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The behavior of three different catalytic membranes, obtained by immobilizing urease on nylon sheets
chemically grafted with methyl methacrylate, was studied in a bioreactor operating under isothermal
and non-isothermal conditions. Membrane activation was carried out by condensation or acyl azide
reaction, and spacers of different lengths, such as hexamethylendiamine or hydrazine, were used.
Under isothermal conditions, the activities of the catalytic membranes and soluble urease were
characterized as a function of pH, temperature, and urea concentration. Both enzyme forms showed
the same optimum pH, whereas the optimum temperature was lower for the immobilized enzymes.
The spacer length appeared to determine broader pH— and temperature—activity profiles for the
urease derivatives. The apparent K, values of the insoluble urease were dependent on membrane
type and were higher than those of the soluble counterpart, thus indicating an affinity loss for urea.
Under non-isothermal conditions, all membranes exhibited an increase of percentage activity
proportional to the applied temperature difference and decreasing with the increase of urea
concentrations. A decrease of the apparent K, was also observed. These results suggest that
substrate diffusion limitations due to the immobilization process can be overcome in the presence of
temperature gradients. In addition, the remarkable reduction of the production times supports the
use of non-isothermal bioreactors for the treatment of urea-polluted waste waters.

KEYWORDS: Urea; urease; enzyme immobilization; nylon-grafted membrane; waste water treatment;
non-isothermal bioreactors

INTRODUCTION requiring enzymes. For this reason, immobilized enzymes or

Urea has been recognized as a pollutant agent in agriculturalWhole cells are widely used in industrial processeé~16),
waste watersl). Its concentration can be reduced by means of Particularly in the food industry and ecology. As a result, en-
an enzymatic reaction catalyzed by urease. This enzymeZYMe |mm0b|l|zat|9n has become one of the most important
occupies a unique place in enzymology, in that it was the first "€S€arch area of biotechnology.
enzyme to be crystallized?). Besides its use in agricultural A grafting technique has been recently used by us to transform
effluent treatment, immobilized urease has found applications Polymeric matrices into enzymatic carriers endowed with good
in blood detoxification and urea removal from beverages and mechanical strength and microbial resistarf:&alactosidase
food (3). The broad range of applications of this enzyme has been immobilized on Teflon membranes, grafted with
promoted intensive work on the preparation and characterizationdifferent monomers by-radiations {7—21). Nylon membranes,
of urease derivativegt-13). The use of immobilized enzymes chemically grafted with different monomers, have also been used
greatly reduces the expense of any biotechnological processto immobilize S-galactosidase (22—26), urease (@), and
penicillin G acylase (2728).
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increase of the value of the apparent kinetic parantétgthat

is, an apparent decrease of the affinity of the enzyme for its
substrate. In addition, the immobilization process induces
twisting of the enzyme structure, with partial loss of activity.
Despite these disadvantages, the use of bioreactors operating
with immobilized enzymes has found several industrial applica-
tions (14—16), owing to the possibility of multiple reuse of the
enzyme derivatives and easy separation of the reaction products
from the catalyst. All of the bioreactors have so far been used
under isothermal conditions.

Recently, a new technology has been proposHy 17,
23—27, 29—36) to overcome the diffusional limitations and the
apparent affinity loss of the enzyme for its substrate(s). This
technology is based on the use of catalytic membranes in
bioreactors operating under non-isothermal conditions. It has
been found that, when a catalytic and hydrophobic membrane
is interposed between two substrate solutions kept at different
temperatures, an increase of the enzyme activity with respect
to that measured under comparable isothermal conditions is
observed. The activity increase was found to be proportional
to the transmembrane temperature difference and to the hydro-
phobicity degree of the support. The activity increase was |le—(3€
explained on the basis of the thermodynamics of irreversible PP, PP,
processes 37, 38), through the process of thermodialysis »l« \1/

(39—41). In the presence of temperature gradients, a thermod- c R
iffusive transmembrane substrate flux is produced across a [T
catalytic membrane, provided that the membrane is hydrophobic. G
This flux is added to the diffusive one, and the immobilized d
enzymes encounter a higher substrate concentration under Nongigyre 1. Schematic (not to scale) representation of the bioreactor: (A)
isothermal conditions. The reaction rates are thus increased. Aha|f.ce||s; (B) internal Working V0|umes; (C) external Working V0|ume; (M)
quantitative analysis, which accounts for substrate fluxes and membrane; (n) supporting nets; (th) thermocouples; (S) stopcocks; (T)
substrate consumption by the enzyme reaction into the catalyticthermostatic magnetic stirrer; (PP;) peristaltic pumps; (Man) manometer;
membrane, has been thoroughly described in some recent worksep) flow pipe; (R) reservoir containing the working solution; (G)
(23-26). pressurizing air tank.

