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Abstract

In this work, immobilized derivatives of soybean peroxidase, covalently bound to glass supports with different surface areas, were used in
a laboratory scale fluidized bed reactor to study their viability for use in phenol removal. The influence of the different operational vari-
ables on the process was also studied. When derivatives immobilized on supports with the highest surface area were used, 80% removal was
achieved.

Since knowledge of the removal process in the fluidized bed reactor and its simulation is vital before a continuous industrial scale process can be
proposed, a reactor model based on the experimental results that predicts the system’s behaviour both in steady and transient state was developed.
The model considers the fluidized bed reactor as a plug flow reactor in series with an ideal mixer and follows a kinetic law based on the observed
external mass transfer resistances in order to work out the process rate.

The values of the model parameters were obtained by fitting phenol conversion values obtained experimentally to the model, using the Curve-
Expert, V 1.3, software.

The good agreement obtained between the experimental and calculated values of phenol conversion demonstrates that the model is valid as a

predictive model for using this reactor configuration.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Phenolic compounds are among the most ubiquitous pol-
lutants and they are widely known to be toxic and diffi-
cult to degrade. They are usually found in the wastewaters
of numerous industries, such as the pulp and paper, wood,
steel and metals, petroleum refining, resins and plastic based
industries [1-4].

Biological degradation with microorganisms and adsorption
and biotreatment in active carbon in different reactor configu-
rations have been the most widely used technologies until now
for the purification of industrial effluents containing phenolic
products.

Several authors have described the use of fluidized bed reac-
tors with granulated active carbon acting as both the adsorbent of
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phenolic products and as support for phenol-degrading microor-
ganisms [5-8].

Fluidized beds with microorganisms immobilized on differ-
ent supports have also been used for removing phenol from
wastewaters. Hirata et al. [9], described the kinetics of the bio-
logical treatment of phenolic wastewaters in this type of reactor
containing biofilms and suspended sludge. For highly polluted
phenolic waters, Loh et al. [10], used an air lift fluidized bed
reactor with Pseudomonas putida immobilized on pellets of
expanded polyestyrene, concluding that biodegradation was lim-
ited by oxygen transfer. Working with this reactor configuration,
Juarez-Ramirez et al. [11], studied the kinetics of phenol degra-
dation with Candida tropicalis immobilized on agar gel, finding
that the degradation rate is higher than that obtained with the free
cells. A comparative study of tank and fluidized bed reactors for
phenol biodegradation was made by Gonzalez et al. [12], the
latter enabling better control of the process and needing shorter
hydraulic residence times. Furthermore, using the same type
of immobilized microorganism, Pseudomonas putida, Gonzalez
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Nomenclature

a parameter defined in Eq. (39)

as specific surface area (cm?/g)

A normal section of bed (cm?)

b parameter defined in Eq. (39)

C bulk substrate concentration (mM)

CL substrate concentration at the end of fluidized
zone (mM)

Cm substrate concentration in the mixing zone (mM)

Co substrate concentration in the feed (mM)

c substrate concentration upon particle surface
(mM)

f auxiliary function defined in Eq. (15)

F feed flow rate (ml/min)

k rate constant defined in Eq. (4) (min—!)

kr mass transfer coefficient ( g/cm2 min)

L length of fluidized zone (cm)

L length of initial fixed bed (cm)

)4 Laplace variable

r rate reaction (mM/min)

R regression coefficient

s Laplace variable

S.D. standard deviation

t time (min)

U step function with a dead time

v variable defined in Eq. (4) (cm/min)

M mixing zone volume (cm?)

by phenol conversion

Xst steady state phenol conversion

z axial coordinate (cm)

Greek letters

€ bed porosity

et fixed bed porosity

et al. [13], and Vinod et al. [14], tested the degree of phenol
biodegradation for different substrate concentrations and flow
rates, obtaining removal percentages of about 90%. Puhakka et
al. [15], studied the biodegradation of polychlorinated pheno-
lic compounds using mixed cultures, celite supports and pure
oxygen aeration.

In the above studies only the use of immobilized microor-
ganisms for phenol removal was tested, but the corresponding
mathematical models were not developed. Very few studies with
immobilized microorganisms were found in which a mathemat-
ical model was proposed [16,17].

Enzymatic treatments have been presented as an alter-
native technology, since they can operate over wide pH
and temperature ranges and have greater substrate specificity
than microorganisms. Moreover, microorganisms produce a
great amount of biomass that needs to be treated and even
eliminated.

