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Abstract

The kinetic behaviour dB-galactosidase frordl uyveromi ces marxianus (Saccharomyces) lactis, immobilized on different
oxides supports, such as alumina, silica, and silicated alumina has been studied. We observed a strong dependence of the
immobilized enzyme activities on the chemical nature and physical structure of the supports. In particular, when the particle
sizes of the supports are increased, the enzymatic activity strongly decreases.

The hydrolysis of lactose, promoted by the mentioned enzyme immobilized on small commercial silica spheres, has been
studied in different operative conditions, by changing: feed rate, reagent and products concentration and temperature, while
pH has been kept constant (7.0). A depressing effect originated by both the reaction products, has been observed. Therefore,
a kinetic model based on the Michaelis—Menten mechanism, in which the depressing effects of both the hydrolysis products
(galactose and glucose) are also considered, have been developed and the related parameters determined.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction in the past by using different methods such as, for

example, physical adsorption, covalent bonding, gel

A large part of the human population show lactose entrapping, etc[3]. However, despite the large in-

intolerance and has difficulty in consuming milk and terest in theB-galactosidase immobilization, it is
dairy productg1]. The problem can be conveniently difficult to obtain a catalyst showing simultaneously:
solved using the enzyme lactasp;galactosidase, (i) high activity, (ii) high stability, (iii) optimal me-
that hydrolyses lactose into the not dangerous com- chanical properties (shape, size, density and attrition
pounds glucose and galactose. The enzyme can beesistance). As a matter of fact, although special im-
used directly or immobilized. The use of free en- mobilized B-galactosidase reactors for continuous
zyme is quite expensive, but when it is immobilized hydrolysis of lactose on dairy products were devel-
by coupling it to an adequate matrix, the resulting oped, for example, by SNAM Progetti in Italy and
bio-catalyst may be reused several times, thus low- by Sumitomo Chemicals in Japan, in the 1970s, free
ering the cost$2]. Enzymes have been immobilized enzyme is still widely used in dairy industry around

the world[4]. This suggests that th&-galactosidase
mpondmg author. Tels39-081-6740-27: immgbili_z_ation procedure has not been yet optimized
fax: +39-081-6740-026. and justifies, therefore, the papers recently published
E-mail address: santacesaria@chemistry.unina.it (E. Santacesaria). on the subjecf4—12].
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In these papers the enzyme is, normally, linked to a 2. Experimental
support by chemical bonds, because, this renders very
stable the bio-catalyst preventing the enzyme leak- 2.1. Materials, reagents and methods
age[5]. Some polymeric supports have been used in
the development of the immobilized enzyme but in- The enzyme (Maxilact 5000), a highly purified
organic carriers, due to their physical properties, are liquid preparation ofp-galactosidase derived from
more suitable for industrial use, offering some advan- Kluyveromices marxianus (Saccharomyces) lactis,
tages such as high mechanical strength, high density,was provided by Gist-Brocades France S.A. The
thermal stability, ease of handling, high flow rates in specific activity of the enzyme solution and of the
continuous reactors and the ease with which they canimmobilized enzyme was determined by using the
be regenerated by simple pyroly$&]. o-nitrophenylg8-p-galactopyranoside (ONPG) sub-

For these reasons, we have studied, in the presentstrate[13]. The activity of the mother enzyme solu-
work, the behaviour oB-galactosidase, immobilized tion corresponded to about 5100 neutral lactose unit/g
with covalent bond on different oxides such as alu- (NLU/g). One NLU is the quantity of enzyme which
mina, silica, and silicated alumina. We observed, in will form 1.30pumol of ortho-nitro-phenol (ONP)
particular, a strong dependence of the immobilized en- from ONPG substrate under the conditions of the as-
zyme activities on both the chemical nature and phys- say. The assay is based on a 10 min hydrolysis of the
ical structure of the supports. Some suggestions haveONPG substrate at 3@ and pH= 7. The mother
been given to explain the observed behaviours. In par- solution contained about 35 mg of proteins per gram
ticular, different runs have been made in this work on, of solution.
respectively, pellets and powders of the same material. The properties of the commercial silica and alumina
As, the activity strongly decreases with the particle supports, used for the enzyme immobilization, are re-
size, a compromise must be adopted in the choice of ported inTable 1 The specific surface area and pore
the particle dimension to be used in practice. For this size distribution of these supports have been obtained
reason we performed a kinetic study of the reaction by N, absorption, at 77K (se@able 1. Fluka fur-
carried out on the enzyme immobilized on spherical nished all other reagents.
pellets (250-50Q.m) of silica, a commercial prod-
uct normally used as chromatographic support. The 2.1.1. Enzyme immobilization on
resulting kinetic data, collected in a continuous fixed powdered supports
bed reactor, have been interpreted by using a kinetic In order to avoid the influence of particle size,
model based on the Michaelis—Menten mechanism all the supports have been powdered and sieved,
opportunely modified for considering the rate inhi- by selecting for the immobilization particles with
bition, experimentally observed, induced by both the diameter of less than 40m. The adopted immo-
reaction products. The model and the obtained kinetic bilization technique occurs in three different steps
parameters have been used to assess a preliminary14]. In the first one &minoalkylation), the ox-
evaluation of the industrial feasibility and constitute a ide surface is silanized by contacting 5g of solid,
base of reference to improve and optimize the cova- previously calcined, at 30@C for 6h, with 90ml
lent bonding immobilization procedure on inorganic of ~vy-aminopropyltrietoxysilane vAPTS) solution