To obtain catalytic and hydrophobic membranes, nylon or
Teflon supports were grafted with suitable monomers. Factors hydraulic circuits starting and ending in a common cylinder (C). Each
affecting the hydrophobicity of membranes are the nature of half-cell was thermostated at a given temperature by ther_mostatic baths.
the grafted monomers and the grafting degree when the same! hermocouples were used to measure the temperafuies= 1, 2)
monomer is used. In our previous studies, the influence of the inside each half-cell. When the apparatus worked under isothermal

immobilization procedure o embrane activi as not a conditions, T, was equal toT,. Under non-isothermal conditionk
ImmoDilization pr u n mem activity was n S° was different fromT,. Thermocouples were placed 1.5 mm from each

sessed. In this paper, the biochemical and physical behavior ofyf the membrane surfaces. The temperature profile across the bioreactor
three catalytic membranes, obtained with different immo- and the catalytic membrane was calculated by starting frori thed
bilization procedures and of different spacer lengths, is describedT, values, according to the procedure described under Temperature
under isothermal and non-isothermal conditions. Urease from Profile across the Catalytic Membrane. The temperatures read by the
Jack bean was used as a model enzyme, for its potential use irthermocouples are indicated ds whereas those calculated at the

Thermostat at Tp

Thermostat at Ty

T

the treatment of urea-polluted agricultural waste waters. membrane surfaces are indicatedrasThe temperatures of the warm
or cold side are indicated by the subscript W or C, respectively. It
MATERIALS AND METHODS follows thatAT = Tw — Te, AT* = T*w — T*c, Tav = (TW + Tc)/2,

T*a = (T*w + T*c)/2, T*w < Tw, T*c > Tc, andAT* < AT. Because

Materials. As solid support to be grafted, nylon Hydrolon mem- the system is symmetrid@ay = T*av.
branes (a gift from Pall Italia, srl, Milano, Italy) were used. These Methods. Temperature Profile across the Catalytic Membrafie.
hydrophobic membranes are 1afh thick and have a nominal pore  estimate the actual effects of temperature gradients on the activity of
size of 0.2um. Pore size is related to the minimum diameter value of immobilized enzymes, the temperatures on the surfaces of the catalytic
the smallest particles that the membrane retains; the membranes havenembrane must be known.
no “classical” pores but irregular cavities across their thickness. All It has been demonstrate?d( 36) that the fluid motion in each half-
chemicals, including the enzyme, were purchased from Sigma (Sigmacell is laminar. Thus, heat flud, through the bioreactor occurs by
Aldrich, srl, Milano, Italy) and used without further purification. Methyl  conduction between isothermal liquid plan€sgure 2a), according
methacrylate (MMA) was used as a graft monomer. Hexamethylene- to the equation
diamine (HMDA) or hydrazine (HZ) was used as a spacer between the
grafted membrane and the enzyme. Glutaraldehyde (GA) was used as Jy = 4(AT/AX) = constant Q)

a bifunctional coupling agent to covalently bind the enzyme to the
preactivated membranes. where/; is the thermal conductivity of thith medium, (AT/Ax)the

The enzyme was Sigma type Il urease (EC 3.5.1.5) from Jack beans.temperature gradient existing in the same mediam,thick.

Bioreactor. The apparatus (Figure 1) consisted of two cylindrical By using computer simulation, it is possible to calculate the
half-cells, with a 35 mm diameter and a 2.5 mm depth, filled with temperature values at each point of the apparatus and, hence, at the
substrate solution and separated by the catalytic membrane. Peristaltidwo surfaces of the catalytic membrane. In this calculation the thermal
pumps recirculated the working solutions in each half-cell, through conductivity of our solutions has been taken as that of pure water,
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reported inTable 1, the following empirical equations can be derived:
warm cold a)
i membrane i .
SO|lil':Ion sol?r’]uon Try =Ty — aAT

Tro=Tc+aAT @)
AT* = AT(1— 2a)

In these equationa is a constant. In our case= 0.46.

Preparation of the Catalytic Membrane$he preparation of the
catalytic membranes was carried out in two steps: grafting copolym-
erization and enzyme immobilization.

Grafting copolymerization was carried out by using 0.093 p#40s
as initiating system. The membranes were immersed in a reaction vessel
filled with a 1/1 water/ethanol solution containing 0.38 M MMA for
40 min at 60°C. The membranes were then treated with acetone to
remove the produced homopolymer and dried at@@intil a constant
weight was obtained. At this point, nyleipoly(MMA) membranes
were obtained. Grafting percentagé ¢o) was calculated through the
expressionX(%) = [(Ga — Gg)/Gg] x 100, whereGg andG, are the
masses of the membrane before and after the grafting process,
respectively.

Two different methods were used for urease immobilization onto
the nylon—poly(MMA) membranes. Membranes were identified as M1,
M2, and M3, according to the immobilization method and the type of
b) spacer.

(a) Preparation of Membrane MNylon—poly(MMA) membrane

was activated by reaction with a 10% (v/v) HMDA aqueous solution
p for 1 h atroom temperature. After washing with running water, the
membrane was allowed to react with a 2.5% glutaraldehyde solution
for 1 h atroom temperature. After a further washing with running water,
40 °C the membrane was immersed in a 0.1 M phosphate buffer solution,
pH 6.5, containing urease at a concentration of 1 mg/mL, for 16 h at
4 °C. During this step, cross-linking between the aldheyde groups of
the carrier and the amino groups of the enzyme occurred.—13ld
groups of urease may cross-link with glutaraldehyde when all of the
amine groups of the enzyme have been used. It is important to note
that —NH; groups are more susceptible thai$H groups to reaction
10°C with glutaraldehyde&). Washings with 0.1 M citrate buffer, pH 5.0,
were carried out to remove the unbound enzyme.