In recent years, free and immobilized peroxidases have been
found to be viable alternatives in the phenol removal process, as

can be observed from the great number of works published in this
area [18-23]. In most of these studies free enzymes were used
in discontinuous tank reactors, which made them impossible to
reuse and eliminate from the bulk reaction.

The use of immobilized enzymes has several advantages. For
instance, they can be easily separated from the reaction prod-
ucts and reused. They also work better in continuous processes
[24-27].

Continuous processes with immobilized enzymes can be car-
ried out in different reactor configurations, although fluidized
bed reactors have certain advantages compared with the con-
ventionally used tank and packed bed reactors. Fluidized beds
are especially recommended when the substrates are viscous or
contain suspended particles. The pressure drop is smaller when
using fluidized bed reactors and the flow distribution through the
reactor radial section is more uniform, which minimises the for-
mation of preferential channels. Also, since mechanical stirring
is not necessary, the support particles are less damaged by abra-
sion. All these advantages are of special interest in the phenol
oxidation process using immobilized peroxidase, since most of
the products formed are insoluble, which in packed bed reactors
would lead to clogging phenomena and to an increase of the
pressure drop.

However, despite the many papers published on the use of
fluidized bed reactors for the removal of phenolic compounds
with immobilized microorganisms, very a few works have used
immobilized enzymes for the same purpose. Moreover, in the
few studies that do exist, the enzyme was immobilized using
physical methods, none having been found in which the immobi-
lization process was carried out by covalent coupling. As regards
published papers related to fluidized bed with immobilized per-
oxidases, Trivedi et al. [28], using soybean peroxidase entrapped
on a hybrid silica/alginate gel, investigated phenol elimination
in continuous in a fluidized bed reactor with recirculation. Also,
Ensuncho et al. [29], used immobilized tyrosinase to catalyze the
phenol conversion to o-quinones, in the presence of oxygen, in
a three-phase fluidized bed reactor. In this study, the enzyme
was physically retained in a mixed matrix of chitosan and
alginate.

We have found no reference to the use of peroxidases immobi-
lized by covalent coupling for the removal of phenol in fluidized
bed reactors, nor any mathematical model for this process. How-
ever, for other processes, different fluidized bed reactor models
have been used for systems involving enzymes covalently immo-
bilized onto a solid support [30-34]. Some aspects of these
models have been taken into account in the development of the
reactor model described in the present work.

In this work, immobilized derivatives of soybean peroxidase
covalently bound to glass supports with different surface areas,
have been used, probably for the first time, in a fluidized bed
reactor, in order to study their viability for phenol removal, as
well as the influence of different operational variables. Since
knowledge of phenol removal processes in fluidized bed reactors
and their simulation is vital for designing a continuous industrial
scale process, a reactor model, based on the experimental results
that predicts the system’s behaviour both in steady and transient
state has been designed.
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2. Experimental
2.1. Materials

Enzyme and substrates: soybean peroxidase enzyme (SBP)
(EC 1.11.1.7, 108 IU/mg), catalase (EC 1.11.1.6, 2200 IU/mg)
from bovine liver, hydrogen peroxide (35%, w/v), phenol
(molecular mass 94.11, minimum purity 99%), were purchased
from Sigma—Aldrich Fine Chemical.

Colorimetric reagents: 4-aminoantipyrine (AAP) and potas-
sium ferricyanide, were purchased from Sigma—Aldrich Fine
Chemicals.

Immobilization reagents: nitric acid (HNO3) of 65%
purity (Merck), y-APTES ((3-aminopropyl) trietoxysilane)
(C9H23NO3Si), hydrochloric acid (HCI) of 36.5% purity
(Probus S.A.) and glutaraldehyde (OCH(CH;)3CHO) of 25%
purity.

Supports:

(a) PG 75-400: controlled pore glass 75-400, with a 200—
400 mesh particle size, 77 A average pore diameter and
182 x 10* cm?/g surface area.

(b) PG 350-80: controlled pore glass 350-80, with a 20—
80mesh particle size, 350A average pore diameter
and 53.45 x 10*cm?/g surface area, purchased from
Sigma—Aldrich.

2.2. Immobilization

Immobilized derivatives were prepared by covalent coupling
between the amine groups of the protein and the aldehyde groups
of the porous glass treated with (3-aminopropyl) triethoxysilane
and glutaraldehyde, as in a previous work [35]. The immobiliza-
tion procedure, protein determination and activity measurements
are described below.

