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Abstract

B-Galactosidase has been immobilised through spacers of different length on nylon membranes grafted with glycidyl
methacrylate. Hexamethylendiamine, ethylendiamine or hydrazine have been separately used as spacers.

The behaviour of the catalytic membranes has been studied in a bioreactor operating under non-isothermal conditions as a
function of the applied temperature differens@.

Comparison of the enzyme reaction rates under isothermal and non-isothermal conditions resulted in percentage activity
increases (PAI) and reduction of the production timg proportional to the size of the appliedT. Both these parameters
increased with the increase of the spacer length.

Results have been discussed in the frame of reference of the process of thermodialysis which reduces the limitations to
the diffusion of substrate and reaction products across the catalytic membrane, limitations introduced by the grafting and
immobilisation process.

The advantages of employing non-isothermal bioreactors in biotechnological productive processes have been outlined.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction activity loss is attributed to several factors, among
which the changes in the structure of the macro-
It is well-known that the catalytic activity of en- molecule and/or the limitations to the free diffusion of
zymes immobilised on a solid carrier is lower than substrate and products towards or away from the cat-
that of an equal amount of soluble enzyftie3]. The alytic site. Both causes are related to the interactions
between the carrier and the enzyme. To minimise the
effects of these interactions, a spacer can be intro-
duced between the support and the enzyme, provided
fax: 139-81-2395887. . , . that the attachment to the spacer does not interfere
E-mail addressmita@iigbna.iigb.na.cnr.it (D.G. Mita). . . L . . .
1 Department of Polymers and Pigments, National Research Cen- With the aminoacidic residues of the catalytic site
ter, Dokki, Cairo, Egypt. [4].
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In a separate pap¢5], it has been reported the in- B-galactosidase immobilised on nylon membranes
fluence of the spacer length on the isothermal activity grafted with glycidyl methacrylate. It will be demon-
of B-galactosidase immobilised on nylon membranes strated that under non-isothermal conditions the
grafted with glycidyl methacrylate (GMA). The differ-  percentage activity increases of the membranes are
ent spacers had the structure NECH2);-NH>, with dependent on the spacer length, the applied tempera-
i = 0, 4 or 6. Under isothermal conditions, the be- ture difference and membrane hydrophobicity.
haviour of the immobilised enzyme was found to be
dependent on the spacer length when compared with
that of the soluble counterpart. In particular, the size 2. Apparatus, materials and methods
of the shifts of the optimum pH and optimum temper-
ature values were found to be correlate to the spacer2.1. The bioreactor
length. It was concluded that a soluble enzyme can be
considered as an enzyme immobilised on a solid sup-  The apparatusHig. 1) consisted of two cylindrical
port through a spacer of infinite length. Similar con- half-cells, 2.5mm in depth and 35mm in diameter,
clusions were derived when the values of the apparentfilled with the working solution containing the sub-
Km of the immobilised enzyme were compared with strate and separated by the catalytic membrane. Sub-
that of the free enzyme. Moreover, the appalkgptof strate solutions were recirculated in each half-cell at
the immobilised enzymes resulted higher than that of a rate of 3.5 mL min! by means of peristaltic pumps
the solubleg3-galactosidase. This result confirmed that through hydraulic circuits starting and ending in a
the loss of catalytic activity of the enzyme derivatives common cylinder C. Each half-cell was separately
was mainly due to diffusional limitations. thermostatted at the required temperature by circula-
To overcome this drawback, some tricks have tion in external jackets of water coming from a ther-
been attempted, such as enzyme immobilisation onto mostatic bath. Thermocouples placed 1.5mm from
soluble—insoluble matrice§6—11] or in hydrogels each of the membrane surfaces were used to measure
thermally reversibl¢12,13]or pressure sensitijé4]. the temperature3; (i = 1, 2) inside each half-cell.
Recently, a new strategy to improve the yield of a Under isothermal conditiond; was equal toT»,
catalytic process has been propog&f—24] and to while under non-isothermal conditidn was different
reduce the differences between g values of the from To.
soluble and insoluble enzyme. This new technology is  When the apparatus was used as permeability cell
based on the use of catalytic membranes, porous andor thermodialysis cell to measure the hydraulic or ther-
hydrophobic, in non-isothermal bioreactors. Under moosmotic water fluxes, alternative hydraulic circuits
these conditions a termodiffisive substrate flux adds to and devices were used. The functioning of the appa-
the diffusive one. As a consequence, the immobilised ratus during these measurements will be described in
enzyme “encounters” a substrate concentration higher the following.
than that occurring under isothermal conditions, and
the apparent value of thK, decreases. It follows 2.2. Materials
that it is possible to measure increases of the activity
of a catalytic membrane, proportional to the applied  As solid support to be grafted, we used nylon Hy-
temperature differences. A quantitative explanation drolon membranes, a gift of Pall Italia (Pall Italia
of this effect has been dor{é9,21] on the basis of  srl-Milano-Italy). These membranes, 16 in thick-
the matter transport induced by temperature gradientsness, are hydrophobic and have a nominal pore size
across hydrophobic and porous membrane, i.e. onof 0.2um.
the basis of the process of thermodialy§t$,26] All chemicals, including the enzyme, were pur-
Coupling between matter and heat fluxes is one of chased from Sigma (Sigma—Aldrich srl-Milano-Italy)
the main topics of the thermodynamics of irreversible and used without further purification. As the monomer
processef?7,28] to be grafted, we used glycidyl methacrylate (GMA).
In this paper, we will report the influence of Hexamethylendiamine (HMDA) or hethylendiamine
the spacer length on the non-isothermal activity of (HTDA) or hydrazine (HZ) were separately used
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Fig. 1. Schematic (not to scale) representation of the bioreactor. A, half-cells; B, internal working volumes; C, external working volume; M,
membrane; n, supporting nets; th, thermocouplesst@ococks; T, thermostatic magnetic stirrer; Pperistaltic pumps; Man, manometer;
FP, flow-pipe; R, reservoir containing the working solution; G, pressurising air tank.