(b) Preparation of Membrane M2\lylon—poly(MMA) membrane
was activated by reaction with a 1.0% (w/v) hydrazine aqueous solution
I for 20 min at room temperature. After this treatment, the procedure
L i o used for membrane M1 was followed to immobilize urease.

i = (c) Preparation of Membrane M3[he activation of nylor-poly-
(MMA) membrane was performed by hydrazinolysis (to form the
Figure 2. (a) Side view of the cell, showing the position of the hi/drazidte), “Si”%’[ a 1°_I/?h(wr/1v)dhyq£jazine aqllljeoug tSO'“tiO:‘ fc_;trhzo_tmin
at room temperature. The hydrazide was allowed to react with nitrous
ther_mo;ouples_, the membrane, an.d the heat flux (Jg). @ Teﬂ" perature acid (2 N HCI+ 4% NaNQ solution, volume ratio 2/1) fol h at 0
profile in the bioreactor, in the particular case when Ty, = 40 °C and T¢ °C, to obtain acyl azide. After washing with ice-cold water, the
= 10 °C. Magnification along the x-axis is 10. membrane was allowed to react with a 0.1 M phosphate buffer solution,
pH 8.5, containing urease at a concentration of 1 mg/mL, for 16 h and
Table 1. Correspondence between the Temperatures Read at the at a temperature of 4C. In this way, the acyl azide reacts with the
Thermocouple Positions (T) and Those Calculated on the Membrane nucleophilic groups of the enzyme, such as sulfhydryl, amino, or
Surface (T*)? hydroxyl groups, to give thioester, amide, or ester linkage, respectively.
The amount of immobilized protein was calculated by subtracting the

membrane thickness = 0.15 mm

23.8°C

Temperature (°C)

1
|
1
I
!
: 26.2°C
]
1
1
|

tem 1.5¢cm 1.5cm 1 cm

Tav AT Te Tw Te Tw Ty AT amount of protein recovered in the solution at the end of the
25 10 20 30 24.6 254 25 08 immobilization process and in the washing solutions from that initially
25 20 15 35 24.2 258 25 16 present in the immobilization solution. Determination of urease
25 30 10 40 238 26.2 % 24 concentration was performed according to the Lowry method (43).
Determination of Membrane Aectty and Stability. Lactose and
# All temperatures are given in °C. Subscripts W and C refer to the warm and dithiothreitol (5 mM) were added to both the reaction mixture and the
cold sides, respectively. buffer solution to stabilize urease (44).

Membrane activity was determined by sampling, at regular time
whereas the thermal conductivity of nylon membranes was taken from intervals, the urea solution interacting with the catalytic membrane and
Touloukian (42). It was also assumed that the grafting process did not by measuring the ammonia concentration resulting from the reaction
change the thermal conductivity of the untreated membran€alihe of urease with the urea. Ammonia concentration was measured by
1, the temperatures measured at the thermocouple positions and thoseneans of the phenehypochlorite method4bs), through which a blue
corresponding to the surfaces of the catalytic nylon membrane are solution is developed. The ammonia concentration was spectrophoto-
reported. InFigure 2b the actual temperature profile for one of the metrically determined at 625 nm by using a calibration curve.
cases reported iTable 1 is shown. From the temperature values Membrane activity, indicated also as enzyme reaction rate, is expressed
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Table 2. Comparison of the Physical-Chemical and Activity 120¢ a)
Parameters of Unsoluble Urease —
100}
absolute ~
activity specific >
enzyme spacer grafting urease (1072, umol activity («mol 280
form length (%) (mg) min~—tcm=?) min—t mg=1) 5
M1 long 141+13 1.74 26 1.04 &J 60
M2 short 139+17 154 214 0.97
M3 none 144+15 081 114 0.98 g’ a0l
ot
£
Q@ 20}
as micromoles per minute and is given by the slope of the linear plot (27
of the ammonia production as a function of time. 0 . . . ,
The time stability of the three biocatalytic membranes was assessed 4 5 6 7 8
by measuring their activity every day, under the same experimental pH
conditions, that is, 15 mM urea in 0.1 M citrate buffer, at pH 5.0 and 1207
25 °C. After a few days, during which the membrane lost part of its b)
activity, a stable condition was reached for more than one month. Only § 100
these stabilized membranes were used for our study. When not used, ~
the membranes were stored at@in 0.1 M citrate buffer, pH 5.0. zp sol
Treatment of Experimental Dat&very experimental point reported S
in the figures represents the average value of five experiments performed 4 ¢4
under the same conditions. The experimental errors did not exceed 10%. <
Each experiment lasted 24 min, but only the initial reaction rates were d>J ol
accounted for in the construction of the figures. s
< 2
RESULTS AND DISCUSSION (a4
Isothermal Characterization. Table 2 reports some of the 0 4 5 P 7 P
physical and biochemical properties of the three membranes. pH
The activity assays were carried out with 15 mM urea in 0.1 M )
buffer citrate, at pH 5.0 and Z%&. Absolute membrane activity 120 c)
was calculated as the number of activity units (one unit is 1 §100
wmol min~1) per total membrane surface (two surfaces, each
with a 35 cn? surface area), and the specific activity as activity -é‘ ol
units per milligram of immobilized urease. Results from this E
table show that the specific activities of the three membranes <L(> 60l
were the same, despite the differences in spacer length and
amount of immobilized enzyme. 2 a0l
pH Dependence of Membrane Adty. The pH dependence E
of the activity of an immobilized enzyme is characteristic of L 20}
the enzyme and carrier nature, as well as of the immaobilization
method. The support can change the pH value around the cata- Y 3 s . 3 8
lytic site, thus determining differences between the catalytic be- pH '

havior of soluble and insoluble enzyme. This effect, known as

the partitioning effect, is related to the chemical nature of the Figure 3. Relative enzyme activity as a function of pH for free (O) and

support (and of the grafted monomer) and arises from electro-immobilized urease: (a) membrane M1 (®); (b) membrane M2 (m); (c)

static or hydrophobic interactions between the matrix and the membrane M3 (a). Reactions were carried out in a 15 mM urea solution

low molecular weight species present in solution. Partitioning in 0.1 M citrate, at T = 25 °C.