2.2.1. Immobilization procedure

During each immobilization, 5 g of support was the maximum
amount that could be used. Using 1 g of support, the immobiliza-
tion process was carried out according to the following steps:

e Preparation of the carrier: glass beads were washed in 5%
HNO3 at 80-90 °C for 60 min and then rinsed with distilled
water and dried in an oven for 24 h at 110 °C.

e Support activation: to 1 g of clean PG, 18 ml of distilled water
was added along with 2 ml of y-APTES (10%, v/v) and the
pH was adjusted to between pH 3 and 4 with 6N HCI. 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.

e [mmobilization on PG-glutaraldehyde: 1 g of silanized glass
was made to react in a jacketed column reactor (3 i.d. and
40 cm length) with 25 ml of glutaraldehyde 2.5% in 0.05M
phosphate buffer, pH 7. The reactor was equipped with
a porous glass plate placed 4.5cm from the bottom. The
solution was recycled for 60 min with a 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 deriva-
tive was suspended in 50 ml of the same buffer and stored at
4°C until use.

2.2.2. Protein determination

The amount of protein initially offered and in the wash-
liquid after immobilization was determined by Lowry’s proce-
dure modified by Hartree [36], using bovine serum albumin as
a standard. The amount of coupled peroxidase was the differ-
ence between the amount of the enzyme added initially and the
amount of enzyme in the wash-liquid.

2.2.3. Activity measurements of free and immobilized
enzyme

The initial reaction rates of both soluble and immobilized
enzyme were measured in a jacketed batch reactor (50 ml total
volume) at 30 °C and pH 7. Substrate concentrations (phenol and
hydrogen peroxide) were kept constant at 2 mM, while enzyme
concentration was varied between 0.01 and 0.05 mg/ml. Samples
were taken from the reactor every 2.5 min and phenol concentra-
tion was determined as described below. When the immobilized
enzyme derivatives were tested for activity, the samples were
passed through a nylon membrane (10 wm) to retain the solid
biocatalyst and phenolic polymer particles in the reactor. When
the enzymes were used in solution, the samples from the reac-
tor were poured into 1 ml of catalase solution (2200TU m1~!)
to stop the reaction by breaking down the hydrogen peroxide.
For this, 0.2 ml of a coagulant (AIK(SO4), 40 g 171) were added
to 1 ml of the former mixture, before centrifuging for 30 min
at 10,000 x g. With the activity data of free and immobilized
enzyme, the activity yield was calculated.

Two immobilizations were carried out with PG 75-400 and
another two with PG 350-80. The results obtained are shown
in Table 1, where the more important characteristics of each
derivative (immobilized protein (%), mg E/g support, mg E/ml
storage suspension, activity yield (%) and IU/mg immobilized
E) are reported. As can be seen in Table 1, the activity yield of
the four derivatives was very similar, varying from 68 to 74%,
which guaranties the possibility of using similar activities in the
fluidized bed.

2.3. Analytical method

Phenol concentrations were measured by a colorimetric
method using solutions of potassium ferricyanide (83.4 mM
in 0.25 M sodium bicarbonate solution) and 4-aminoantipyrine
(20.8mM in 0.25M sodium bicarbonate solution). Aliquots
(2.4 ml) of the sample (phenol concentration up to 0.2 mM) were
placed in a spectrophotometer cuvette (3 ml) together with 0.3 ml
of ferricyanide solution and 0.3 ml AAP solution. After a few
minutes to allow the colour to develop fully, absorbance was
measured at 505 nm against a blank (2.4 ml of water, 0.3 ml
ferricyanide solution and 0.3 ml AAP solution). Absorbance
values were transformed to phenol concentrations in the sam-
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Table 1

Immobilization results

Derivative 1

Support PG 75-400
Immobilized protein (%) 43.45

mg E/g support 34.76

mg E/ml storage suspension 0.695
Activity yield (%) 74.0
IU/mg immobilized E 79.9
IU/ml storage suspension 55.5

2 3 4

PG 75-400 PG 350-80 PG 350-80
45.05 42.34 3451
36.04 33.87 27.61
0.721 0.677 0.552

71.3 68.5 70.1

71.0 74.0 75.7

55.5 50.1 41.8

ple by using a calibration curve ([phenol] =0.0952 x Abssps,
R=0.9997).