as spacers between the grafted membrane and thehese catalytic membranes in the process of lactose
enzyme. A 2% glutaraldehyde (GA) agueous solution hydrolysis in milk [29] or in the treatment of the
was also employed as bifunctional coupling agent for waste waters coming from the dairy industry.
covalently binding the enzyme to the pre-activated
membrane. 2.3. Methods

The enzyme employed waB-galactosidase (EC
3.2.1.23) fromAspergillus oryzae B-Galactosidase  2.3.1. Catalytic membrane preparation
hydrolyzes glucose to lactose and galactose. This en- The preparation of the three different catalytic
zyme has been chosen in view of the employment of membranes employed in this research, named hence-
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forward My, M4 and Mg, was done according to By applying the Fourier’s law it is possible to derive

the procedures described in refereiigg All mem- that:

branes had a common backbone structure consti- .

tuted by a nylon sheet grafted with GMA, but Ty =Tw—aAT

spacers of different length through which the en- { 7¢ = Tc + aAT 1)

zymes were attached to the solid support via glu- | AT* = AT (1 — 2a)

taraldehyde. On membrane oM the spacer was

hydrazine, on membrane Mthe spacer was het- wherea is a constant depending on the thickness’

hylenediamine, and on membraneg Mhe spacer and thermal conductivities of the membrane and

was hexamethylenediamine. Enzyme was attached tothe solutions filling the two half-cells. In previous

the pre-treated support by condensation, i.e. through works [20-24] we have demonstrated that, with the

a reaction between the amino groups of the argi- same substrate solutions and with nylon membranes,

nine residues and the carboxylic groups of glu- a is equal to 0.445. This means that a transmem-

taraldehyde. During the reaction, water molecules brane AT* = 1.1°C corresponds to a macroscopic

are released. The various steps for the construction AT = 10°C; AT* = 2.2°C corresponds to a macro-

of the membranes, together with the methodology scopicAT = 20°C; andAT* = 3.3°C corresponds

for their preparation, were described in detail in to a macroscopicAT = 30°C. In the calculation,

[5]. we assumed as value of thermal conductivity of our
solution that of pure watef32], whereas the value

2.3.2. Determination of the activity and stability of  of thermal conductivity of the nylon membrane was

the catalytic membranes taken out by Touloukiaf33].