effects cause differential concentrations of charged species (e.qg.,

hydrogen and hydroxyl ions) in the microenvironment of immo- only for free and immobilized urease but also for the three

bilized enzymes. Thus, the ptactivity profile of immobilized enzyme derivatives. The optimum pH range was defined as the

enzymes may be displaced toward more alkaline or acidic pH range in which the relative activity i895%. It occurred in the

values for negatively or positively charged matrices, respec- pH range 5.9-6.2 for the free enzyme, 5:%.6 for membrane

tively. M1, 5.7—6.2 for membrane M2, and 5.9—6.2 for membrane
To know how the pH—activity profile was affected by the M3. Hence, the optimum pH range appeared to decrease with

immobilization procedure and spacer length, we have studiedthe decrease of spacer length. Moreover, at pH 5.0, the enzyme

the activity of free and immobilized urease in the pH range derivative retained-85% of its maximum activity in the case

between 4.0 and 7.5. The results of this investigation are of membrane M1,~75% for membrane M2, ang60% in the

illustrated inFigure 3, in which the relative activity of each  case of membrane M3. Similarly, at pH 7.0 membrane M1

catalytic membrane is reported as a function of pH, together retained~80% of its maximum activity, membrane M270%,

with that of the free enzyme as a comparison. Immobilization and membrane M3-50%. FromFigure 3 it also appears that

did not shift the position of the optimum pH of the enzyme, all membranes were more resistant than free enzyme to acidic

which occurred at pH 6.0 for both the soluble and insoluble solutions and that membrane M1 retained most of its maximum

forms of urease. Similar results were obtained by @jsand activity under these extreme conditions.

other authors4, 5, 7, 8, 13) with different types of immobilized Temperature Dependence of Membrane ActidityFigure

urease. The “optimum pH range”, however, was different not 4, the relative activity of each of the three catalytic membranes
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Figure 4. Relative enzyme activity as a function of temperature for free Figure 5. Arrhenius plots of the activity of the free (O) and immobilized
(O) and immobilized urease: (a) membrane M1 (®); (b) membrane M2 urease: (a) membrane M1 (@®); (b) membrane M2 (M); (c) membrane
(m); (c) membrane M3 (a). Reactions were performed in a 15 mM urea M3 (a). Experimental conditions were the same as for the results reported
solution in 0.1 M citrate, at pH 5. in Figure 4.

as a function of temperature is reported. The relative activity °C for membrane M1, between 63 and 7@ for membrane

of free urease is also reported as a comparison. Free ureas®12, and between 55.1 and 69°€ for membrane M3.

showed an optimum temperature~af0 °C, whereas the opti- In Figure 5, the results oFigure 4 are reported as Arrhenius
mum temperature of immobilized urease appeared to be shiftedplots in the temperature range between 30 and®®0 The
toward lower temperatures, in a way inversely proportional to calculated values of the activation energies weret6@®1 kcal

the spacer length. Indeed, the optimum temperature occurredmol™ for free urease, 5.3 0.1 kcal mot? for membrane M1,

at 68.5°C for membrane M1, at 67.5C for membrane M2, 5.7 £ 0.2 kcal mot?! for membrane M2, and 6.4 0.8 kcal

and at 63.5°C for membrane M3. The unusual shift toward mol~!* for membrane M3. Except for membrane M3, the
lower temperatures was never observed by us with immobilized activation energy values of the catalytic membranes were lower
urease ) or other enzyme derivatived§, 19, 22, 24, 25). The than that of free urease. These results suggest that, only in the
decrease of the optimum temperature value with the decreasecase of free urease and membrane M3, the rate of the enzyme
of the distance between the enzyme and membrane suggesteeaction was kinetically rather than diffusion controlled (46).
that immobilization through the acyl azide method twists the  Concentration Dependence of Membrane Atti The cata-
enzyme structure more than the immobilization via a Schiff base. lytic activity of each of the three catalytic membranes was
By defining the “optimum temperature range” as the range in studied as a function of substrate concentration, in the range
which the relative enzyme activity i595%, this range occurred  0—120 mM, in 0.1 M citrate buffer solution, at pH 5.0 and 25
between 63 and 7%C for free urease, between 61.5 and 73.9 °C. A Michaelis—-Menten behavior was found. The values of
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Table 3. Kinetic Parameters of Urease Derivatives and Free Enzyme, 35
Obtained under Isothermal (T = 25 °C) and Non-isothermal (T, = 25 ~
°C, AT = 30 °C) Conditions £ 80
enzyme Km (mM) Vmax (Mmol minil) E 25
form AT=0°C  AT=30°C AT=0°C AT=30°C i 20
M1 54+8 30+2 88+0.9 89+0.6 2
M2 23%5 16+3 39x06 47+0.6 < 15
M3 31+5 19+3 28+04 29+05 g
free 15+3 115+05 5 10
= -
(13
= 05
Table 4. Physical Parameters of the Catalytic Membranes o ) . . . . . .
0 5 10 15 20 25 30 35
spacer A (10715, B (1072, C (102, o
_ , el S AT (°C)
membrane length N=1mésh m2K-1s71) Nm=2K=1) ] o
Figure 6. Activities of membrane M1 (@), M2 (W), and M3 (a) as a
M1 long 6.0 24 4.0 . .
M2 short 10 017 17 function of the temperature difference AT measured at the thermocouple
M3 none 8.5 2.1 25 positions. Experimental conditions: 15 mM urea in 0.1 M citrate, at pH
5.0, and T4 = 25 °C.
the kinetic parameter&, and Vy, are reported irTable 3, for these experiments wer€T = 30 °C, Tay = 25 °C, andAP

