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Abstract

Lactose hydrolysis by b-galactosidase immobilized on two nylon membranes, differently grafted, has been studied in a
Ž .bioreactor operating under isothermal and non-isothermal conditions. One membrane M was obtained by chemical1

Ž . Ž . Ž .grafting of methylmethacrylate MAA ; the other one M by a double chemical grafting: styrene Sty and MAA.2

Hexamethylenediamine was used as a spacer between the grafted membranes and the enzyme. Both membranes have been
physically characterized studying their permeabilities in presence of pressure or temperature gradients. Under non-isothermal
conditions, the increase in activity of membrane M was higher than that of membrane M . The a and b coefficients,2 1

giving the percentage of activity increase when a temperature difference of 18C is applied across the catalytic membranes,
have been calculated. Results have been discussed with reference to the greater hydrophobicity of membrane M with2

respect to membrane M , the hydrophobicity being a prerequisite for the occurrence of the process of thermodialysis.1
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1. Introduction

It is well known from the thermodynamics of
w xirreversible processes 1,2 that temperature gra-

dients generate matter fluxes in bulk solutions
Ž .homogeneous systems as well as across mem-

Ž .branes heterogeneous systems . In particular,
when hydrophobic and unselective porous mem-
branes are employed in a reactor to separate two
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equal or different aqueous solutions kept at
different temperatures, selective fluxes of sol-
vent and solutes occur across it. This kind of
mass transport has been called thermodialysis
w x3–7 . Water fluxes are directed towards the
cold half-cell, while solute fluxes proceed in the
opposite direction. Both solvent and solute
fluxes have been found to be proportional to the
temperature gradient applied across the mem-
brane. It has been shown that the force driving
matter transport is a thermal radiation force
w x9–11 associated to the heat flux crossing the
system. Thus, the thermal radiation force is
proportional to the temperature gradient.

When a hydrophilic catalytic membrane is
coupled to a hydrophobic unselective membrane
in a bioreactor operating under non isothermal
conditions, the process of thermodialysis affects
the enzyme reaction rate. As a consequence, a
catalytic membrane activity higher than that
measured under comparable isothermal condi-

w xtions has been observed 11–15 . The activity
increases range from 10% to 40%, depending
on the nature of the enzyme and on the immobi-
lization method used. These effects have also
been observed when quiescent cells were immo-
bilized and the catalytic activity of both cell
wall and internal enzymes were studied under

w xnon-isothermal conditions 16,17 .
The two-membrane system, one catalytic and

the other hydrophobic, is not very suitable for
industrial applications, particularly if hollow-
fibre bioreactors have to be used. For this rea-
son, in the last years our efforts were addressed
to obtain single membranes, at the same time
catalytic and hydrophobic. Such membranes
should simultaneously give rise to catalysis and
thermodialysis. Using the grafting technique by

w xmeans of g-radiation 18–26 , Teflon or nylon
membranes were copolymerized by us with suit-
able monomers and successively loaded with

w xenzymes 25–33 . Some of these membranes
were employed in non-isothermal bioreactors
w x29,33 , giving increases of the enzyme reaction
rate analogous to the ones obtained with the
two-membrane system.

Grafting by g-radiation is expensive, time-
consuming, and allows only treatment of small
samples and not of whole reactors. Thus, the
use of chemical grafting appears to be more

w xconvenient 34–36 .
The aim of this work is to study under non-

isothermal conditions the behavior of a mem-
brane, catalytic and hydrophobic, obtained by
chemically grafting of methylmethacrylate
Ž .MAA on nylon. Henceforth, this membrane
will be called M . Since the hydrophobicity is1

an important prerequisite for the occurrence of
the process of thermodialysis and the hydropho-
bicity of nylon is partially lost by the grafting
treatment, this property was increased by a pre-

Ž .vious chemical grafting with styrene Sty . The
membrane thus obtained will henceforth be
called M .2

Both membranes M and M were loaded1 2

with b-galactosidase, used as enzyme model, in
view of their applications in the process of
lactose hydrolysis in milk. The isothermal be-
havior of these membranes is reported in a

w xseparate paper 37 . Here we report the results
obtained when M and M membranes are em-1 2

ployed in a non-isothermal bioreactor.