Activity and stability of each of the three mem-
brane types were assessed following the procedures2.3.4. Determination of the hydraulic and
described in referend®]. When not in use, the mem-  thermoosmotic permeability of the membranes

branes were stored at€ in 0.1 M phosphate buffer, The hydraulic permeability of the catalytic mem-

pH 6.5. branes has been determined by over-pressurising one
half-cell and by measuring in a graduated pipe, the

2.3.3. Temperature profile in the bioreactor solution volume transported under a pressure gradient

When the experiments are carried out under and in the absence of temperature gradients.
non-isothermal conditions, a non-constant tempera- The thermoosmotic permeability of the catalytic
ture profile is present in the bioreactor and across membranes has been determined by measuring in a
the membrane. The profile depends on both the graduated pipe attached to the cold half-cell, the solu-
thickness’ and thermal conductivities of the mem- tion volume transported under a temperature gradient
brane and of the solutions filling the two half-cells. and in the absence of pressure gradients. It must be
Since under our experimental conditions the solution noticed that when a hydrophobic membrane sepa-
motion in each half-cell is lamindB0,31] it is pos- rates two aqueous solutions or two pure water vol-
sible to calculate the temperatures on the surfacesumes kept at different temperatures, water is always
of the catalytic membrane by the knowledge of the transported into the cold half-cell and the volume
temperatures at the position of the thermocouples transported is proportional to the size of the trans-
and by applying the Fourier's law. Calling, and membrane temperature gradi¢?®,26] Solute fluxes
Tc the temperatures read by the thermocouples in the generally take place in opposite direction, i.e. from
warm and cold half-cell, respectively, afij and 7 cold to warm. Transport of solute and solvent medi-
the temperatures on the membrane surfaces facingated by temperature gradients is known as thermo-
the warm and the cold substrate solutions, it follows dialysis.
that: AT = Ty — Te; Tav = (Tw + T0)/2; AT* =
To =T Ty = (T +TH /2 T < Tw; TE > T 2.3.5. Experimental data treatment
Being our system symmetric it follows thafay Every experimental point reported in the figures
=T, represents the average value of five experiments
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performed under the same conditions. Each exper- in the catalytic activity must be attributed exclusively
iment lasted 30 min. Only the initial reaction rates to the different diffusion limitations introduced by the
were accounted for in the construction of the figures. length of the different spacers and to the consequent
The experiment duration, the composition of our so- different electrostatic interactions between the density
lutions, and the hydrophobic nature of the membrane, of negative charges on the nylon support and the en-
excluded the occurrence of membrane fouling. In any zyme.
case, to avoid membrane fouling due to reuse, a clean-
ing 0.1 M phosphate buffer solution was recirculated 3.1. Physical characterisation of the membranes
for 60 min through the bioreactor and the membrane
between two subsequent experiments. Effects due to The knowledge of the transmembrane hydraulic
concentration polarisation, even is present, have not and thermoosmotic fluxes is very important to forecast
been taken in account for considering the hydrophobic the behaviour of a catalytic membrane in a bioreactor
nature of the membrane. operating under non-isothermal conditiofi8—23]
In these papers it was identified a coefficie@”,"
function of the hydraulic and termoosmotic fluxes,
3. Results whose value is related to the activity increase of a
catalytic membrane interposed between two substrate
In Table 1 the values of some physical and bio- Solutions kept at different temperatures. Eor= 0,
chemical parameters characterising each of the threethe catalytic activity under non-isothermal conditions
membranes are reported. Grafting degree and amount'S equal to that measured under comparable isother-
of immobilised enzyme were calculated according to Mal conditions. For > 0, the higher is its value, the
the methodology described in referer{&g. The ab- greater is the increase of the activity of the catalytic
solute activity of the membrane was calculated in the Membranes under non-isothermal conditiofs.is
presence of a 200 mM lactose solution, at pH 6.5 and 9iven by the ratioB/A, whereB and A are the coef-
T = 25°C. Absolute activity is referred to as the total ficients of thermoosmotic and hydraulic permeability
surface of the catalytic membrane, i.e. two surfaces of Of the membrane, respectively. From the values of the
35 cn?. The specific activity was obtained upon divi- fluxes reported infable 2 it is possible to calculate
sion of the absolute activity by the amount of immo- theA andB values for each of the three membranes

bilised enzyme, calculated according to the procedure €mployed in this experimentation.

