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Abstract: The selection of a suitable type of reactor for the re-
action with enzymes immobilized on the carriers is extremely
important to industry. In this study the possibility of using
pre-selected cellulose-based carriers (Granocel) to conduct the
reaction in a stirred batch reactor and a fixed-bed reactor was
investigated. It was shown that non-activated Granocel did not
undergo compression or crushing, so it was suitable for both types
of reactors tested. Granocel activated with divinylsulphone can
be used in the packed-bed reactor, but after earlier stabilization
of the bed, and in the stirred reactor, but in a volume close to
50% of the reactor volume. Granocel activated with glutaralde-
hyde is not suitable for use in packed-bed reactors, because of
its susceptibility to compression. It can be applied in a stirred
reactor, but only in a volume close to 50% of the reactor volume.

1. Introduction

Physicochemical and, most of all, mechanical properties of carriers determine the use
of a specific type of reactor for the reaction with immobilized enzymes. In industry,
packed-bed reactors and stirred batch or continuous reactors are used most often. In
packed-bed columns the bed, first of all, cannot be susceptible to compression. Car-
riers for processes with immobilized enzymes, in stirred reactors, should be resistant
to damage by friction, abrasion and impact.

In an earlier stage of the study, the appropriate carrier types, methods of activation
and immobilization procedures (adsorption and covalent attachment) for laccase and
tyrosinase were selected (Rekuć et al., 2008; Labus et al., 2011). The main goal of this
approach is to focus on the mechanical stability of earlier selected non-activated and
activated cellulose-based carriers – Granocel – and on the selection of reactor types
for the reaction with the use of enzymes immobilized on these supports.
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2. Materials and methods

2.1. Preparation and activation of cellulose-based carriers

Granocel-2000 carriers were prepared using the procedure described previously (Serys
et al., 1994). Briefly, for further modification, fraction with a particle size of 0.2–0.315
mm was used. The regenerated cellulose was cross-linked with 1-chloro-2,3-epoxypropane.
Thus, the Granocel-2000 matrix with a size exclusion limit of 106 Da was prepared
and part of it was functionalized by the addition of –NH2 groups. Activation of –OH
and –NH2 groups on the carriers was carried out with divinylsulfone (DVS) and glu-
taraldehyde (GA), respectively. The procedures described previously were applied
(Bryjak et al., 2007).

2.2. Mechanical stability in a batch reactor

Granocel-2000 carriers (G), non-activated, activated with DVS or GA with a volume
of 5, 25 and 50% of working volume of the reactor were incubated in 0.1 M phosphate
buffer of pH 7.0 in a stirred (20 rmp) batch reactor at room temperature. After 48
hours of mixing, in the case of the mechanical damages study, carrier samples were
taken for microscopic (Intel Play microscope QX3 Computec Microscopy) and particle
size analyses (Malvern Mastersizer 2000). As a control, the non-stirred Granocel was
analyzed.

Fig. 1. Particle size distribution of non-activated Granocel(-), DVS-activated(-) and
GA-activated(-), in 5% (a), 25% (b) and 50% (c) the volume of the reactor
after 48 hours of stirring. As a control, non-stirred Granocel was used(-).

2.3. Mechanical stability in a packed-bed reactor

4.6 mL of non-activated G, 3.9 mL of G activated with GA and 4.0 mL of G activated
with DVS were packed in 60 mm high column with inner diameter 12 mm. The bed
was stabilized with a 0.1 M phosphate buffer of pH 7.0 for 15 minutes with flow rate
5.3 mL/min. After flux stabilization, the phosphate buffer was passed (Prominent
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Gamma/4 pump) through the bed for 78 hours at room temperature. The compres-
sion of the bed was evaluated by measuring, at a specified time, the bed volume and
the flow rate. After the process, the microscopic observations of the carriers from
the top, middle and bottom of the column were taken (Intel Play microscope QX3
Computec Microscopy). As a control, the Granocel before process was used.

3. Results and discussion

3.1. Mechanical stability of the carriers in a stirred batch reactor

Tab. 1. Microscopic pictures of non-activated, AG- and DVS-activated G, after 48 h
stirring in a batch reactor with 5.25 and 50% of the reactor working volume.
Magnification 100 times.