supports. (0.025 mol/drd), in refluxed toluene, for 4h. Then,

Table 1

Characteristic of the used supports

No. Support Mean particles Specific area Pore volume Specific area of pores
diameter (mm) (m?/g) (cm3/g) diameter >150 A (rf/g)

1 Millipore Silica 150A 0.25-0.50 209 0.55 37

2 Millipore Silica 60A 0.20-0.50 381 0.83 21

3 Alumina Akzo 2.4 194 0.50 45

4 Alumina Enghelard 2.5-4 184 0.43 23
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the obtained solid is washed with toluene and ace-
tone and dried at room temperature for 24 h. In the
second stepcpupling) 0.4 g of the obtained solid is
treated, at 4C under agitation for 24 h, with 150 ml
of buffered phosphate aqueous solution (gH7.0)
containing 1wt.% of glutaraldehyde. One of the two
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ing both grafting reaction and calcination steps for
three times. The most important difference between
the original alumina support and silicated alumina is
the surface acidity and a potentiometric titration of the
surface shows that the zero point charge (ZPC) of the
solid decreases, from 7.4 to §¥5], as a consequence

aldehyde groups of the glutaraldehyde reacts with an of the coating. The immaobilization of the enzyme on

amino group of they-APTS leaving the other one free
to react with an amino group of the enzyme in the
last step of preparation. The obtained solid is firstly
washed with the buffered phosphate solution éH)
and thenl@ctase grafting) is put in contact, at 4C for

24 h, under agitation, with 100 ml 20 NLU/g enzyme
solution obtained by diluting Maxilact 5000 solution
with the buffered phosphate solution (pH 7). The
obtained solid is then washed several times with the
buffered phosphate solution (pH 7) until no enzy-
matic activity was found in the washing solution. The
residual activity of the filtered solution has been de-
termined and the difference with respect to the initial
solution and the comparison with the activity of the
grafted enzyme give the yield of the immobilization
procedure. The activity data obtained for these pow-
dered supports are reportedTable 2(runs 1-4).

2.1.2. Enzyme immobilization on silicated alumina

The surface chemical characteristics of the alumina
support, reported iMTable 1 have been modified by
grafting silicon alkoxides. The grafting reaction was
performed by contacting, at room temperature, for
5h, the powdered alumina support with a solution of
silicon tetraethoxide (TEOS) dissolved in anhydrous
ethanol. After the reaction, the solid is recovered by
filtration, washed with solvent, dried over night at
50°C, and then calcined in air, at 30Q, for 2 h. Sili-

silicated alumina has been performed as previously
described. Also in this case enzymatic activities have
been determined on, respectively, the initial and the
residual solution and of the solid, in order to evaluate
the grafting yield. The activity data obtained for these
supports are reported ifable 2(runs 5 and 6).

2.1.3. Enzyme immobilization on pelletized support

In order to evaluate the influence of the particles size
of the supports, enzyme immobilization has been car-
ried out on spherical pellets of silica, having a mean di-
ameter 0.25-0.50 mm (Millipore Silica 150A). In this
case the aminoalkylation of silica has been performed
as previously described, while the second and the third
immobilization steps have been carried out by packing
4 g of the support in an isothermal jacketed glass col-
umn (15cm x 25cm) reactor and by recycling with
a pump firstly a buffered aqueous solution containing
1wt.% of glutaraldehyde, at“€ for 24 h, and sec-
ondly a 20NLU/g of the enzyme solution, again at
4°C and for 24h (pump fed= 1cnP/min, enzyme
total solution volume= 1000 cn¥).

