversion of phenol was high, 0.7, when

he enzyme concentration was 0.34 mg/ml.

.2. Influence of initial substrate concentration

The results obtained for this series are plotted in Fig. 3, where
he influence of the substrate concentration (hydrogen peroxide
nd phenol in molar ratio 1:1) on the conversion is shown. It can be
bserved that similar conversion percentages were obtained when
ubstrate concentration was varied, which leads us to affirm that
ubstrate variation has little influence on the steady state conver-
ion.

It can also be seen that the steady state conversion remained
table, except after 120 min of operational time in the case of 2 mM
ubstrate concentrations, when the enzyme was deactivated. For
his substrate concentration, the total amount of reaction products
n the reactor after 120 min (higher than for the 1 mM substrate
oncentration) determined the higher recovery level of the catalytic
article surfaces and, according to the “covered particle deactiva-
ion model” proposed in [37], enzyme deactivation effects began to
e significant. As a consequence, substrate concentrations of 2 mM
r more are not recommendable at long operation times without
ignificance deactivation effect.

.3. Influence of the flow rate

In Fig. 4, variations in the conversion are plotted against time
t three flow rates: 5.0, 7.5 and 10 ml/min. An increase in the flow
ate, F, resulted in a decrease in spatial time, VR/F, and a decrease
n the value of the phenol conversion, again as expected.

As in the above series, the steady state was reached after several
inutes. It can be seen from Fig. 4 that the maximum conversion

eached was 0.65 for a flow rate of 5 ml/min. Similar to the previ-
us Series 2, after a reaction time of 120 min enzyme deactivation
ccurred for a flow rate of 10.0 ml/min, although this deactivation
ffect was less pronounced than the one observed in the substrate
oncentrations series for substrate concentrations of 2 mM.
Here, this slow deactivation effect may be a consequence of
oth flow rate and substrate concentrations, which would deter-
ine the highest value of the substrate inlet rate for a flow rate of

0 ml/min and, as a consequence, the highest concentration of reac-

ig. 4. Influence of flow rate. [Phenol]0 = [H2O2]0 = 1 mM, [SPB]0 = 0.26 mg/ml, flow
ate = (�) 5 ml/min; (�) 7.5 ml/min; (�) 10 ml/min.
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ion products in the reactor. After an operation time of 120 min, this
oncentration would begin to be important and result in particle
overing phenomena.

. Design model

.1. Hypothesis

A transient design model of the reactor is proposed, based in the
ollowing hypothesis:

The reaction of phenol with hydrogen peroxide follows the known
mechanism of the free radicals of Dunford and Stillman [36], in
its expanded version proposed in a previous work [37]. The reac-
tion products (dimers, oligomers and polymers) also react, which
leads to the additional consumption of hydrogen peroxide, which
must be taken into account. The kinetic equations developed in
[37] can also be applied to the continuous tank reactor. Those
equations are shown in Appendix A.
The values of the kinetic parameters of the above rate equations,
obtained in a previous work [37] from assays in a batch reac-
tor, are valid for the continuous tank reactor, with the exception
of the deactivation constant, kd, which differs probably because
the operational conditions in the continuous reactor are different
from those of the batch reactor.
The fraction of substrates that is not consumed in the tank leaves,
quantitatively, with the outlet flow. However, dimers, oligomers
and polymers do not leave quantitatively, because these reaction
products partially precipitate over the catalytic particles and over
the nylon grid placed at the outlet of the reactor, which dimin-
ishes the effective area of the outlet orifice. This must be taken
into account in the mass balance of these compounds and, a spe-
cially, for the dimer, because its concentration appears in the rate
equations. To quantify these phenomena, a permeability coeffi-
cient for the dimer, Dp, was defined, with a value in the interval
0 ≤ Dp ≤ 1. The permeability coefficient depends on the flow rate
and on the substrate concentrations and it must be evaluated dur-
ing the fitting of the model. The following equation for Dp was
proposed:

Dp = e−kDp F[H�–�H] (1)

The relationship between the hydrogen peroxide and phenol con-
sumption rates, equal to 1.23 in the batch reactor, must be higher
in the continuous tank due to the product accumulation, which
determines the higher consumption of hydrogen peroxide. The
new value of this parameter must also be evaluated during the
fitting of the model.