2. Apparatus, materials and methods

2.1. The bioreactor

Ž .The apparatus Fig. 1 consisted of two cylin-
drical half-cells, 2.5 mm in depth and 35 mm in
diameter, filled with the working solution and
separated by the catalytic membrane. Substrate
solutions were recirculated in each half-cell by
means of a peristaltic pump through hydraulic
circuits starting and ending in the common
cylinder C. Each half-cell was thermostatted at

Ž .a temperature T is1, 2 . Under isothermali

conditions T was equal to T . Thermocouples,1 2

placed at 1.5 mm from each of the membrane
surfaces, measured the temperatures inside each
half-cell and allowed the calculation of the tem-
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Ž . Ž . Ž . Ž .Fig. 1. Schematic not to scale representation of the bioreactor. A shalf-cells; B s internal working volumes; C sexternal working
Ž . Ž . Ž . Ž . Ž . Ž .volume; M smembrane; n ssupporting nets; th s thermocouples; S sstopcocks; T s thermostatic magnetic stirrer; PP si i

Ž . Ž . Ž . Ž .peristaltic pumps; Man smanometer; FPs flow-pipe ; Rs reservoir containing the working solution ; Gs pressurizing air tank .

perature profile across the catalytic membrane
when the apparatus was kept under non-isother-
mal conditions. The temperatures read by the
thermocouples will be indicated by T , while the
ones calculated at the membrane surfaces is
indicated by the symbol T U. The values related
to warm and cold sides will be indicated by the
subscripts w and c, respectively. Under these
assumptions DTsT yT and DT U sT U yT U,w c w c

Ž . U Ž Uas well as T s T qT r2 and T s T qav w c av w
U. UT r2. In non-isothermal experiments, T -T ,c w w

T )T and DT U -DT.c c

The correlation between the temperatures read
by the thermocouples and the actual tempera-
tures on the catalytic membrane surfaces will be
given in the following.

When the apparatus is employed to physi-
cally characterize the membranes, i.e., in the

study of their hydrophobicity with measure-
ments of transmembrane water transport under
pressure and temperature gradients, the flow
pipe and the pressure air tank are added and
different hydraulic circuits are consequently
used.

2.2. Materials

As solid support to be grafted, we used nylon
Ž .Hydrolon membranes Pall Italia, Milano, Italy .

The membranes’ characteristics are reported in
w xRef. 37 .

All the chemicals, including the enzyme, were
Žpurchased from Sigma Sigma Aldrich, Milano,

.Italy and used without further purification. As
monomer to be grafted, we used Sty andror

Ž . ŽMMA. Hexamethylenediamine HMDA 70%
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.aqueous solution was used as spacer between
the grafted membrane and the enzyme. A 2.5%

Ž .glutaraldehyde Glu aqueous solution was em-
ployed as bifunctional coupling agent for cova-
lently binding the enzyme to the activated mem-
brane.

The enzyme employed was a b-galactosidase
Ž .EC 3.2.1.23 from Aspergillus oryzae. The
enzyme hydrolyzes lactose in glucose and galac-
tose.

2.3. Methods

2.3.1. Catalytic membrane preparation
NylonrPoly-MMA and NylonrPoly-Styr

Poly-MMA membranes were prepared accord-
w xing to the procedures described in Ref. 37 .

Ž .The degree of grafting X, % was deter-
mined by the difference between membrane
masses before, G , and after, G , the graftingB A

by the formula:

G yGA B
X % s =100Ž .

GB

Membrane activation was done by two suc-
cessive treatments; each one for 1 h at room
temperature. The first one was done by immers-

Ž .ing the membrane in a 10% wrv hexameth-
ylenediamine aqueous solution. After washing
with running water to remove unreacted amines,

Ž .the membranes were treated in a 2.5% vrv
glutaraldehyde aqueous solution.

Enzyme immobilization was done by im-
mersing for 16 h at 48C the pre-activated mem-
brane in a 0.1 M buffer phosphate solution
containing the enzyme at a concentration 3
mgrml, at pH 6.5. The overall process of mem-
brane-grafting and enzyme-immobilization for
both membranes has been represented in a

w xschematic form in Ref. 37 .