The column and the fed solutions were both cooled
by using an ultrathermostat. The immobilized enzyme
has then been washed by feeding the buffered phos-
phate solution (pH= 7.0) on the packed bed until
no enzymatic activity was found in the washing solu-
tion. The activity obtained for this support is always

cated alumina supports have been prepared by repeat+eported inTable 2(run 7).

Table 2
Activity of immobilized enzymes in ONPG hydrolysis

No. Support Mean particles Adsorbed enzyme Specific activity
diameter (mm) (NLU/g) (NLU/g)
1 Powdered Millipore Silica 150A <0.040 3600 155
2 Powdered Millipore Silica 60A <0.040 4400 98
3 Powdered Alumina Akzo <0.040 4150 73
4 Powdered Alumina Enghelard <0.040 4350 47
5 Silicated Alumina Akzo <0.040 4250 171
6 Silicated Alumina Enghelard <0.040 4425 143
7 Millipore Silica 150A 0.25-0.50 4850 14
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Table 3
Kinetic runs on packed reactor containing 4 g of immobilized lactase on Millipore Silica 150A (14 NLU/qg)
Run T (°C) Feedrate Lactose concentration Galactose concentration Glucose concentration Lactose conversion (%)
(cm®/min)  (x10% mol/dn?) (x10? mol/dnr?) (x 107 mol/dnr?) Experimental _ Calculated
1 4 4 2.8 0 0 19.3 22.9
2 20 4 2.8 0 0 52.2 51.4
3 37 4 2.8 0 0 80.2 79.7
4 4 4 6.9 0 0 131 11.9
5 20 4 6.9 0 0 35.4 33.1
6 37 4 6.9 0 0 63.0 63.2
7 4 4 13.9 0 0 7.0 6.7
8 20 4 13.9 0 0 22.1 21.6
9 37 4 13.9 0 0 50.0 48.5
10 4 4 27.8 0 0 4.0 3.6
11 4 10 6.9 0 0 6.9 5.4
12 20 10 6.9 0 0 16.9 17.3
13 37 10 6.9 0 0 37.0 38.2
14 20 16 6.9 0 0 10.3 11.8
15 4 4 13.9 5.6 0 1.2 2.6
16 20 4 13.9 5.6 0 11.3 10.6
17 37 4 13.9 5.6 0 31.5 32.3
18 4 4 13.9 0 5.6 4.2 31
19 20 4 13.9 0 5.6 13.5 12.3
20 37 4 13.9 0 5.6 34.0 35.5

2.1.4. Kinetic runsin a packed bed reactor

Kinetic runs of lactose hydrolysis have been per-
formed by using the previously described continuous
packed bed tubular reactor containing the enzyme im-
mobilized on silica sphere of 0.25—-0.50 mm. The runs
have been performed by changing, respectively, feed

retaining enzymatic activities after the immobiliza-
tion. This arises by comparing the activity of the so-
lutions before and after the immobilization with the
one shown by the solid. This behaviour can be ex-
plained by assuming that bulky enzyme molecules fill
the macropores before reacting with glutaraldehyde

rates, reagent and products concentration and temper-groups. Many enzyme molecules remain so trapped in

ature. Solutions fed were taken at constant pH (7.0)
buffering with phosphates. All the runs performed and
related conditions are reported irable 3 The out-

let solution was withdrawn every 15 min and analysed
by using an HPLC methof¥] to control the achieve-
ment of steady-state condition and to collect kinetic
data. After 40 h of use, the deactivation of the immo-
bilized enzyme was tested carrying out a run using the
same condition of run 1 and the immobilized enzyme
has not shown deactivation. This means that covalent
bond enzyme immobilization is very stable and also
that enzyme leaching is, in this case, negligible.