described in referendé]. Isothermal hydraulic fluxes have been measured in
By considering that the grafting degree and the the pipe connected to one half-cell when the other is

amount of the immobilised enzymes are practically Overpressured by means of a gas tank, &8gn1, un-

the same for the three membrane types, it is evi- der the conditions\P = 3 x 10°Nm?, T = 25°C,

dent that the absolute and specific activities of the @nd AT = 0. The hydraulic permeability coefficient

catalytic membranes are strongly dependent on theA (measured in Nrhs™?), is calculated through the

spacer length, being increasing with its length. Since €dquation[26,27}

the attachment of the enzyme to the membrane occurs g, A AP

through the same aminoacidic residues, the differences ' water Ax @
Table 1

Constitutive properties of the three catalytic membranes

Membrane Grafting degree Immobilized Absolute activity Specific activity
type (%) enzyme (mg) (wmol min—1) (nmol min~Img-1)
Mo 13.96 2.8 0.12 0.043

Mg 14.03 3.1 0.41 0.132

Me 13.86 2.9 1.99 0.686
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Table 2

Physical characterisation of the catalytic membranes

Membrane Jivar 108 Jlherm o 10P A x 1012 B x 10° Cx10°3=B/A

type (ms™h (ms™ (m*N-1s1 (mK-1s1 (Nm—2K-1

Mo 2.91 9.06 1.45 411 2.83

My 2.04 9.39 1.20 4.27 418

Me 1.62 9.83 0.81 4.46 5.51

whereJ\,r\g?é‘r (ms1), is the isothermal hydraulic water In Fig. 2bthe percentage decreases of each of the
flux produced by a pressure differenad® (Nm—2) three parametes, B, andC are separately reported as
across the membranéx (m) thick. a function of the number of CHgroups in the spacer.

Non-isothermal thermoosmotic fluxes have been As 100% the highest value of each series of measure-
measured in the pipe connected to the cold half-cell ments has been taken. These results indicate that the
under the condition&7 = 30°C, Tyy = 25°C and spacer length affect in different way the hydraulic and
AP = 0. The thermoosmotic permeability coefficient thermoosmotic permeabilities of the membrane. The
B, measured in K ~1s71, is calculated through the influence on the hydraulic permeability is greater than

equation[26,27] that on the thermoosmotic permeability. The values of
) AT* the C parameter for the three membranes indicate that
Jugier = B A (3)  membrane M would exhibit the highest activity in-

crease under non-isothermal conditions, followed by
where &M expressed in nTs, is the non-isothermal  membrane M, which in turn would have a greater ac-
water flux produced by the temperature difference tivity increase in comparison with membrane M
AT* (K) across the membrane thickness.

The values of the coefficierA, B, andC are re- 3.2. Biochemical characterisation of the

ported in Fig. 2a as a function of the number of membranes
CH, groups into the spacer chain. More interest-
ing is the linear dependence observed for all the To verify the previsions coming out from the data
three parameters. The equations of the straight linesin Table 2 the experiments reported ifig. 3 have
best fitting the experimental points &fig. 2a are been carried out under isothermal and non-isothermal
of the typesy = ax+ b, wherex is the number of  conditions. The substrate concentration was 200 mM,
the CH groups in the spacer molecule. In the case a value more than double of the highest value of the
of the permeability coefficienfh, the equation is: apparentK, found in a separate paps] for the
y = —0.108¢ + 1.454 (with R = 0.99). In the case  three membranes. IRig. 3 the values of the glucose

of the thermoosmotic permeability coefficieBtthe production by each of the three catalytic membranes
equation is:;y = 0.055¢ + 4.101 (with R = 0.97). is reported as a function of timésig. 3arefers to
In the case of the paramet€rthe equation isy = membrane N, Fig. 3bto membrane M, Fig. 3cto

0.432¢ + 2.738.(withR = 0.98). It is easy to see that membrane M. The angular coefficient of each straight
“a” assumes positive values for the straight lines rel- line, multiplied by the solution volume (30 mL), gives
ative to the coefficient8 and C, and negative value  directly the value of the activity of each membrane, ex-
for the straight line relative to the coefficieAt The pressed agmol min~1. Results irFig. 3show that: (i)
positive value of &” in the equation of the param- the activity of the three membranes, under comparable
eter ‘B”, and the negative value in the equation of isothermal and non-isothermal conditions, increases
the parameterA” indicate an increase of the mem- with the increase of the spacer length, as activity of
brane hydrophobicity with the spacer length. Indeed membrane N is lower than that of membrane 4V
while the hydraulic membrane permeability decre- in turn lower than that of membraneg(ii) for each
ases, the corresponding thermoosmotic permeability of the three membranes the catalytic activity under
increases. non-isothermal conditions is higher than that measured
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and C coefficient @, right scale) as a function of the number of £Hroups in the spacer chain. (b) Normalised percentage values for
the hydraulicA (@) and thermoosmotic() permeability coefficients, and for the coefficient @) as a function of the number of GH
groups in the spacer chain.