2.3.2. Determination of membrane actiÕity and
stability

Membrane activity was determined by sam-
pling, at regular time intervals, the solution in

the cylinder C with the membrane and measur-
ing the glucose concentration by the GOD–Perid

w xtest according to Ref. 37 . Membrane activity,
expressed as mmolesrmin, is given by the slope
of the linear plot of the glucose production as a
function of time.

The time stability of the biocatalytic mem-
branes was assessed by analyzing every day
their activity under the same experimental con-
ditions, i.e., 0.2 M lactose in 0.1 buffer phos-
phate solution, pH. 6.5 and Ts308C. After 3 or
4 days, during which the membranes lost some
activity, a stable condition was reached, remain-
ing unchanged for over two months. No signifi-
cant differences in approaching and maintaining
the time stability were found between the M1

and M membrane. Only these stabilized mem-2

branes were used in the comparative experi-
ments reported in the following.

Under the standard conditions defined above,
the absolute membrane activity resulted to be
814 and 209 mmoles miny1 per m2 of mem-
brane surface area, for M and M , respec-1 2

tively. When not in use, the membranes were
stored at 48C in 0.1 M buffer phosphate solu-
tion, pH 6.5.

2.3.3. Treatment of experimental data
Every experimental point reported in the fig-

ures represents the average value of four experi-
ments performed under the same conditions.
The experimental errors did not exceed 6%.
Each experiment lasted 30 min, but only the
initial reaction rates were accounted for in the
construction of the figures.

3. Results and discussion

w xIn a separate work 37 in which we used the
same membranes, we have found that the amount
of immobilized enzyme on the unit surface of
M was 0.545"0.006 mgrcm2, while on M it1 2

was 0.509"0.005 mgrcm2. The grafting per-
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Ž .cent values were 15"2 % for the MMA, and
Ž .12"3 % for Sty.

Before illustrating the results of lactose hy-
drolysis under non-isothermal conditions, let us
characterize the catalytic membranes from the
physical point of view.

3.1. Physical characterization of the membrane

Since the grafted membranes are physically
different from the untreated ones, we have stud-
ied how the grafting process affects the trans-
port parameters of the membranes. The hy-
draulic permeability coefficient, A, and the
thermoosmotic coefficient, B, are two parame-
ters controlling transmembrane mass transport.
These coefficients are defined by the equations:

D P
J sA 1Ž .water

D x

DT
J sB 2Ž .water

D x

Ž 3describing the volume flow expressed in m
y2 y1.m s across a membrane, catalytic or not,

produced under isothermal conditions by a pres-
Ž 3.sure gradient D PrD x measured in Nrm or

under non-isothermal conditions by a tempera-
Ž .ture gradient DTrD x measured in Krm . A is

expressed in m4 sy1 Ny1 and B in m2 sy1

Ky1.
Hydraulic fluxes have been determined by

pressurizing one half-cell by a gas cylinder and
measuring by means of a graduated pipe the rate
of water volume transport to the other half-cell.
The temperature of the apparatus in these mea-
surements was kept constant.

Thermoosmotic fluxes have been determined
by measuring in the graduated pipe the rate of
water volume transport from the warm to the
cold half-cell, in absence of pressure gradients
and in presence of temperature gradients.

In Fig. 2a and b, the values of the A and B
coefficients as a function of temperature are

respectively reported. From Fig. 2, it is possible
to observe how the grafted membranes have
greater A and smaller B with respect to the
corresponding values of the untreated mem-
brane. This means that somehow the treatment
increases the hydraulic permeability and reduces
the thermoosmotic permeability of the mem-
brane, which however remains hydrophobic in
as much as it still gives thermodialysis. In addi-
tion, the hydraulic permeability of M is higher1

than that of M , while the contrary occurs for2

the thermoosmotic permeability. These results
confirm the role of Sty in increasing the hy-
drophobicity of the grafted membranes.