together with that of the free urease. From the table it is possible = 0. The following thermo-osmotic fluxesifs) were mea-

to see that the apparelit, values of the urease derivatives were sured: 4.8x 10" ms™! for membrane M1, 3.3c 10 8 ms™*
higher than that of the free counterpart. The increase of the for membrane M2, and 1.4 10~" ms™* for membrane M3.
apparent,, values upon immobilization clearly indicates an ~ The values of the coefficien® andB for M1, M2, and M3
apparent lower affinity of the immobilized enzymes for the membranes are listed able 4. In the same table, we have
substrate compared to that of the free enzyme. This behavioralso reported the coefficiel®, defined as

may be attributed to changes in enzyme structure induced by AP

the interaction of the macromolecule with the suppd)( In _2'ss_B (5)
addition, the increased diffusional resistance encountered by the AT A

substrate (products) toward (from) the catalytic site of im-
mobilized enzymes could be responsible for the higkgr
values (47).

Non-isothermal Characterization. Physical Characteriza-
tion of the Membranedn Table 4 are reported some physical
parameters of the membranes M1, M2, and M3.

The hydraulic permeability coefficienk (N~ m* s71) was
calculated by the equation

C represents the pressure differeddes_sto be applied to the
cold half-cell to balance the thermo-osmotic water flux coming
from the warm half-cell in the presence of a temperature dif-
ferenceAT measured at the thermocouple positidDss indeed
a measure of the effect produced by the process of thermodi-
alysis across catalytic or untreated hydrophobic membranes. For
C = 0, the process of thermodialysis takes plae= 0 implies
the absence of thermodialysis. Hence, higlewalues cor-
respond to larger matter fluxes produced by the process of
thermodialysis. Because thermodialysis depends on membrane
hydrophobicity, it follows that foC = 0, that is, in the absence
of thermodialysis, the activity of a catalytic membrane should
be the same under isothermal or non-isothermal conditions. By
contrast, forC > 0, the reaction rates of a catalytic membrane
working under non-isothermal conditions should be higher than
those measured under comparable isothermal conditions.
therm Biochemical Characterization of the Catalytic Membrane
Jiater = B(AT/AX) 4) under Non-isothermal Conditions Figure 6 are reported the
activities of the three catalytic membranes as a function of the
where JIS™ (ms™2) is the non-isothermal water flux across a temperature difference read at the thermocouple positions. As
membraneAx (m) thick, produced by a temperature difference one can see, the catalytic activity increased in a linear fashion
AT (K), as measured at the position of the thermocouples.  with the appliedAT, for all membranes. These experiments were
Hydraulic fluxes were measured by pressurizing one half- carried out with 15 mM urea in 0.1 M citrate, at pH 5.0 ahgl
cell by a gas cylinder and measuring the rate of water volume = 25 °C. Once the effect of the temperature gradients on the
transport to the other half-cell by means of a graduate pipe activity of the three membranes was assessed, we extended our
(Figure 1). During these measurements, the temperature wasinvestigation by testing under non-isothermal condition the

Jvdr — A(AP/AX) €)

water
where JY% (ms™) is the isothermal hydraulic water flux
produced by a pressure differende® (N m—2) across the
membraneAx (m) thick.
The thermo-osmotic permeability coefficigBi{m2 K=1 s71)
was calculated through the equation

kept constant. The experimental conditions wa = 3 x membrane activities as a function of the urea concentration
10 N m=2, T = 25 °C, andAT = 0. Under these conditions,  (Figure 7). Results inFigure 7 show that, at every urea
the following hydraulic fluxes JY%') were obtained: 1.2« concentration, the non-isothermal activities of the three catalytic
107" ms™! for membrane M1, 2.6 108 ms™! for membrane membranes were higher than those found under comparable
M2, and 1.7x 10 "ms! for membrane M3. isothermal conditions.

Thermo-osmotic fluxes were determined by measuring, ina  The apparent values d€,, and Vmax for each of the three
graduate pipe, the water volume transported from the warm to catalytic membranes under non-isothermal conditions are listed
the cold half-cell, in the presence of temperature gradients andin Table 3. From the table it is possile to see that the apparent
in the absence of pressure gradients. The experimental conditionvalues ofK,, under non-isothermal conditions were lower than
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Figure 7. Michaelis—Menten plots relative to the activity of (a) membrane

M1, (b) membrane M2, and (c) membrane M3, measured under isothermal

(T = 25 °C, solid symbols) and non-isothermal (T,, = 25 °C, AT = 30

°C, open symbols) conditions.
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Figure 8. Percentage activity increase (PAI) of membrane M1 (@),
membrane M2 (M), and membrane M3 (A) as a function of the urea
concentration. Experimental conditions: T, = 25 °C and AT =
30 °C.

immobilized enzyme aT = T, under isothermal and non-
isothermal conditions, respectively.