2.4. Experimental system and operational procedure

2.4.1. Experimental system

A jacketed glass column, two peristaltic pumps, two feeding
tanks and a thermostatic bath are included in the experimental
system. A schematic diagram is shown in Fig. 1. The reactor
column had an internal diameter of 1 cm and a maximum useful
height of 21 cm. A porous plate positioned 3 cm from the column
bottom acted as liquid distributor. Water from the thermostatic
bath maintained the reactor column at a constant temperature.
A mesh was placed in the upper part of the column so that
the immobilized biocatalyst could be fluidized and the reactor
operates as a fluidized bed. Substrates (phenol and hydrogen per-
oxide) were pumped by two peristaltic pumps from the bottom
to the top of the reactor, while the effluents with the reaction
products were collected by overflow system, thus providing a
constant volume in the reactor.

2.4.2. Operational procedure
In each assay, the reactor was charged with the required initial
packed bed height. This operation was carried out as follows: a

known volume was taken from the storage suspension contain-
ing the immobilized derivative, and placed inside the reactor.
Once the catalytic particles were settled on the porous plate, the
supernatant liquid was removed and the packed bed height was
measured. This operation was repeated until the initial fixed bed
height of the assay was achieved. From the total storage sus-
pension volume added to the reactor and with the value of the
mg E/ml storage suspension ratio, shown in Table 1, the total
amount of enzyme in the bed was calculated.

Next, the reactor volume was completely filled with distilled
water and the two peristaltic pumps of the substrate feed were
connected simultaneously. The time course of the process was
monitored by taking samples at the reactor outlet at regular
time intervals.

2.5. Experimental planning

All the assays were carried out at 20°C and pH 7. The
substrates, phenol and hydrogen peroxide, were all aqueous
solutions.

2.5.1. Bed height variation
Different values of initial bed height were used (0.5, 1.0,
1.5 and 2.0 cm) to determine the influence of this parameter on

THERMOSTATIC
BATH
— FLUIDIZED
_ E BED
REACTOR
H,0, COLLECTED
TANK
FEED
TANKS PERISTALTIC
PUMPS
Ph

Fig. 1. Flow diagram of experimental equipment.
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phenol removal. A fluidized bed reactor with both soybean per-
oxidase derivatives, PG 75-400 and PG 350-80, were used. The
flow rate was kept constant at 5.0 ml/min, as was the substrate
concentrations (phenol and hydrogen peroxide) at 1.0 mM. For
this experimental series, derivatives 1 and 3 of Table 1 were
selected.

2.5.2. Feed flow variation

Several experiments were carried out with both immobilized
derivatives (PG 75-400 and PG 350-80), using three different
feed flows: 5.0, 7.5 and 10.0 ml/min. In all the assays, substrate
concentrations (phenol and hydrogen peroxide) were fixed at
1.0 mM and the initial fixed bed height at 1.5 cm. Derivatives 1
and 3 of Table 1 were also selected for this series.

2.5.3. Substrate concentrations variation

The influence of substrate concentrations (hydrogen perox-
ide and phenol) was studied in the fluidized bed reactor. Three
substrate concentrations (0.5, 1.0 and 1.5 mM hydrogen perox-
ide and phenol, molar ratio 1:1) were assessed, using the same
flow rate of 5.0 ml/min. A bed height of 1.0cm was used with
the PG 75-400 immobilized derivative and of 1.5 cm with the
PG 350-80 derivative, because conversions obtained with this
derivative with a 1.0 cm bed height were very small. Derivatives
2 and 4 of Table 1 were used in this experimental series.

3. Results and discussion
3.1. Results presentation

The experimentally measured variable was the phenol con-
centration in the effluent, denominated Cy in the design model
shown below. The Cy value was normalized with respect to the
phenol concentration in the feed flow, Co, by defining a con-
version, x=(Co — Cv)/Co (Eq. (32) of design model), which
permitted the use of a scale varying from O to 1 in the plot-
ting and also simplified the comparison between the different
experimental series.

Since the reactor volume was initially filled with distilled
water, the initial value of Cy; was zero in all the assays and the
initial conversion was always unity. After connecting the feed
pumps, the Cyj value increased continuously and the conversion
decreased until the constant value corresponding to the steady
state was reached. This can be observed from Figs. 2, 4 and 5,
where the time course of the conversion was represented for the
different experimental series.

It is important to note that, with the exception of the steady
state, the conversion values shown in Figs. 2, 4 and 5 are not the
exact values for the phenol fraction converted into products. In
fact, although the apparent initial conversion is unity, the real
conversion value must be zero at the beginning of the process
since, at that time, there is no reaction because there are no
substrates in the reactor. Thus, during the transient state, x is
really a formal conversion, which equals the real conversion
when the steady state is reached. For this reason, it is the steady
state conversion that is used in the following discussion of the
results.