Ž . Ž .Considering Eqs. 1 and 2 , one calculates
the values of the steady-state thermoosmotic
pressure, D P . This is the pressure that stopsS-S

the water flux from the warm to the cold half-cell
produced across the membrane by the applied
temperature difference. From the same equa-
tions, one calculates also the g coefficient, i.e.,
the pressure produced by a unit temperature
difference across the membrane. In this way, we
have:

B
D P s DT 3Ž .S-S A

D P BS-S
gs s 4Ž .

DT A

Ž y2 y1.The values of g N m K are reported
in Table 1. For g)0 thermoosmotic flow is
observed, for gs0 no thermoosmotic flow oc-
curs. To higher g values, higher thermoosmotic
fluxes correspond. This means that it is possible
to foresee the yield of a separation process by
thermodialysis for different membranes once
their g values have been measured. For exam-
ple, starting with an equal initial lactose solu-

Ž .tion 0.2 M in the two half-cells respectively
kept at T s608C and T s208C and allowingw c

water transport by thermodialysis, we have
found after 1 h a lactose concentration ratio
Ž .C rC which was equal to 2.5 for the un-W C
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Ž . Ž .Fig. 2. a Hydraulic permeability coefficients as a function of temperature. b Thermoosmotic permeability coefficients as a function of
Ž . Ž . Ž .average temperature. Symbols: e suntreated nylon membrane; ` sM membrane; B sM membrane.1 2

treated membrane, to 1.4 for M and to 0.9 for1

M . C and C were the lactose concentrations2 W C

after 60 min in the warm and cold half-cells,
respectively.

3.2. Effect of the non-isothermal conditions on
enzyme actiÕity

In Fig. 3a and b typical experimental results
of lactose hydrolysis under isothermal and non-

Table 1
g values at different average temperatures

Ž .g values, calculated by means of the Eq. 4 , applied to results in
Fig. 4.

T g g gaverage Untreated membrane Membrane M Membrane M1 2
y2 y1 y2 y1 y2 y1Ž . Ž . Ž . Ž .8C N m K N m K N m K

20 18 182 19.51 517.7
30 20 500 22.77 593.6
40 23 750 27.11 689.7
50 24 839 25.62 666.2

isothermal conditions are reported. In Fig. 3a,
the glucose production of membrane M as1

function of time is shown, while Fig. 3b shows
the same parameter for membrane M . The2

slopes of the lines fitting the experimental points
give the activity of the catalytic membranes
under the different experimental conditions.

Since the ratio between the isothermal glu-
cose production of membrane M to that of1

membrane M is 3.9, i.e., higher than the ratio2

between the enzyme amount immobilized on
membrane M to that immobilized on mem-1

brane M which is 1.07, it is possible to give2

evidence to the role of Sty which, owing to its
hydrophobicity, creates the conditions of a re-
stricted diffusion of substrate toward the cat-
alytic site. The role of Sty, which is negative
under isothermal conditions, becomes positive
under non-isothermal conditions since, for in-
stance, the ratio of glucose production by M1
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Ž . Ž . Ž . Ž .Fig. 3. Lactose production by membrane M a and membrane M b as a function of time. Symbols: v DTs08C; ` DTs108C;1 2
Ž . Ž .^ DTs208C; I DTs308C.

and M in presence of a DT of 308C becomes2

3.5.
The experimental points reported in Fig. 4

are obtained from experiments done with the

Ž . Ž . Ž .Fig. 4. Catalytic activity of membrane M a and membrane M b as a function of the average temperature, T . Symbols: v DTs08C;1 2 av
Ž . Ž . Ž .` DTs108C; ^ DTs208C; I DTs308C.
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Ž . Ž . Ž .Fig. 5. Percentage activity increase for membrane M a and membrane M b as a function of the average temperature, T . Symbols: `1 2 av
Ž . Ž .DTs108C; I DTs208C; e DTs308C.

same methodology. Fig. 4a and b show the
catalytic activity of membrane M and M ,1 2

respectively, as a function of average tempera-
ture. The curve parameter is the temperature
difference read by the thermocouples. When
DTs08C, i.e., under isothermal conditions, Tav

sT.
Both figures show that, keeping T constant,av

membrane activity increases with the tempera-
ture difference and, hence, with the temperature
gradient applied. This means that the same lac-
tose hydrolysis can be obtained either at low Tav

and high DT or at high T and low DT.av

A parameter giving direct indication on the
usefulness of non-isothermal bioreactors in in-
dustrial processes is the percentage activity in-