In Figure 8 the PAI values for each of the three membranes
are reported as a function of urea concentration. Decreases of
the PAI values with the increase of substrate concentration have
already been found by us wifrgalactosidase immobilized on
differently grafted membrane®4—26) and with urease im-
mobilized on nylon membranes grafted with butyl methacrylate
(10). An explanation for such a behavior is that when the
immobilized enzyme works approximately at its maximum rate,
such as at high substrate concentrations, the activity increases
due to temperature gradients are less effective. A quantita-
tive explanation of this behavior has been recently published
by us (26). In this study, the substrate concentration profiles
into a catalytic membrane have been derived under isothermal
and non-isothermal conditions, and a parameter similar to the
PAI has been calculated. The dependence of this parameter
on substrate concentration was found to be very similar to that
of the PAI shown inFigure 8. The PAI values fromFig-
ure 8, calculated with respect to the macroscopic temperature
differenceAT in the bioreactor, support the idea of employing
non-isothermal bioreactors in biotechnological processes, such
as the treatment of urea-polluted waste waters. The impact of
our results is even more evident, if the actual temperature
differences across the membrane are taken into consideration.
As one can see fronTable 1, a macroscopidT = 30 °C
corresponds to an actuall™ = 2.4°C. Hence, it is possible to
define a new coefficient!, related to the PAI coefficient by

the corresponding values under isothermal conditions, indicating the equation

a recovery of the affinity lost by the enzyme upon immobiliza-
tion. This result suggests that the temperature gradient increases
the substrate and product fluxes across the catalytic membraneg’ represents the percentage increase of the enzyme reac-
thus reducing the diffusion limitations toward or away from tion rate when a unit temperature difference is actually ap-
the catalytic site. plied across the catalytic membrane. Tddevalues, relative

From the results reported iffigure 7, it is possible to  to the results inFigure 8, are listed inTable 5. For each
calculate the percentage activity increase (PAI), a parameterof the three membranes, the efficiency of the non-isother-
giving information on the performance of non-isothermal mal reaction decreased with the increase of the substrate con-
bioreactors in industrial processes. It is defined as centrations. Membrane M1 was found to be the most effi-
cient.

All of the results above-reported confirm the advantage of
using non-isothermal bioreactors, because an increase of en-
zyme activity corresponds to a reduction of the production
times. To demonstrate such a statement, we repdrigare
9a, as a function of the reaction time, the ammonia produc-

o = PAIAT* @)

[RRI?I. — [RRITL;

[RRI7L? ©

PAI

where [RR l?:j and [RR l?:i are the reaction rates of the
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Table 5. o' Coefficients of Urease Derivatives as a Function of Urea PR{= tiso ~ thoniso PA 8
Concentration t= te, ~ PAI + 100 (8)
o' (% °C7Y)
[urea] (mM) ML M2 M3 vx{heretiso and thon-iso are the times requirgd to obtain a given
yield of an enzymatic process under isothermal and non-
5 417 245 377 . . ; )
10 312 20.2 254 isothermal conditions, respectively. A plot of eq 8 is reported
15 271 177 196 in Figure 9b, where it is possible to appreciate how the
20 235 16.4 16.4 percentage reductions of the production times of an enzyme
30 20.0 14.6 128 process performed under non-isothermal conditions are related
188 125 igé 2:2 to the PAI and, consequently, to the appliad. Figure 9b
150 10.4 9.2 5.1 reports the percentage reduction of the production times relative

to the PAI values obtained with each of the three membranes
at a 15 mM urea concentration and with a temperature difference

a) AT = 30°C. FromFigure 9b, it is possible to observe how the
25 reduction times for the membranes M1, M2, and M3 increase
with the increase of the value of tixcoefficient. These results
20 emphasize the role of membrane hydrophobicity in the process
’E‘ ’ of thermodialysis and thus for catalytic processes carried out
E in non-isothermal bioreactors. The dependence of the PAI on
15 enzyme immobilization procedure and spacer length is also
'E’ ‘ evident. Similar considerations can be done from the average
E 10 PAI values calculated frorfigure 8. These values are60%
£ for membrane M1, 40% for membrane M2, and 45% for
g membrane M3; the average PAI values of the three membranes
05 are somehow related to the correspondihgoefficients and,
hence, to their performance in the process of thermodialysis.
o - - pp p” p Conclus@ons.Th_i_s work has shown that the hydrolys_,is_ of urea
time (min) by urease |_mmob|I|zed on n_y_lon grafted me_mb_ranes is increased
under non-isothermal conditions, thus confirming the advantage
in using non-isothermal bioreactors in industrial processes
b) employing immobilized enzymes. Th# values reported in
60 Table 5also indicate that the increase of urea hydrolysis in the
presence of a fixed transmembrane temperature difference
50 depends on membrane type, that is, in the present case on the
immobilization procedure and spacer length. Also the pH,
g temperature, and concentration dependence of the membrane
= activities under isothermal conditions showed a clear dependence
R on these two parameters.
o In view of further industrial applications of our technology
o 2 we are currently trying to construct more efficient non-
isothermal bioreactors by changing the planar geometry of our
10 supports and using capillary hollow fiber systems.
00 20 40 60 80 100 120 140 160 LITERATURE CITED
P.A.l. (%) ) .
(1) George, S.; Chellapandian, M.; Sivasankar, B.; Jayaraman, K.
. . . . . A new process for the treatment of fertilizer effluents using
Figure 9. (a) _Ammonla productlon as a function of tl_me for me_mbrane immobilized ureaseBioprocess Eng1997, 16, 83-85.
M1. The reactions were carried out with 15 mM urea in 0.1 M citrate, at (2) Sumner, J. B. Urease. Methods in Enzymologjvosbach, K.,
pH 5.0 and T = 25 °C under isothermal (®) and non-isothermal conditions Ed.; Academic Press: New York, 1955; pp 378—379.
with AT = 10 °C (d), AT = 20 °C (<), and AT = 30 °C (a). (b) (3) Alveada Silva, S.; Gill, M. H. Urease. IAnalytical Uses of
Percentage reduction of the production times of membrane M1 (@), Immobilized Biological Compounds for Medical Detection and
membrane M2 (M), and membrane M3 (A) as a function of the PAI. Industrial Uses; Guilbaud, G. G., Mascini, M., Eds.; Reidel
Curve is derived from eq 8. Publishing: Boston, MA, 1988; pp 177—185.
(4) Anita, A.; Sastry, C. A.; Hashim, M. A. Immobilization of urease
tion under isothermal and non-isothermal conditions when a 15 on verniculite.Bioprocess Eng1997,16, 375—380.
mM urea solution is treated with membrane M1. From this  (5) Anita, A; Sastry, C. A;; Hashim, M. A. Urease immobilized on
figure, it is possible to see that, to obtain a urea conversion of ’2\“31"10”524%@95“3“0” and propertieBioprocess Eng1997,17,