3.2. Discussion

As regards the steady state conversion values, which are
shown in Figs. 2, 4 and 5 in the horizontal region of the progress
curve, it can be concluded that, if good percentages of phenol
removal are to be reached, a high degree of activity should be
attained in the bed, and a low flow rate and supports with a high
specific surface area must be selected. For the optimal conditions
of this work, phenol removal only reached about 80%. Higher
values of specific surface area and/or effluent recycling should
be used if higher removal percentages are to be reached.

When comparing the removal percentages obtained in this
work with those reached in some of the studies cited in the
Introduction, it can be concluded that the highest percentages of
phenol removal are reached when immobilized microorganisms
are used in the fluidized bed. However, the main disadvantage
of this option was the high amount of biomass generated.

In the comments made in the Introduction section concerning
the use of immobilized enzymes as catalyst in fluidized bed reac-
tors, we mentioned the immobilization procedures used, which
were always physical. However, in the present work we use
an immobilization procedure involving covalent coupling to the
support. Generally, the principal advantage of covalent immobi-
lization is the higher operational stability of the derivative, which
in continuous reactors, results in a longer operational time for
the reactor. This happened with the derivatives used in this work,
as can be seen from Figs. 2, 4 and 5, where, after 2 h operating,
the steady state conversion value remained stable.

Figs. 2, 4 and 5 also show the influence of the different
operational variables on the steady state conversion. These are
discussed below.

3.2.1. Influence of initial bed height

In Fig. 2, variations in the conversion with reaction time are
represented by dots for the different initial packed bed heights
and for each support. It can be observed that when the bed height
was increased, the maximum conversion increased for both
immobilized derivatives (PG 75-400 and PG 350-80) because of
the higher amount of immobilized derivative used, which results
in greater enzyme activity in the bed.

However, for the same bed height, conversion was higher
with SBP immobilized on PG 75-400 than on PG 350-80, per-
haps because of the higher activity that SBP showed on this
support for the same bed height (Table 2). On the other hand,
differences in the conversion values, (approximately double for
PG 75-400 than for PG 350-80), were much more pronounced
than the differences between the amounts of enzyme activity
(about 30% higher for PG 75-400 than for PG 350-80) in the
bed. Taking into account that the surface area of the PG 75-
400, 182 x 10* cmz/g, was higher than that of the PG 350-80,
53.45 x 10* cm?/g, external diffusion control phenomena could
have occurred, a hypothesis that agrees with the differences
observed in the conversion values. To check this hypothesis, the
steady state conversion values for both supports, calculated as
the average conversion obtained between 60 and 120 min, were
plotted against the amount of enzyme activity corresponding to
each bed height (Fig. 3). In this figure it is observed that, for
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Table 2
Correspondence between the amount of SBP (mg and 1.U.) on each support and the different bed heights
Fixed bed height (cm) PG 75-400 PG 350-80
SBP (mg) SBP (IU) SBP (mg) SBP (IU)
0.5 6.459 516.2 4.988 369.0
1.0 12.919 1032.5 9.976 738.0
1.5 19.378 1548.7 14.964 1107.0
2.0 25.837 2064.9 19.951 1476.0
1.0 @ activity) ratio. The estimated values for the steady state con-
version, for three values of enzyme activity (500, 1000 and
Rl B\ e S — i 15001U), were 0.32, 0.55 and 0.70, for PG 75-400, and 0.19,
06 | il . . : . . 0.33 and 0.42, for PG 350-80, respectively. The values obtained
3 for PG 75-400 were approximately 66% higher than those corre-
04 | I sponding to the same activity for PG 350-80, which confirms the
* 4 4 influence of the specific surface area of the support and the exis-
g 02r tence of external diffusional limitations in the reaction process.
§ 00
2 (B) 3.2.2. Influences of flow rate
S o8 In Fig. 4, variations in the conversion are plotted against
time for both supports at three different flow rates: 5.0, 7.5
0.6 and 10.0 ml/min. A increase in the flow rate resulted in both a
., * _ decrease in spatial time and a decrease in the amount of phenol
ey (L conversion, as was expected.
02 | e o - - o In this series, the bed height was kept constant at 1.5 cm, so
. * . i . that it contained 1548.7 SBP (IU) for the PG 75-400 derivative
0.0 " - . . : . and 1107.0 SBP (IU) for the PG 350-80. The higher conversion
0 20 40 60 80 100 120 140

Time (minutes)

Fig. 2. Time course of phenol conversion and data fitting to model for different
bed heights: (A) PG 75-400 and (B) PG 350-80. Bed height: (@) 2cm, (A)
1.5cm, (H) 1 cm, (#) 0.5 cm, (—) model.

similar amounts of enzyme activity, the conversion values were
almost double that obtained when PG 75-400 support was used.