Ž .crease P.A.I. defined, at every average tem-
perature, as:

DT/0 DTs0Activity y ActivityT TsTav avP.A.I.s
DTs0Activity Tav

=100 5Ž .

w xDT / 0 w xDTs0where Activity and Activity are theT TsTav av

catalytic membrane activities, at a given TsT ,av

under non-isothermal and isothermal conditions,
respectively. In Fig. 5a and b, the P.A.I. values,

Ž .calculated through Eq. 5 from the experimen-
tal points of Fig. 6a and b, are reported as a
function of T . Each curve in the figures referav

to a specific value of DT. Fig. 7a and b show
P.A.I. values which, at each average tempera-
ture, increase with the applied DT , and that,
under a given DT , increase with the average
temperature. Since matter fluxes produced by
the process of thermodialysis follow the same
behavior, as one can also see from the Fig. 2b,
it is possible to correlate the increase of the
enzyme activity with the presence of the process
of thermodialysis. This correlation becomes
more stringent by observing that the percentage
activity increases are higher for membrane M ,2

which produces higher fluxes than membrane
M under thermodialysis.1

A correct evaluation of the magnitude of the
observed effects requires to bear in mind that
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U Ž . Ž .Fig. 6. Membrane activity as a function of the actual temperature differences DT across membranes M a and M b . Curve parameters1 2
Ž . Ž . Ž . Ž .are the membranes average temperatures. Symbols: v T s258C; I T s308C; ^ T s358C; ` T s408C.av av av av

U Ž . Ž .Fig. 7. Membrane activity as a function of the actual temperature differences DT across membranes M a and M b . Curve parameters1 2
Ž . Ž . Ž .are the actual temperatures of the warm surface of the membrane. Symbols: I T s308C; ^ T s358C; ` T s408C.w w w
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under non-isothermal conditions a flux of heat
is present in the apparatus. Thus the actual
temperatures on the catalytic membrane sur-
faces are different from the ones registered by
the thermocouples. As a consequence, T U -Tw

and T U )T , so that DT U -DT. As specifiedc c
ŽU.under Materials and methods the apex re-

lates to the corresponding values at the mem-
brane surfaces. Being impossible to measure the
temperatures on the membrane surfaces, we can
calculate them considering that under our exper-
imental conditions the solution flow into each

Ž critical.half-cell is laminar being R < Re e
w x14,15,17 and consequently the heat flow prop-
agates through the solution and the catalytic
membranes according to Fourier’s law. The cal-
culation is done by means of the expression:

DT
J sK sconstant 6Ž .q i ž /D x i

where K is thermal conductivity of the i-thi
Ž .medium crossed by the heat flux and DTrD x i

the temperature gradient existing in that medium.
Under these conditions, knowing the thermal

conductivities and thicknesses of both filling
solutions and membrane, it is possible to calcu-

late the effective temperatures on the membrane
surface. The results of this calculation are re-
ported in Table 2. Inspection of Table 3 and the
observation that our system is symmetric, allow
us to write a simple equations system:

° UT sT yaDTw w
U~T sT qaDT 7Ž .c c

U¢DT sDT 1y2 aŽ .

In our case, a is equal to 0.46.
Considering these calculations, the results of

Fig. 4a and b can be examined with reference to
the average temperature of the membrane and to
the actual temperature difference across it. This
has been done in Fig. 6a and b. In these figures,
catalytic membrane activity is reported as func-
tion of the actual temperature difference DT U

existing across it. Each line refers to a given
membrane average temperature, T U . This tem-av

perature, since our system is symmetric, is coin-
cident with the average temperature of the
bioreactor. From the figures, it is evident how,
at each membrane average temperature, mem-
brane activity increases with the actual tempera-
ture difference existing across the warm and
cold membrane surfaces.

Table 2
Correspondence between the temperatures T and TU

Ž .Correspondence between the temperature values read at the thermocouples indicated by the symbol T and the ones calculated at the
Ž U .surfaces of the catalytic membrane indicated by T . Subscripts w and c refer to the warm solution and to the cold solution, respectively.