3. Results and discussion

As it can be seen from activities data reported in
Table 2 we have a low yield (not exceeding 5%) in

plugged pores. Ladero et §8] observed that enzyme
immobilized on silica-alumina has, in their conditions,
an activity of 50% lower than the one shown by free
enzyme, but immobilized enzyme was less than 1/20
with respect to the present work. It seems reasonable,
therefore, a lower percentage of activity with respect to
the free enzyme, in our case, by considering the greater
amount of adsorbed enzyme. This is a consequence of
different effects such as: the enzyme molecules aggre-
gation[9], a greater number of plugged macropores,
a not uniform enzyme distribution and, eventually, a
low effectiveness factor. However, from data reported
in Table 2it is possible to observe a strong depen-
dence of the activity on the pore size distribution of
the supports (se&able ) having the same chemi-
cal composition. Moreover, the higher active immo-
bilized enzyme is the one anchored on supports with
higher pore fraction having diameter size larger than
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150 A, even if, this solid has a lower specific surface the enzyme molecules resulted active, because acces-

area (sedable 1. This result is the consequence of sible, when concentrated enzyme solutions are used

the size of the enzyme molecules (1506450 A or in the grafting. According to Ladero et gB,9], in

120 Ax 70 A) [16] that cannot be anchored inside the fact, in order to increase the enzyme immobilization

micropores and partially also inside the mesopores. yields very dilute solutions of enzyme must be used.

An experimental evidence seems to be that activity is We used, on the contrary, concentrated solutions with

affected by the fraction of specific surface area corre- the aim to obtain saturation in grafting.

sponding to pores with diameter greater than 150A.  Table 3reports the lactose conversions data found

We have estimated these values for the different usedin the kinetic runs, performed in a continuous packed

supports that are reported Trable 1 By comparing bed reactor, after that steady-state conditions were

supports that are similar for chemical properties but achieved. The values reported Table 3correspond

having different pores distributions, it is interesting to to the mean value measured during 1 h of runs (mean

note a rough correlation between activity and specific experimental error 5%). From initial lactose concen-

surface area of the pores with diameter greater thantration and conversions data it is easy to calculate the

150 A. Data reported iffable 2show also that chemi-  product concentrations considering the very simple

cal characteristics of silica surface are better than thosestoichiometry of the reaction. Data reportediable 3

of alumina, because, two solids having quite similar clearly show a depressing effect of the products on

physical structures (supports 1 and 3;Taeble 1 hav- the hydrolysis reaction rates (see runs 7-9 and 15-20

ing similar surface area and pore volume) show after in Table 3. Both the products, galactose and glucose,

enzyme immobilization, different activities. As a con- decrease the rate of hydrolysis.

sequence, the alumina performances can be improved A mechanism for the enzymatic reaction, justifying

by modifying the chemical characteristics of the sur- the observed depressing effects of both the products

face, by coating it, for example, with silica, as it can be can be the following:

seen, always ifable 2 runs 5 and 6. Since the phys-

ical properties of the supports employed in the runs g 4 | Ku EL5E 4+ Ga+ Gl

1, 3 and 5 ofTable 2were similar, the differences in K Kip

their behaviours depend, very probably, on their dif- E+ Ga= EGa E+ Gl = EGI

ferent chemical properties, in particular the different

acid and hydrophobic character of the surface.
However, the most important characteristic of the

supports, for obtaining higher activities seems to be

the particle size. As a matter of fact, the immobi-

lized enzyme activity collapses with the increase in

the mean particles diameter (s&ble 9. An activity

loss of about 90% can be observed from activity data (nk)(W/Vr)CL

obtained for Silica Millipore 150A in spherical pellets "~ Km(1+ (Cga/K11) + (Cal/K12)) + CL

and powdered, respectively (runs 1 and 7Table 2. o )
This activity loss cannot easily be interpreted con- WhereKu, Kiz andK;; are equilibrium formation com-

sidering that bulky enzyme molecules are anchored P/€xes constants (mOVO%_ nk the product of effec-
only in the large pores while reagent and products tiveness factor and th_e kinetic constant (mol/g min),
molecules can hardly diffuse only through the nar- Ci the concentration aith component (mol/dr), W
rower pores and are, therefore, prevented to reach theth€ catalyst weight (g)Vr the reactor volume (.
active sites. Besides, active sites could be distributed Ed- (1)can beintroduced in the lactose mass balance
inside the macropores in a non-uniform way. This equation for a plug-flow reactor:

situation cannot be treated, according to us, with the FCE di = rdv )
classical internal diffusion approach, also considering

that large pores are plugged by enzyme molecules andwhereF is the feed rate (dAimin), CE the initial lac-
their aggregates. Therefore, only a small fraction of tose concentration (mol/dth A the conversion. After

where L is the substrate (lactose), Ga and Gl are the
products (galactose and glucose), E the immobilized
enzyme, EL, EGa and EGI are the complexes of en-
zyme with substrate and products. From this scheme
the following equation for the lactose hydrolysis rate
(r) can be derived:

@)
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Table 4 very low with respect to the total enzyme immobi-
Kinetic parameters lized (about 30 mgofproteins/g). From the kinetic
(k) mol/(g min) (1.2 4+ 1.2) x 107 exp[—(7687+ 270)/T] parameters obtained by us for the immobilized en-
Km (mol/dn) (4.5+21) x 10° exp[-(7045+ 1470/T] zyme on silica pelletsTable 4 and the ones reported
Kiz (mol/dn) 0.42+0.06 by Ladero et al.[8] for the immobilized enzyme
Ki2 (mol/dr?) 0.56+ 0.09

on silica—alumina particles, the initial activities of

the two different examined bio-catalysts have been
calculated and compared. Former bio-catalyst con-
taining about 30 mg/g of total proteins anchored, has
shown an activity that is double of the one shown by

0 o 1 1 the second, containing lower enzyme loading (about
Km + ( >CE In(L— )

the introduction ofEq. (1) Eq. (2) can be integrated
and we obtain:

ﬁ + ZGZI 2 mgof proteins/g). In this last case the low amount
of loaded enzyme gives place to higher activity yield
1 1 0 (nk)yw (50%) [8,9]. This suggests the opportunity of further
- [1 - <K_|1 + K_|2>] Cir=-— F C) investigations to obtain the optimisation of the cata-
lyst preparation procedure giving place to the highest
whernga anng| are the galactose and glucose con- possible specific activity and yield.
centration (mol/drd), and (nk) is the mean value of Using the described model and the obtained kinetic
the product of effectiveness factor and the kinetic con- parameters it is possible to foresee the productivity
stant.Eq. (3)is a non-linear algebraic equation in of a 1 n? industrial reactor, in which a 10% lactose
that can easily be solved with a numerical methods solution with a feed rate of 13%h gives place to
such as the bisection method. The kinetic parametersa conversion of 95%. As it can be seen, the activity
of the model, determined by mathematical regression shown by the used spherical SiQellets is already
analysis[17] extended to all the data dfable 3 are enough for industrial purposes also considering the
reported inTable 4 The proposed model describes high density of this material compared with that of
quite well all the performed kinetic runs (mean er- polymeric supports.
ror 13%, correlation index 0.997), as it can be seen
from Table 3 As it can be seen we have reported as
apparent kinetic parameter a mean value of the prod- 4. Conclusions
uct of the effectiveness factor and the kinetic con-
stant, considering approximately constant, because Inthe present work we observed tigayalactosidase
conversions are normally less than 0.40. This approx- immobilization with covalent bonds on different ox-
imation explains the large 95% confidence limits ob- ides such as, alumina, silica and silicated alumina is
served for this parameter. The obtained results are notpossible giving place to active bio-catalysts.
completely in agreement with those reported by other  The activity is strongly affected by both pore
authors[7,8]. These authors, on the basis of their ki- structure and chemical properties (acid—base and hy-
netic data, from batch runs related to an immobilized drophobicity). Silica has given better performances
lactase fronKluyveromices fragilis on silica alumina, than alumina for a similar porous structure. Silicated
reported a depressing effect on the reaction rate only alumina has shown results that are comparable with
for galactose considering the effect of glucose negli- the ones obtained with silica confirming the impor-
gible but we have demonstrated this effect by feeding tance of the chemical environment. The activity of the
glucose together with the reagent (see runs 18-20 ofimmobilized enzyme strongly decreases with the par-
Table 3. The unique difference in our kinetic runs with  ticle size. On the other hand, it is opportune to avoid
respect to the mentioned authors is that we operatedthe use of powdered catalysts in industrial reactors.
in a continuous packed bed reactor instead of a batch  Spherical silica pellets of diameter 0.25-0.50 mm
one, i.e. using, therefore, a more sensible device. have shown acceptable activity in the lactose hydrol-
The activity of silica spherical pellets is relatively ysis. For this reason we have made a kinetic study of
high, even if, the obtained activity yield (0.3%) is the reaction on this catalyst in a continuous packed
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bed reactor. The obtained results allowed us, first
of all, to demonstrate the industrial feasibility, even
if, the yield of the enzyme immobilization must be

consistently improved. The reaction rates have been

interpreted with a Michaelis—Menten kinetic model
modified for the inhibiting effect of both the reaction
products. The main depressing effect is that galac-
tose, in agreement with the findings of other authors
[8,9], but the effect of glucose is not negligible and
has been evidenced for the first time in this work.
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