Data from Fig. 3 were fitted to a polynomial function (con-
tinuous lines in the figure) and conversion data were estimated
for equal values of enzyme activity in the bed. Since the flow
rate in this series was kept constant at 5 ml/min, the estimated
data correspond to equal values of the (effluent volume)/(catalyst

1.0

0.8

0.6

Xst

0.4

0.2

00 1 1 1 L
0 500 1000 1500 2000

SBP (IU)

2500

Fig. 3. Variation of steady state conversion with the amount of SBP activity (IU)
in the fluidized bed: (¢) PG 75-400 and (A) PG 350-80.

reached by the former system may be attributed to the higher
amount of SBP activity on this support. However, the observed
differences were very pronounced since, with approximately
30% more enzyme activity in the bed, the conversions achieved
with PG 75-400 were approximately double that obtained with

1.0
(A)
08
06 .
[]
04
A = .
e 02
o
o
g 0.0
5 (B)
O 08
06
04 i
L] [} = = - -
0.2
0.0
0 20 40 60 80 100 120 140

Time (minutes)

Fig. 4. Time course of phenol conversion and data fitting to model for different
flow rates: (A) PG 75-400 and (B) PG 350-80. Flow rate: (¢) 5 ml/min, ()
7.5 ml/min, (A) 10 ml/min, (—) model.
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Fig. 5. Time course of phenol conversion and data fitting to model for different
substrate concentrations: (A) PG 75-400 and (B) PG 350-80. Substrate concen-
trations: (¢) 0.5 mM, (l) 1 mM and (A) 1.5 mM, (—) model.

PG 350-80, showing, once again, the influence of the surface
area of the support and the presence of external diffusional lim-
itations.

3.2.3. Influence of initial substrate concentrations

The results obtained are given in Fig. 5, where the conver-
sion is plotted against time for both supports, three substrate
concentrations (0.5, 1.0 and 1.5 mM) and a molar ratio of 1:1. It
is observed that, similar conversion percentages were obtained
when substrate concentration was varied, which leads us to
affirm again the existence of a diffusional control because, in
these conditions, the process rate follows a first order law and
the conversion is independent of the initial concentration.

On the other hand, in this series different bed heights were
used for each support. The bed height of 1.0 cm used for PG 75-
400 (derivative 2) contained 1031.4 IU of SBP, while the 1.5 cm
height used for PG 350-80 (derivative 4) contained 1165.3TU
of SBP. In spite of the greater amount of enzyme activity in the
bed, the conversions reached with the PG 350-80 support were
again lower than to those reached with the SBP immobilized in
PG 75-400, which can be attributed to the smaller surface area
of PG 350-80.

The existence of a diffusional control of the process was
therefore confirmed with the different experimental series and
a model, based on this control of the external diffusion, was
formulated.

4. Fluidized bed: model as pfr and in-series mixer
4.1. Model hypothesis

e Thereactor is considered equivalent to a fluidized bed in series
with a ideal mixer.

e For the fluidized bed, the plug flow hypothesis is accepted.

e In each experiment, the porosity, ¢, is constant and uniform
along the bed, because the flow rate, F, remains constant.

e The reaction takes place on the surface of the catalytic par-
ticles. The high enzyme/substrate ratio in the bed means
that the biochemical reaction is faster than the diffusion of
the substrates from the bulk solution to the surface of the
catalytic particles. The process is controlled by the exter-
nal diffusion and the overall rate is given by the equation:
r=—kpas(C—C")

e The substrate is consumed quickly on the catalytic bead sur-
face, and so the approximation C>> C" can be made. There-
fore, the rate equation can be reduced to r=—kpasC, which
determines a first order kinetic law with respect to the sub-
strate concentration.

e The reactor volume existing after the fluidized bed acts as an
ideal mixer. There is no reaction in the mixer because there
are no catalytic particles inside, but the continuous movement
of the polymer particles in that region will mix the effluent
from the fluidized bed with the liquid present in the mixing
zone.