.2. Mass balance equations

.2.1. Mass balance for phenol, dimer and hydrogen peroxide
For a constant flow rate, F, reactor volume, VR, and isothermal

peration, the following mass balance equations can be formulated:

d[�H2]
dt

= F

VR
([�H2]0 − [�H2]) − r�H2

(2)

d[H�–�H]
dt

= − F

VR
Dp[H�–�H] + rdimer (3)
d[H2O2]
dt

= F

VR
([H2O2]0 − [H2O2]) − rH2O2 (4)

he initial conditions being:

= 0; [�H2] = 0; [H�–�H] = 0; [H2O2] = 0 (5)
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Table 1
Values of the model parameters

Parameter Value Units Font

kcat1 36.6 ± 6.7 mmol/(g E min) Reference [37]
kcat1 (4.6 ± 0.8) × 10−4 mmol/(U min) Reference [37]
kcat2 7.5 ± 1.4 mmol/(g E min) Reference [37]
kcat2 (9.4 ± 1.7) × 10−5 mmol/(U min) Reference [37]
KM1 (3.3 ± 0.3) × 10−1 mM Reference [37]
KM2 1.8 ± 0.3 mM Reference [37]
KM3 (3.0 ± 0.3) × 10−1 mM Reference [37]
KM4 46.5 ± 6.3 Dimensionless Reference [37]
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. Solving and fitting the model

The above mass balance equations represent an initial values
on-linear ordinary differential equations problem, and they must
y solved by numerical methods. Additionally, a minimization rou-
ine must be used to determine the model parameters.

As a numerical procedure, the fourth order Runge-Kutta method
s commonly used because it offers good precision levels for a not
ery small step size. Also the Euler method can be applied, but a
maller step size must be used and, as soon as possible, double
recision variables. With the new generation of computers, this
equirement is not a problem, because of their large memories and
ery fast processors. This fact, together with the ease of obtain-
ng a set of simple recursive expressions, led us to use the Euler

ethod to convert the differential equations into discrete expres-
ions.

To fit the experimental data to the model, the Nelder and Mead
ersion of the Simplex method was used to minimize the error [39].
ther methods, too, can be used, such as the Levenberg-Marquardt
lgorithm, which is used in some scientific software, including
igma Plot, and other commercially available minimization rou-
ines. The Nelder and Mead method is an enhanced version of the
implex method, and is recommended in the book of Himmelblau
40]. Also, this method has been used successfully in the Encora
.2 computer program, software developed by J.J Straathof to ana-
yze enzyme kinetics by fitting the progress curve obtained in batch
eactors [41], with very good results. Taking this computer program
s reference, our research group developed a customized fitting
oftware to obtain the intrinsic kinetic parameters of the immo-
ilized SBP/phenol/hydrogen peroxide by fitting, simultaneously, a
et of fifteen progress curves obtained in a batch reactor under sev-
ral experimental conditions [37]. The capacity of our software to
t, simultaneously, several progress curves (from 1 to 50), is a very

mportant difference with the Encora 1.2 program and with most of
he commercially available software. It also permits the influence
f many kinetic variables, such as enzyme concentration, substrate
oncentration, product concentration, and others, to be included in
he fitting procedure.

The objective function to be minimized was the minimum
quare sum of the differences between the experimental and cal-
ulated values of the phenol conversion, X, which is defined as:

[�H2]0 − [�H2]
=
[�H2]0

(6)

In the fitting process, the values of kcat1, kcat2, KM1, KM2, KM3 and
M4, determined previously [37], were kept constant. Only the new
arameter kDp (for the calculation of Dp) and the new values of kd

ig. 5. Experimental (�) and theoretical (–) conversions for all the assays in the
ontinuous tank reactor.

t

6

m
e
s
p
b

a
m
f

t
d
t
a
d
o
r
p

H2O2
1.9 ± 0.2 Dimensionless This work

d (2.0 ± 0.3) × 10−4 g E/(l min) This work

Dp 236.0 ± 11.2 min/mmol This work

for enzyme deactivation) and kH2O2 (to evaluate rH2O2 ), must be
etermined in the fitting process.

The obtained typical deviation between the experimental and
alculated values of the phenol conversion was 2.9% and the values
f the parameters were:

kDp = 236.0 ± 11.2 (min/mmol)
kd = (2.0 ± 0.3) × 10−4 (g E/(l min))
kH2O2 = 1.9 ± 0.2

Figs. 2–4 show the experimental values of the phenol conversion
dots) and the calculated values (continuous lines), for all the series
ssayed. Finally, Fig. 5 is a comparison between the experimen-
al and calculated values of the phenol conversion for the whole
xperimental series.