Carrier volume
Non-stirred Granocel

Non-activated GA-activated DVS-activated

5%

25%

50%

Analysis of particle size distribution (Fig. 1) and microscopic images (Tab. 1)
showed that anon-activated Granocelis resistant to mechanical damage caused by 48-
hour stirring, regardless of the volume of carrier in the reactor. In the same conditions,
Granocel activated with GA or DVS was crushed. The damage was stronger when less
volume of carrier was used. Activation of carriers with GA or DVA caused that the
structure of the carrier stiffened significantly, which makes the carrier more fragile,
and susceptible to mechanical damage caused by friction and impact. The increase
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of carrier amount in the reactor caused aggregation of Granocel beads that finally
limited susceptibility to crushing.

Fig. 2. The flow rate (dots) and the relative bed volume changes (triangles) in
the packed-bed reactor, for non-activated (a), DVS-activated (b) and GA-
activated (c) Granocel.

It can be seen that Granocel activated with GA is slightly less susceptible to
crushing in the stirred reactor than Granocel activated with DVS. This is because
the GA acts on–NH2 groups on the carrier surface while DVS reacts with -OH groups
located either on the surface or in the pore interiors and, finally, increases fragility.

3.2. Mechanical stability of the carriers in a packed-bed reactor

The drop of flow rate as well as changes in the bed volume during the reaction in
a packed-bed reactor were observed when all tested carriers were used as the column
bed (Fig. 2). These phenomena caused serious problems in conducting and monitor-
ing the processes. In the case of non-activated Granocel (Fig. 2a), after the initial
drop of the flow rate and the bed volume (4 hours), the fast stabilization of these
parameters was observed. In general, this carrier was not compressed significantly
or crushed (Tab. 2),which made it suitable to conduct the reaction in continuous
packed-bedreactors. When Granocel matrix was replaced with DVS-activated Gra-
nocel, a significant decrease in flow rate was noted for the first 55 hours and after
that time stabilization of the bed was observed. It is expected that the decrease in
flow rate was caused by compression of the bed only in the middle and bottom of
the column, wherein, the upper layers were lifted by falling drops. The stabilization
of the flow rate caused that the use of a DVS-activated carrier in a packed-bed reac-
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tor is possible, but after a longer time, in which constant flow will be observed. In
the case of GA-activated Granocel, strong decreases in both the bed volume and the
buffer flux were observed. Moreover, it was noted that crushed particles were washed
out of the reactor, especially in a time longer than 40 hours. It is expected that water
expelling from the crushed fragments, as the microscopic pictures, did not show any
signs of damage (Tab. 2). These results showed that the use of GA-activated Granocel
in a packed-bed reactor should be excluded.

Tab. 2. Microscopic pictures of Granocel non-activated, GA-activated and DVS-
activated after 78 hours of the process in a packed-bed reactor. Samples
were collected from the top, middle and bottom of the bed. Magnification
100 times.

Granocel before process

Non-activated GA-activated DVS-activated
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4. Conclusion

The main goal of this research was to test the mechanical stability of non-activated,
GA- and DVS-activated cellulose-based carrier (Granocel) in stirred and packed-bed
reactors. In conclusion, it can be said that the possibility of use the Granocel carriers
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in particular types of reactors is related to the type of the chemical used for carrier
activation. GA and DVS caused the carrier to become less flexible and led to the
crushing of Granocel particles. It was found that non-activated carrier can be applied
in all tested types of reactors. It was not susceptible to crushing or abrasion when
mixed in stirred reactors. Moreover, Granocel was not compressed in a fixed-bed
reactor, thus it can be applied in continuous processes.

Carriers activated with GA and DVS can be used instirred reactors, but only if the
volume of the carrier is 50% of the working reactor volume. DVS-activated Granocelis
suitable for carrying out the reaction in the packed-bed reactor. However, a relatively
long time is needed for flux stabilization. In the case of GA-activated carrier, the use
of a packed-bed reactor should be excluded due to the bed compressibility.
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