under isothermal conditions and increases with the of the appliedAT. Each straight line fitting the exper-
increase of the temperature differensd measured imental points is expressed by an equation of the type
at the thermocouple positions. Fig. 4, the catalytic y = yo+aAT, where, at least in the range of the tem-
activity of each membrane is reported as a function perature differences employed in this investigatipn,
of the appliedAT. Data in theFig. 4 show that the represents the value of the non-isothermal activity of
activity increases are directly proportional to the size the membrane under a determined value\df, yp is



260

0.16
0.14
0.12
0.10
0.08
0.06
0.04
0.02

Glucose production (mM)

510 15 20 25 30 35

time (min)

O

Glucose production (mM)

15 20 25 30 35

time (min)

G5

3.0
25
20
15
10

0.5

Glucose production (mM)

5 20 35
time (min)

5 10 25

—~
(2)
-~

Fig. 3. Isothermal and non-isothermal glucose production as a
function of time for membrane yi(a), membrane M (b) and
membrane M (c). Symbols:AT = 0°C (O); AT = 10°C (A);

AT =20°C ({); AT =30°C ().

A. De Maio et al./Journal of Molecular Catalysis B: Enzymatic 21 (2003) 253-265

3.00

2.50

2.00

1.50

0.60

0.50

0.40

Membrane Activity (umoles min-1)

AT (°C)
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the value of the isothermal activity, ang-{ yo) repre-
sents the activity difference wher? € of temperature
difference is measured at the thermocouple positions.

More interesting is the value of the percentage ac-
tivity increase (PAI), defined as:

PAIl = 20 _ WO _ gAT

Yo Yo
where o represents the percentage activity increase
when a temperature difference of @ is measured at
the thermocouple positions. [Fable 3 the values of

(4)

Table 3

Efficiency parameter of a non-isothermal catalytic process

Membrane type ap (wmolmin-t°C-1) Yo (wmol min~1) a (%°CY) PAI (%)
Mo 0.00115 0.1125 1.0 30
Mgy 0.0062 0.402 15 45
Mg 0.0340 1.890 18 54
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ap, Yo andua are listed for each of the three membranes.
From Table 3it clearly appears that membranegM

261

greater than membranessMand My, in agreement
with the C values inTable 2

gives the highest percentage activity increases among Having ascertained that under non-isothermal con-

the three membranes, and that thealues, as well as
those of the PAI, agree with tligvalues characterising
each membrane.

When the advantages of using non-isothermal biore-
actors are considered, a new parametexan be taken
in consideration. This parameter is the reduction of
the production time and is defined as:

Tnorriso — Tiso
Ty = ——7

: ®)

Tiso
where tponiso @and tiso are the time required to ob-
tain equal amounts of reaction products under non-
isothermal and isothermal conditions, respectively. On
the basis of this definition and considering the glu-
cose production obtained under isothermal conditions
at the end of each run &fig. 3, it is possible to obtain
Fig. 5 In this figure, for membrane jlthe times re-
quested to obtain a 0.11 mM glucose production, under
isothermal and non-isothermal conditions, have been
taken into account; for membranesMhe times for
a 0.40 mM glucose production; for membrang e
times for a 1.80 mM glucose production. Once again,
membrane M gives a reduction of the production time
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05 10 15 20
40 : - : :
35 f
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25 |
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30 35
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0 . . \ . . .
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Fig. 5. Reduction of the production time,§ as a function ofAT
(lower scale) orAT* (upper scale). Symbols: membrane ¥£);
membrane M (CJ); membrane N (O).