9.3% (corresponding to an ammonia concentration of 1.4 mM),
24 min was required under isothermal conditions, 20 min with
a AT = 10°C, 16.5 min with aAT = 20 °C, and 14 min with

(6) Das, N.; Kajastha, A. M.; Malhotra, O. P. Immobilization of
urease from pegeonpe&djanus cajan L.) in polyacrylamide
gels and calcium alginate beadBiotechnol. Appl. Biochem.

a AT = 30 °C. This clearly indicates a decrease of the urea 1998 27 25-29.
conversion time with increasingT values. We can, therefore, (7) Elcin, Y. M.; Sacak, M. Methacryl Acid-Acrylamidg-Poly-
define the percentage reduction of production time (PRt) related (ethyleneterephthalate) fibers for urea hydrolysls. Chem.

to the PAI by the equation Technol. Biotechnol1995,63, 174—180.



2810 J. Agric. Food Chem., Vol. 50, No. 10, 2002

(8) Elcin, Y. M.; Sacak, M. Acrylamide grafted poly(ethylenetereph-

thalate) fibers activated by glutaraldehyde as support for urease.

Appl. Biochem. Biotechnol996,60, 19-31.

(9) El-Sherif, H.; Martelli, P. L.; Casadio, R.; Bencivenga, U.; Mita,
D. G. Urease immobilization on chemically grafted nylon
membranes. Part 1: Isothermal characterizatioMol. Catal.

B: Enzymatic2001,14, 15-29.

(10) El-Sherif, H.; De Maio, A.; Di Martino, S.; Zito, E.; Rossi, S.;
Canciglia, P.; Gaeta, F. S.; Mita, D. G. Urease immobilization
on chemically grafted nylon membranes. Part 2: Non-isothermal
characterization]. Mol. Catal. B: Enzymati2001,14, 31-43.

(11) Lai, C. M.; Tabatabai, M. A. Kinetic parameters of immobilized
urease Soil Biol. Biochem1992,224, 2732.

(12) Laska, J.; Wlodarczyk, J.; Zabrska, W. Polyaniline as a support
for urease immobilizationJ. Mol. Catal. B: Enzymatid999,

6, 549—553.

(13) Srinivasa, M.; Challapandian, M.; Krishnam, M. R. V. Im-
mobilization of urease on gelatin-poly (HEMA) copolymer:
preparation and characterizati@ioprocess Engl995,13, 211—
214.

(14) Katchalski-Katzir, E. Immobilized enzymegearning from past
successes and failureBrends Biotechnoll993,11, 471—478.

(15) Liese, A.; Seelbach, K.; Wandrey, @dustrial Biotransforma-
tions; Wiley-VCH: Weinheim, Germany, 2000.

(16) Tanaka, A.; Tosa, T.; Kobayashi, T. Industrial application of
immobilized biocatalysts. IBioprocess TechnologicGregor,

W. C., Ed.; Dekker: New York, 1993; Vol. 16, pp 6B0.

(17) Mohy Eldin, M. S.; De Maio, A.; Di Martino, S.; Portaccio, M.;

Stellato, S.; Bencivenga, U.; Rossi, S.; Santucci, M.; Canciglia,

P.; Gaeta, F. S.; Mita, D. G. Non-isothermal bioreactors utilizing

catalytic Teflon membranes grafted pyradiations.J. Membr.

Sci. 1998,146, 237—248.

Mohy Eldin, M. S.; Bencivenga, U.; Portaccio, M.; Stellato, S.;

Rossi, S.; Santucci, M.; Canciglia, P.; Castagnolo, D.; Gaeta, F.

S.; Mita, D. G. Characterization of the activity @fgalactosidase

immobilized on Teflon membranes pre-activated with different

monomers by-irradiation.J. Appl. Polym. Scil998 68, 625—

636.