U U U UT DT T T T T T DTav c w c w av
Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .8C 8C 8C 8C 8C 8C 8C 8C

25 10 20 30 24.6 25.4 25 0.8
25 20 15 35 24.2 25.8 25 1.6
25 30 10 40 23.8 26.2 25 2.4
30 10 25 35 29.6 30.4 30 0.8
30 20 20 40 29.2 30.8 30 1.6
30 30 15 45 28.8 31.2 30 2.4
35 10 30 40 34.6 35.4 35 0.8
35 20 25 45 34.2 35.8 35 1.6
35 30 20 50 33.8 36.2 35 2.4
40 10 35 45 39.6 40.4 40 0.8
40 20 30 50 39.2 40.8 40 1.6
40 30 25 55 38.8 41.2 40 2.4
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Table 3
a coefficients at different average temperatures

Ž .a coefficients calculated by means of Eq. 8 applied to results in
Fig. 8.

y1Ž . Ž .Membrane system T 8C a =100 8Cav

M 25 5.151

30 8.48
35 8.49
40 8.50

M 25 6.002

30 11.00
35 12.20
40 14.00

The linear increase of membrane activity with
the temperature difference allows to write, for
each value of T , the equation:av

U UTsT TsT Uav av
U U � 4A T s A T 1qaDT 8Ž . Ž . Ž .DT /0 DT s0

Ž .where A T indicates the membrane activity at
U Ž U .TsT , under isothermal DT s0 and non-av

Ž U .isothermal DT /0 conditions. The coeffi-
cient a represents, at each given average tem-
perature, the percentage of membrane activity
increase when a temperature difference of 18C
is applied across the catalytic membrane. The a

values calculated through the experimental re-
Ž .sults of Fig. 6a and b by means of Eq. 8 are

reported in Table 3. Inspection of the a values
shows that the ones of membrane M are higher2

than those of membrane M , confirming in this1

way that hydrophobicity is an important param-
eter for thermodialysis and, consequently, the
role of this process in affecting the enzyme
reaction rate.

A more significant representation of our re-
sults is obtained considering the actual tempera-
ture of the warm membrane surface under non-
isothermal conditions. This is done in Fig. 7

Ž .where catalytic activities of membrane M a1
Ž .and membrane M b are reported as a function2

of the actual temperature differences applied.
Now each line is referred at a given temperature
of the warm membrane surface. The linear in-
creases of the enzyme activity of both mem-

branes also allow us to write in this case an
Ž .equation similar to Eq. 8 , this new equation

being:

U UTsT TsTw w � 4A T s A T 1qbDT 9Ž . Ž . Ž .DT/0 DTs0

Here, the b coefficient is the percentage
increase of catalytic membrane activity when
the temperature of the warm membrane surface
is kept constant and the temperature of the cold
membrane surface is lowered by 18C. The b

Ž .values calculated through Eq. 8 and applied to
the results of Fig. 7 are listed in Table 4. Also
with respect to the b values, the positive role of
the hydrophobicity of membranes operating un-
der non-isothermal conditions is confirmed.

Let us see, now, how all the experimental
results reported above can be explained in terms
of matter transport induced by the process of
thermodialysis. This will be done analyzing the

Ž .substrate and products traffic across the cat-
alytic membrane under isothermal and non-iso-
thermal conditions.

Under isothermal conditions only diffusion
Ž y2occurs. The diffusive substrate flux mol m

y1.s is expressed by the equation:

DC
UDJ sD 10Ž .S

D x

where DU is the restricted diffusion coefficient
Ž 2 .m rs in the membrane pores and DCrD x is

Ž 4.the concentration gradient molrm .