ditions at 0.2M lactose concentration the catalytic
activity of the enzyme derivatives is affected by the
length of the spacer, we have extended these stud-
ies to the whole concentration range from zero to
300 mM to know how this parameter modifies the ki-
netics constants. The results of this investigation are
reported inFig. 6, where the catalytic activities of the
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Fig. 6. Membrane activity as a function of substrate concentration
for membrane N (a), membrane I (b) and membrane M(c).
Symbols: AT = 0°C (O); AT = 10°C (A); AT = 20°C ({);

AT = 30°C ().
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three membranes are reported as a function of lactose
concentration. The curve parameter in each Figure is
the temperature differenc&T measured by the ther-
mocouples, whereas the average temperaturei€25
Fig. 6arefers to membrane ) Fig. 6bto membrane
Mg, andFig. 6¢cto membrane M. Results inFig. 6
show that: (i) the activity of the three membranes,
under comparable isothermal and non-isothermal
conditions, increases with the increase of the spacer
length, as activity of membrane s lower than that

of membrane M, in turn lower than that of mem-
brane M; (ii) for each of the three membranes the
catalytic activity under non-isothermal conditions is
higher than that measured under comparable isother-
mal conditions and increases with the increase of the
temperature differenc&T measured at the thermo-
couple positions; (iii) at each glucose concentration
the activity increases are proportional to the size of
the appliedAT how it is possible to see when plots
similar to that inFig. 4 are considered; (iv) all the
curves interpolating the experimental points exhibit a
Michaelis—Menten behaviour either in the presence or
in the absence of temperature differences:itn 7the
experimental points dfig. 6 are reported in forms of
Hanes plot to calculate the values of the appakgnt
andVnax. These values are listed rable 4together
with the ones relative to the solubfiegalactosidase.
Fig. 8arefers to membrane yJ Fig. 8bto membrane
Mg, andFig. 8cto membrane M. The data inTable 4

Table 4
Kinetic parameters

Enzyme status Experimental Km (MM)  Vimax

2500
2000
1500+

1000

v (mln Cm's)

[S]

H00 0 100 200 800 400
@) [S] (mM)

q00 0 100 200 800 400
(b) [S] (mM)

q00 0 100 200 300 400
©) [S] (mM)

Fig. 7. Hanes plots for membraneoMa), membrane M (b)
and membrane ¥ (c). Symbols:AT = 0°C (O); AT = 10°C

(A); AT = 20°C (); AT = 30°C (). In all experiments

Tay = 25°C.

conditions (nmol min—1)
Tav (°C) AT (°C)
Free 25 0 21.40 3.20
Membrane N 25 0 112.00 0.170
25 10 97.61 0.193
25 20 97.61 0.206
25 30 97.61 0.220
Membrane M 25 0 92.00 0.60
25 10 78.74 0.67
25 20 78.74 0.75
25 30 78.74 0.82
Membrane M 25 0 81.00 2.67
25 10 72.70 3.13
25 20 72.70 3.62
25 30 72.70 4.00

show that: (i) the immobilised enzymes have apparent
Km values higher than that of the free counterpart;
(i) the apparent values df;,, under non-isothermal
conditions are lower than the corresponding values
under isothermal conditions but higher than that of
the soluble enzyme; (iii) for each membrane type, the
Km values under non-isothermal conditions appear in-
dependent on the macroscopic temperature difference
measured by the thermocouples.
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120 tration. In this analogy, the size of the temperature
gradient results equivalent to the size of the effector
concentration.

In Fig. 8 the apparenKy, under isothermal and
non-isothermal conditions are reported as a function
of the number of CHlgroups in the spacer chain. Once
again, these values decrease with the spacer length and
approach to the value of the soluble enzyme, which,
consequently, can be considered as immobilised on a
solid support through a spacer of infinite length.

Coming back to the results &fig. 7, it is evident
that at all the lactose concentrations studied it is pos-

(CHz)n sible to apply the approach used for the experiments
Fig. 8. Apparent value okp, as a function of the number of GH reported inFigs. 3 and 4In this \_Nay it is possible
groups in the spacer chain. Symbol@)(isothermal conditions; O calculate, at all the concentrations, the PAI values,
(M) non-isothermal conditions. and consequently the values, which correspond to
the PAl values witt AT = 1°C. InFig. 9the« values
relative to the results dfig. 7 are reported as a func-