4.2. Mass balance in the fluidized bed

Taking into account an elemental volume, AV=AAz, where
A is the normal bed section and z the axial coordinate, an instan-
taneous substrate mass balance gives the following equation:

aC
(FC)opa; = (FO), + eAAz -+ (1 — £)AAzkLaC =0 (1)

Dividing by Az, and for the limit when Az — 0, the following
equation is obtained:

A(FC) ac
= teAs (1 )AkLaC =0 2)
Z

For constant F, Eq. (2) can be written as

FoC oC (1-¢)

e i krLasC =0 3
eA 0z | or g L )
Defining
F 1—
SO P 2y @)
gA e

the following mass balance differential equation is obtained:

aC oC
— — 4+ kC=0 5
8t+vaz+ ©)

with the initial and boundary conditions
0<z<L, t=0, Cz,00=0 (6)

z=0, t>0, C0,1)=Co (N
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4.3. Mass balance in the mixer

For the mixer, an instantaneous substrate mass balance gives
the following equation:

aC
FCy — FCL + VMB—IM =0 ®)
where Cy is the outlet substrate concentration from the fluidized
bed, L the length, Cy the substrate concentration in the mixer
and Vv the volume.
Reordering Eq. (8), gives Eq. (9)

ICm F F

— + —Cm = —C 9
o + M= 9

with the initial condition

1=0, Cy=0 (10)

5. Solving the model
5.1. Fluidized bed solution

5.1.1. Steady state
For the steady state, (t — 00), Eq. (5) reduces to

dc
v— +kC =0 (11)
dz
with the condition
The solution is
C = Coe vz (13)
Therefore, it can be established that
lim C(z, t) = Coe*/V)* (14)
t— 00
5.1.2. Transient state
For the transient state, the following solution is proposed:
C = Coe™*"2(1 = f(z,1) (15)

Taking into account Egs. (6) and (7), the conditions for f(z, 7) are

f(z,0)=1 (16)
[0, =0 7)
From Eq. (15), the derivatives of C(z, t) will be given by

aa—f = —Co e*Wv)zE;i: (18)
% = —%Co e K1 — )~ Co e—<k/v>zg (19)

Substituting Egs. (18) and (19) into Eq. (5), and simplifying, the
differential equation for f(z, f) is obtained

of | of
oL =
ot 0z
with the conditions given by Eqgs. (16) and (17).

0 (20)

Applying Laplace’s transform to Eq. (20) to eliminate the
time variable, and representing Lf(z, 1) by f(z, 5), gives

df(z,s)
dz

Applying Laplace’s transform again to Eq. (21) to eliminate the
z variable, we finally obtain

sf(z,s)—14+v

0 21

1
sf(p.s) — > +vpf(p.s)=0 (22)
From Eq. (22)
1/v
fp,s) = —F7— (23)
p((s/v) + p)
which in simple fractions, can be expressed as
£ 5) 1 ( 1 1 ) on
ps)=— |-~
s\p G/v)+p
The inverse transform with respect p gives
1 ef(s/ v)z
fz,9)=-— (25)
S \)
and, restoring the ¢ variable, the final solution is obtained
fen=1-U(1-3) (26)
v
where
U(t—f)zo fors < = 27)
v v
U(z—f)—l fort> = (28)
v v

and the complete transient solution for the fluidized bed is

Ce. = Coe ¥y (1= %) (29)
v
Not only is the steady state solution reached when #— oo but
also from the moment that the condition expressed in Eq. (28)
is fulfilled.

5.1.3. Concentration at the end of the fluidized bed

The concentration is given by Eq. (29) when z=L. Because
the sample time interval used in the experiments fulfils the con-
dition expressed in Eq. (28), it can be affirmed that

C(L,1) = Coe */VE (30)
throughout the experiment and for the different individual times,
except for the initial value =0, when C(L, 1) =0.

5.2. Mixer zone solution

From the above solution obtained for the fluidized bed, it can
be deduced that the outlet concentration, Cy, is a constant value
(zero or the value given by Eq. (30)), which facilitates integration
of the mixer zone differential equation, to give

Cm(t) = Coe WL — e (F/Vary 31
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Defining the conversion as

= Co— CwMm (32)
Co

it follows that

x(1) = 1 — e ®WL( — e~ F/ V) (33)

For the steady state, Eq. (33) reduces to

xg=1—e ®VL (34)

which indicates that the following relationship is verified:

In(1 — xg) = —%L (35)

This is confirmed when the model is checked (see below).
6. Checking the model
6.1. Steady state

Eq. (35) was checked with the steady state conversion values,
Xst, obtained experimentally as the average conversion attained
between 60 and 120 min. In this equation, the fluidized bed
length, L, can be expressed as a simple function of the initial
fixed bed length, L¢, and the bed porosity, ¢, according to the
following equation:

(I—eL =(—epLs (36)