As regards the calculated parameters shown in Table 1, it can
e observed that the deactivation constant, kd = 2.0 × 10−4 g E/l min,

s much lower than that obtained previously in the batch reactor,
d = 4.2 × 10−4 g E/l min [37]. This is because in the batch reactor
he reaction product remains in the reactor, which increases the
eactivation of the enzyme, while in the continuous tank, the reac-
ion products partially leave with the effluent and the deactivation
ffect diminishes.

The value of 2.9% obtained for the typical deviation, together
ith the value of the determination coefficient, R2 = 0.9696, for

ig. 5, show good agreement between the experimental and cal-
ulated values, which indicates that the proposed model is suitable
or predicting the behaviour of the reactor and, also, for potential
echnical purposes.

. Conclusions

The continuous operation of a tank reactor, with no buffered
edia, provided a good degree of phenol elimination in all the

xperimental conditions assayed and, as a consequence, the present
tudy has established a basis for further developing an industrial
rocess for removing phenol using immobilized derivatives of soy-
ean peroxidase and hydrogen peroxide.

Most of the continuous assays provided good recovery yields
nd, as a consequence, the continuous operation of the reactor
akes it possible to treat large volumes of wastewater with no need

or complex equipment.
The kinetic model of the process and the intrinsic parameters of

he rate equations obtained in a previous work [37] were used in the
esign model of the continuous tank reactor. From the design equa-
ions obtained, the model was solved by numerical calculations

nd the experimental data were fitted to the model with a good
egree of agreement between experimental and calculated values
f the phenol conversion. This confirmed the validity of the design
eactor model as well as the kinetic rate equations and intrinsic
arameters used, despite the fact that they were obtained in assays
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arried out in a batch reactor and in the presence of buffered solu-
ions.

Finally, it can be affirmed that the results obtained in this work
re a solid basis for designing a continuous industrial process for
emoving phenol from effluents containing this phenolic com-
ound.
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ppendix A

Kinetics equations, taken from [37], which have been used in
his work.

�H2
= kcat1[Eactive][�H2][H2O2]

KM1[�H2] + KM2[H2O2] + [�H2][H2O2] + KM3[H�–�H]

+ KM4[H�–�H][H2O2]
(A1)

H�–�H = kcat2[Eactive][H�–�H][H2O2]
KM1[�H2] + KM2[H2O2] + [�H2][H2O2]

+ KM3[H�–�H] + KM4[H�–�H][H2O2]

(A2)

dimer = 1
2

r�H2
− rH�–�H (A3)

H2O2 = kH2O2 (r�H2
+ rH�–�H) (A4)

Eactive] = [E]0 exp
(

− kd

[E]0
t
)

(A5)

eferences

[1] J.A. Klein, D.D. Lee, Biological treatment of aqueous waste from coal conversion
processes, Biotechnol. Bioeng. Symp. 8 (1979) 379–390.

[2] C.W. Bryant, J.J. Avenell, W.A. Barkley, R.N. Thut, The removal of chlorinated
organic from conventional pulp and paper wastewater treatment systems,
Water Sci. Technol. 26 (1/2) (1992) 417–425.

[3] I. Gellman, Environmental effects of paper industry wastewater—an overview,
Water Sci. Technol. 20 (2) (1988) 59–65.

[4] M. Wagner, J. Aicell, Treatment of a foul condensate from Kraft pulping with
horseradish peroxidase and hydrogen peroxide, Water Res. 35 (2001) 485–495.

[5] O. Milstein, A. Haars, A. Majcherczyk, J. Trojanowski, D. Tautz, H. Zanker, A. Huet-
termann, Removal of chlorophenols and chlorolignins from bleaching effluent
by combined chemical and biological treatment, Water Sci. Technol. 20 (1)
(1988) 161–170.

[6] R.C. Wang, C.C. Kuo, C.C. Shyu, Adsorption of phenols onto granular activated
carbon in a liquid–solid fluidized bed, J. Chem. Technol. Biotechnol. 68 (2) (1997)
187–194.

[7] G.J. Wilson, A.P. Khodadoust, M.T. Suidan, R.C. Brenner, C.M. Acheson, Anaer-
obic/aerobic biodegradation of pentachlorophenol using GAC fluidized bed
reactors: optimization of the empty bed contact time, Water Sci. Technol. 38
(7) (1998) 9–17.

[8] J.A. Nicell, L. Al-Kassim, J.K. Bewtra, K.E. Taylor, Wastewater treatment by
enzyme catalyzed polymerisation and precipitation, Biodeterioration Abstr. 7
(1) (1993) 1–8.