The first observation finds explanation in the diffu- tion of lactose concentration. From the figure it clearly
sive limitations introduced by the immobilisation pro- emerges that the values decrease with the increase
cess to substrate and products traffic towards or away of the substrate concentration. Fré&m. (4) it follows
from the catalytic site. that the PAI values also decrease with the increase

The second observation finds explanation in the of the lactose concentration. Also, this behaviour has
circumstance that the temperature gradient increasesbeen analytically explainell9,21] Similar depen-
substrate and product fluxes across the catalytic mem-dence of thex values on the substrate concentration
brane reducing, in this way, the diffusion limitations has been found with different enzymatic derivatives
for these substances during their movement towards [21-24] Also the« values, at each substrate concen-
or away from the catalytic site. Moreover, the increase tration, show a dependence on the spacer length. The
of the enzyme reaction rates with the applied are values relative to membrane gvare always lower
analogous to the increase of non-isothermal trans- that those relative to membranesMnd the latter in
membrane mass fluxes with the appliad induced
by the process of thermodialysi25,26] A detailed
analysis of these fluxes and of the substrate con- 24
centrations profiles into a catalytic membrane under oo |
isothermal (diffusion) and non-isothermal (thermal
diffusion/thermodialysis) conditions, in the presence
or in the absence of catalysis, has been recently — 1.8 f m|
published[19,21] € 16t

The third observation, concerning the independence
of the Kn, values on the macroscopic temperature dif-
ference across the catalytic membrane, is explained on S 2t
the basis of the changes in the protein structure and
dynamics induced on the immobilised enzyme by the
flux of thermal energy associated to the presence of 08
the temperature gradief23]. The temperature gra-
dients should play on the enzyme structure the same
role than positive effectors, which affect tHg, value Fig. 9.-values as a function of substrate concentration. Symbols:
of an enzyme reaction independently on their concen- membrane N (O); membrane M (CJ); membrane M (<).
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Table 5 larly when large temperature gradients are applied
o' values of the catalytic membranes as a function of substrate i the bioreactor. Such a comparison is right since
concentration the actual temperature differences across the catalytic
Lactose (@Img (@), (@)mg membranes are reduced to small values, also in the

i o~—1 o~—1 o~—1
frz:;)e”tra“o” (%°C™) (%6°C™) (%6°C™) presence of the highest temperature differences read

20 127 182 209 by the thermocouples. The macroscopic temperature

0 10.9 16.4 195 difference AT = 30°C, indeed, reduces to 38.

80 10.0 155 18.2 The temperatures between the two membrane surfaces
100 9.7 15.1 17.6 vary linearly within the membrane thickness and are
150 9.1 14.5 17.3 slightly different from the temperature at the centre
200 8.7 13.6 16.4 of the membrane, which is equal to the macroscopic
300 8.5 13.2 15.7

average temperature. This implies that by considering
only the dependence of the enzyme activity on the
temperature, the total activity of the catalytic mem-
turn are lower than the ones relative to membrane prane under non-isothermal conditions can be consid-
M. ered equal to that obtained at the correspondiggln
Thea values ofFig. 9confirm the usefulness of em-  fact, by considering the enzyme uniformly distributed
ploying the three membranes in non-isothermal biore- through the membrane thickness, the activity loss at
actors, since it is evident that a macroscopic tempera- temperatures lower than the average one is balanced
ture difference of 30C produces average PAl values by the activity increase at temperatures higher than the
equal to 35% for membranedyito 51% for membrane  average. Accordingly, in the absence of specific effects
My, and to 61% for membrane M due to the temperature gradients, the activity of the
A more interesting parameter for the industrial membrane under non-isothermal condition should be
application of the technology of the non-isothermal considered equal to that of the corresponding average
bioreactors is thex’ coefficient which is the per-  temperature. These considerations allow the compari-
centage activity increase when an actual temperatureson between the results obtained under non-isothermal
differenceAT* = 1°C is applied across the catalytic conditions with those obtained under comparable

membrane. This new coefficient is defined as: isothermal conditions and confirm the positive role of
, AT PAI the temperature gradients on the enzyme activity of a
N NS (6) catalytic and hydrophobic membrane.

In the light of the last consideration and consider-
In Table 5 thea’ values for the three membranes are ing thea’ values listed inTable 5 one can conclude
listed. that it is advantageous to use hydrophobic catalytic
membranes in non-isothermal bioreactors.

4. Conclusions
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