Taking into account, also, Eq. (4) for k and v, Eq. (35) can be
written as

L
In(1 — xy) = —(1 — Sf)AkLast 37

Considering that Ly and F are known operational conditions for
all the experiments, and ef and A are constant values, a graph of
In(1 — xg) with the inverse of F should be a straight line. Fig. 6 is
the representation of Eq. (37) for the L variable, F variable and
Co variable series and the two immobilized derivatives. As can
be seen, steady state conversions are very close to the behaviour
expressed in Eq. (37). Furthermore, if the same value of &f is
assumed for the two immobilized derivatives, the slope of the

0.0

-0.54

-1.04

Ln{1-Xst)

20 L L ! L
0 0.1 0.2 0.3 0.4 0.5

L¢/ F (cm.min / ml)

Fig. 6. Fitting of steady state conversion to Eq. (37): () PG 75-400 and (A) PG
350-80.

5.0

40+

30

k (min™)

20+

10 F

OO 1 1 1
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104.as (c:m2 /1g9)

Fig. 7. Dependence of k on specific surface area.

straight lines represented in Fig. 6 should be proportional to
the surface area of the catalytic particles, which is confirmed in
Fig. 7.

6.2. Transient state

For the transient state, the solution given by Eq. (33), together
with the steady state conversion value given by Eq. (34), follow
the relationship:

x() =1 — (1 —xg) (1 — e F/Vwry (38)
which can be written as
x)=1—{0—a)l — e_’”) (39)

This equation has two unknown parameters, a and b, which
can be determined by fitting. Experimental values of x() for all
the experiments were fitted to Eq. (39), using the CurveExpert
V 3.1 software; the values obtained for a and b, together with
the statistical parameters regression coefficient, R, and standard
deviation, S.D., are included in Table 3. With the values of a
and b obtained, and using Eq. (39), theoretical values of x(r)
were estimated. The continuous lines in Figs. 2, 4 and 5 are the
calculated values of x(r) and the dots the experimental values
for the three experimental series. Furthermore, Fig. 8 shows the
calculated values of the steady state conversion given by the

1.0

0.8

06 |

X st.cal

04 *

02

DU I 1 L I
0.0 0.2 0.4 06 0.8 1.0

Xst.exp

Fig. 8. Comparison between experimental and calculated steady state conver-
sions for both PG 75-400 and PG 350-80 supports.
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Table 3

Model parameters and statistics

Support Co (mM) F (ml/min) L¢ (cm) a b R S.D
PG 75-400 1.0 5.0 0.5 0.346 0.082 0.991 0.029
PG 75-400 1.0 5.0 1.0 0.601 0.153 0.991 0.016
PG 75-400 1.0 5.0 1.5 0.695 0.123 0.993 0.012
PG 75-400 1.0 5.0 2.0 0.784 0.231 0.974 0.015
PG 75-400 1.0 10.0 1.5 0.327 0.060 0.997 0.019
PG 75-400 1.0 7.5 1.5 0.498 0.055 0.995 0.017
PG 75-400 1.0 5.0 1.5 0.695 0.123 0.993 0.012
PG 75-400 0.5 5.0 1.0 0.645 0.555 0.994 0.011
PG 75-400 1.0 5.0 1.0 0.601 0.153 0.991 0.016
PG 75-400 L5 5.0 1.0 0.681 0.243 0.991 0.027
PG 350-80 1.0 5.0 0.5 0.148 0.249 0.977 0.050
PG 350-80 1.0 5.0 1.0 0.292 0.214 0.989 0.030
PG 350-80 1.0 5.0 1.5 0.381 0.137 0.994 0.020
PG 350-80 1.0 5.0 2.0 0.418 0.283 0.980 0.032
PG 350-80 1.0 10.0 1.5 0.248 0.214 0.999 0.009
PG 350-80 1.0 7.5 1.5 0.294 0.434 0.992 0.025
PG 350-80 1.0 5.0 1.5 0.381 0.137 0.994 0.020
PG 350-80 0.5 5.0 1.5 0.277 0.263 0.990 0.029
PG 350-80 1.0 5.0 1.5 0.285 0.203 0.993 0.023
PG 350-80 1.5 5.0 1.5 0.336 0.173 0.991 0.027
a parameter, and the experimental value. Finally, Fig. 9 is an ~ Acknowledgements

overall comparison between the calculated and the experimental
values of x(f), for all the experimental series and times. The
excellent fit obtained (better with the smaller particles) leads us
to conclude that the model is valid as a predictive model for the
reactor considered.
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Fig. 9. Comparison between calculated and experimental conversions for all
data series and the two supports: (A) PG 75-400 and (B) PG 350-80.
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