[9] J.A. Nicell, J.K. Bewtra, N. Biswas, K.E. Taylor, Reactor development for peroxi-
dase catalyzed polymerisation and precipitation of phenols from wastewater,
Water Res. 27 (11) (1993) 1629–1639.

10] L. Al-Kassim, K.E. Taylor, J.A. Nicell, J.K. Bewtra, N. Biswas, Enzymatic removal of

selected aromatic contaminants from wastewater by a fungal peroxidase from
Coprinus macrorhizus in batch reactor, J. Chem. Technol. Biotechnol. 61 (1994)
179–182.

11] J. Yu, K.E. Taylor, H. Zou, N. Biswas, J.K. Bewtra, Phenol conversion and dimeric
intermediates in horseradish peroxidase-catalyzed phenol removal from water,
Environ. Sci. Technol. 28 (1994) 2154–5160.

[

[

[

g Journal 145 (2008) 142–148

12] W.L. Maddhinni, H.B. Vurimindi, A. Yerramilli, Degradation of azo dye
with horse radish peroxidase (HRP), J. Indian Inst. Sci. 86 (5) (2006)
507–514.

13] H. Wright, J.A. Nicell, Characterization of soybean peroxidase for the treatment
of aqueous phenol, Bioresour. Technol. 70 (1999) 69–79.

14] N. Caza, J.K. Bewtra, N. Biswas, K.E. Taylor, Removal of phenolic compounds
from synthetic wastewater using soybean peroxidase, Water Res. 33 (1999)
3008–3012.

15] A. Bódalo, J.L. Gómez, E. Gómez, A.M. Hidalgo, M. Gómez, A.M. Yelo, Removal of
4-chlorophenol by soybean peroxidase and hydrogen peroxide in a discontin-
uous tank reactor, Desalination 195 (1–3) (2006) 51–59.

16] K.J. Baynton, J.K. Bewtra, N. Biswas, K.E. Taylor, Inactivation of horseradish per-
oxidase by phenol and hydrogen peroxide: a kinetic investigation, Biochim.
Biophys. Acta 1206 (1994) 272–278.

17] J.A. Nicell, H. Wright, A model of peroxidase activity with inhibition by hydrogen
peroxide, Enzyme Microb. Tech. 21 (1997) 302–310.

18] J.A. Nicell, K.W. Saadi, I.D. Buchanan, Phenol polymerization and precipita-
tion by horseradish peroxidase enzyme and an additive, Bioresour. Technol.
54 (1995) 5–16.

19] J. Wu, K.E. Taylor, N. Biswas, J.K. Bewtra, A model for the protective effect of
additives on the activity of horseradish peroxidase in the removal of phenol,
Enzyme Microb. Tech. 22 (1998) 315–322.

20] C. Kinsley, J.A. Nicell, Treatment of aqueous phenol with soybean peroxidase in
the presence of polyethylene glycol, Bioresour. Technol. 13 (2000) 139–146.

21] A. Bódalo, J.L. Gómez, E. Gómez, J. Bastida, M.F. Máximo, Comparison of com-
mercial peroxidases for removing phenol from water solutions, Chemosphere
63 (4) (2006) 626–632.

22] J.A. Nicell, Kinetics of horseradish peroxidase-catalyzed polymerization and
precipitation of aqueous 4-chlorophenol, J. Chem. Technol. Biotechnol. 60
(1994) 203–215.

23] I.D. Buchanan, J.A. Nicell, Model development for horseradish peroxidase-
catalyzed removal of aqueous phenol, Biotechnol. Bioeng. 54 (1997)
251–261.

24] I.D. Buchanan, J.A. Nicell, M. Wagner, Reactor models for horseradish
peroxidase-catalyzed aromatic removal, J. Environ. Eng. 124 (1998) 794–802.

25] J. Wu, K.E. Taylor, N. Biswas, J.K. Bewtra, Kinetic model for removal of phenol by
horseradish peroxidase with PEG, J. Environ. Eng. 125 (1999) 451–458.

26] I.D. Buchanan, J.A. Nicell, A simplified model of peroxidase-catalyzed phe-
nol removal from aqueous solution, J. Chem. Technol. Biotechnol. 74 (1999)
669–674.

27] J.L. Gómez, A. Bódalo, E. Gómez, A.M. Hidalgo, M. Gómez, A new method to
estimate intrinsic parameters in the ping-pong bisubstrate kinetics: application
to the oxipolymerization of phenol, Am. J. Biochem. Biotechnol. 1 (2) (2005)
115–120.