Table 4
b coefficients at different average temperatures

Ž .b coefficients calculated by means of Eq. 9 applied to results in
Fig. 8.

y1Ž . Ž .Membrane system T 8C b =100 8Cw

M 30 3.851

35 5.50
40 6.19

M 30 4.952

35 8.25
40 10.31
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Under non-isothermal conditions, i.e., when a
temperature gradient is applied across a hy-
drophobic membrane, catalytic or not, the mem-
brane is crossed by differential solvent and so-
lutes fluxes, produced by thermodialysis. Both
matter fluxes are directly proportional to the
magnitude of the temperature gradient applied.
Under these conditions two separate matter

Ž .fluxes are observed: a volume flux water from
Ž 3 y2 y1.warm to cold, measured in m m s and

Ž .expressed by Eq. 2 and a solute flux from cold
to warm, measured in moles my2 sy1, and
expressed by the equation:

DTUXthermJ sD C 11Ž .S c
D x

In these equations, DTrD x is the tempera-
Ž .ture gradient across the membrane Krm , C isc

the actual concentration of solute in the cold
Ž 3. XU

half-cell molrm and D is the restricted
Ž 2 y1 y1.thermal diffusion coefficient m s K in

the membrane pores.
Associated with the volume flux there is a

solute flux, due to the solvent drag, given by:

J drag sJ C sV C 12Ž .S H O w H O w2 2

where C is solute concentration in the warmW

half-cell, from which the water flux is coming
and V is the rate of water transport in mrs.H O2

Of course also under non-isothermal condi-
tions the contribution of isothermal substrate
diffusion still remains.

Summing up, under isothermal conditions the
only substrate traffic is given by that repre-

Ž .sented by Eq. 10 , while under non-isothermal
conditions the substrate traffic across the mem-
brane is due to three distinct contributions. The

Ž .first one is expressed by Eq. 10 , and the others
Ž . Ž .by Eqs. 11 and 12 . A picture of the substrate

traffic across the catalytic membrane operating
under isothermal and non-isothermal conditions
is given in Fig. 8a and b. On the basis of all
these consideration it is easy to conclude, there-
fore, that under non-isothermal conditions the

Fig. 8. A descriptive representation of substrate traffic across the
Ž .catalytic membrane operating under isothermal a and non-iso-

Ž . Ž .thermal b conditions. Substrate concentration profile c .

enzyme immobilized onto the hydrophobic–
catalytic membrane faces a higher substrate traf-
fic and hence interacts with a substrate concen-
tration higher than under isothermal conditions.
A qualitative picture of this situation is given in
Fig. 8c.

The same reasoning is applicable to the prod-
uct removal from the active site. Consequently,
the presence of a temperature gradient increases
the apparent turnover number of the enzyme
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reaction, thus increasing the rate of the enzyme
reaction.

4. Conclusions

The principal aim of this work has been
reached since two membranes, giving catalysis
and thermodialysis, have been successfully con-
structed.

When employed in bioreactors operating un-
der non-isothermal conditions, both membranes
have shown increases of the enzyme reaction
rates proportional to the applied transmembrane
temperature gradient. In particular membrane
M , having higher hydrophobicity than M , ex-2 1

hibited highest efficiency increases, according
to the role of thermodialysis in modulating the
activity of catalytic membranes employed in
non-isothermal bioreactors.

One negative aspect coming from present
results is that a and b values found for M and1

M membranes are lower than those found with2

other membrane system. This is due to two
circumstances.

The first one consists in the presence of an
untreated Teflon membrane when a two mem-
brane system was used. In this case volume and
substrate fluxes produced by the process of

Žthermodialysis across the Teflon membrane and
.the coupled catalytic membrane were highest

owing to the highest hydrophobicity of the
Teflon. This, of course, increased the concentra-
tion of substrate and the rate of product removal
in the catalytic membrane, thus increasing the a

and b values for the catalytic system.
The second circumstance is that in the pre-

sent work we used a lactose concentration which
is saturating the enzyme reaction rate for both
membranes, insomuch as the apparent K val-m

ues found for the enzyme immobilized on M1
w xand M were 94 and 46 mM, respectively 37 .2

It is clear that it becomes difficult to induce
high increases in the yield of a process when the
catalyst works at saturation. A paper describing
the dependence under non-isothermal conditions

of the percentage increase of the enzyme reac-
tion rate on the substrate concentration is in
advanced state of preparation.

Since the M membranes provide the greatest2

efficiency increases under non-isothermal condi-
tions, experiments are in progress in our labora-
tory to increase the hydrophobicity of this mem-
brane, increasing the amount of grafted Sty.
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