28] A. Bódalo, J.L. Gómez, E. Gómez, A.M. Hidalgo, M. Gómez, A.M. Yelo, Elimina-
tion of 4-chlorophenol by soybean peroxidase and hydrogen peroxide: Kinetic
model and intrinsic parameters, Biochem. Eng. J. 34 (3) (2007) 242–247.

29] Y. Wu, K.E. Taylor, N. Biswas, J.K. Bewtra, Kinetic model-aided reactor design for
peroxidase-catalyzed removal of phenol in the presence of polyethylene glycol,
J. Chem. Technol. Biotechnol. 74 (1999) 519–526.

30] J.L. Gómez, A. Bódalo, E. Gómez, J. Bastida, A.M. Hidalgo, M. Gómez, Immobiliza-
tion of peroxidases on glass beads: an improved alternative for phenol removal,
Enzyme Microb. Technol. 39 (2006) 1016–1022.

31] M.L. Magri, M.D. Loustau, M.V. Miranda, O. Cascone, Immobilisation of soy-
bean seed coat peroxidase on its natural support for phenol removal from
wastewater, Biocatal. Biotransform. 25 (1) (2007) 98–102.

32] L. Ensuncho, M. Alvárez-Cuenca, R.L. Legge, Removal of aqueous phenol using
immobilized enzymes in a bench scale and pilot scale three-phase fluidized
bed reactor, Bioproc. Biosyst. Eng. 27 (2005) 185–191.

33] J.L. Gómez, A. Bódalo, E. Gómez, A.M. Hidalgo, M. Gómez, M.D. Murcia, Experi-
mental behaviour and design model of a fluidized bed reactor with immobilized
peroxidase for phenol removal, Chem. Eng. J. 127 (1–3) (2007) 47–57.

34] M. Caldeira, S.C. Heald, M.F. Carvalho, I. Vasconcelos, A.T. Bull, P.M.L. Castro,
4-Chlorophenol degradation by a bacterial consortium: development of a gran-
ular activated carbon biofilm reactor, Appl. Microbiol. Biotechnol. 52 (5) (1999)
722–729.

35] C. Garibay-Orijel, E. Rios-Leal, J. García-Mena, H.M. Poggi-Varaldo, 2,4,6-
Trichlorophenol and phenol removal in methanogenic and partially aerated
methanogenic conditions in a fluidized bed bioreactor, J. Chem. Technol.
Biotechnol. 80 (10) (2005) 1180–1187.

36] H.B. Dunford, J.S. Stillman, On the function and mechanism of action of perox-
idases, Coord. Chem. Rev. 19 (1976) 187–251.

37] J.L. Gómez, A. Bódalo, E. Gómez, J. Bastida, A.M. Hidalgo, M. Gómez, A cov-
ered particle deactivation model and an expanded Dunford mechanism for
the kinetic analysis of the immobilized SBP/phenol/hydrogen peroxide system,
Chem. Eng. J. 138 (2008) 460–473.

38] E.F. Hartree, Determination of protein: a modification of Lowry method that
gives a linear photometric response, Anal. Biochem. 48 (1972) 422–427.
39] J.A. Nelder, R. Mead, A Simplex method for function minimization, Comput. J. 7
(4) (1965) 308–313.

40] D.M. Himmelblau, Process Analysis by Statistical Methods, Wiley, New York,
1990.

41] J.J. Straathof, Development of a computer program for analysis of enzyme kinet-
ics by progress curve fitting, J. Mol. Catal. B: Enzym. 11 (2001) 991–998.


	A transient design model of a continuous tank reactor for removing phenol with immobilized soybean peroxidase and hydrogen peroxide
	Introduction
	Experimental
	Materials
	Enzyme and substrates
	Colorimetric reagents
	Immobilization reagents
	Supports

	Immobilization
	Immobilization procedure
	Protein determination
	Measurement of free and immobilized enzyme activity

	Analytical method
	Experimental system and operational procedure
	Experimental planning
	Enzyme concentration variation
	Substrate concentration variation
	Feed flow variation


	Results and discussion
	Influence of the enzyme concentration
	Influence of initial substrate concentration
	Influence of the flow rate

	Design model
	Hypothesis
	Mass balance equations
	Mass balance for phenol, dimer and hydrogen peroxide


	Solving and fitting the model
	Conclusions
	Acknowledgements
	Appendix A
	References