Mohy Eldin, M. S.; Bencivenga, U.; Portaccio, M.; Stellato, S.;

Rossi, S.; Santucci, M.; Canciglia, P.; Gaeta, F. S.; Mita, D. G.

B-Galactosidase immobilization on pre-modified Teflon mem-

branes using-radiation graftingJ. Appl. Polym. Scil998,68,

613—-624.

Mohy Eldin, M. S.; Portaccio, M.; Diano, N.; Rossi, S.;

Bencivenga, U.; D'Uva, A.; Canciglia, P.; Gaeta, F. S.; Mita,

D. G. Influence of the microenvironment on the activity of

enzymes immobilized on Teflon membranes graftedmadia-

tion. J. Mol. Catal. B: Enzymatid999,7, 251—-261.

(21) Mohy Eldin, M. S.; De Maio, A.; Di Martino, S.; Bencivenga,

U.; Rossi, S.; D'Uva, A.; Gaeta, F. S.; Mita, D. G. Immobiliza-

tion of f-galactosidase on nylon membranes grafted with

diethylenglicol dimethacrilate (DGDA) by-radiation: effect

of pore size Adv. Polym. Technol1999,18, 109—123.

El-Marsy, M. M.; De Maio, A.; Di Martino, S.; Diano, N.;

Bencivenga, U.; Rossi, S.; Grano, V.; Canciglia, P.; Portaccio,

M.; Gaeta, F. S.; Mita, D. G. Modulation of immobilized enzyme

activity by altering the hydrophobicity of nylon grafted mem-

branes. Part 1: isothermal conditiods.Mol. Catal. B: Enzy-

matic 2000,9, 219—-230.

El-Marsy, M. M.; De Maio, A.; Di Martino, S.; Bencivenga,

U.; Rossi, S.; Manzo, B. A.; Pagliuca, N.; Canciglia, P.;

Portaccio, M.; Gaeta, F. S.; Mita, D. G. Modulation of im-

mobilized enzyme activity by altering the hydrophobicity of

nylon grafted membranes. Part 2: Non-isothermal conditions.

J. Mol. Catal. B: Enzymatic2000,9, 231—244.

El-Marsy, M. M.; De Maio, A.; Di Martino, S.; Grano, V.; Rossi,

S.; Pagliuca, N.; Gaeta, F. S.; Mita, D. G. Influence of the non-

isothermal conditions on the activity of enzymes immobilized

on nylon grafted membranek.Mol. Catal. B: Enzymati200Q

11, 113—-126.

(18)

(19)

(20)

(22)

(23)

(24)

El Sherif et al.

(25) El-Marsy, M. M.; De Maio, A.; Portaccio, M.; Di Martino, S.;
Becivenga, U.; Rossi, S.; Gaeta, F. S.; Mita, D. G. Isothermal
and non-isothermal characterization of catalytic membranes
chemically grafted: dependence on grafting percentageyme
Microb. Technol.2001,28, 773—784.

(26) Diano, N.; EI-Marsy, M. M.; Portaccio, M.; Santucci, M.; De
Maio, A.; Grano, V.; Castagnolo, D.; Bencivenga, U.; Gaeta, F.
S.; Mita, D. G. The process of thermodialysis and the efficiency
increase of bioreactors operating under non-isothermal condi-
tions.J. Mol. Catal. B: Enzymati2000,11, 97-111.

(27) Mohy Eldin, M. S.; Santucci, M.; Rossi, S.; Bencivenga, U.;
Canciglia, P.; Gaeta, F. S.; Tramper, J.; Janssen, A. E. M;
Schroen, C. G. P. H.; Mita, D. G. Non-isothermal cephalexin
hydrolysis by Penicillin G acylase immobilized on grafted nylon
membranes]. Mol. Catal. B: Enzymati000,8, 221—232.

(28) Mohy Eldin, M. S.; Bencivenga, U.; Rossi, S.; Canciglia, P.;
Gaeta, F. S.; Tramper, J.; Mita, D. G. Characterization of the
activity of Penicillin G acylase immobilized onto nylon mem-
branes grafted with different acrylic monomers by means of
y-radiation.J. Mol. Catal. B: Enzymati000,8, 233—244.

(29) Febbraio, F.; Portaccio, M.; Stellato, S.; Rossi, S.; Bencivenga,
U.; Nucci, R.; Rossi, M.; Gaeta, F. S.; Mita, D. G. Advantages
in using immobilized thermophiligs-galactosidase in non-
isothermal bioreactor&iotechnol. Bioengl998 59, 108—-115.

(30) Mita, D. G.; Pecorella, M. A.; Russo, P.; Rossi, S.; Bencivenga,
U.; Canciglia, P.; Gaeta, F. S. Effects of temperature gradients
on the activity of enzymes immobilized on natural polymeric
matrices.J. Membr. Scil993,78, 69-81.

(31) Mita, D. G.; Portaccio, M.; Russo, P.; Stellato, S.; Toscano, G.;
Bencivenga, U.; Canciglia, P. Immobilized enzyme activity under
isothermal and non-isothermal conditiorBiotechnol. Appl.
Biochem.1995,22, 281—284.

(32) Mohy Eldin, M. S.; De Maio, A.; Di Martino, S.; Diano, N.;
Grano, V.; Pagliuca, N.; Rossi, S.; Bencivenga, U.; Gaeta, F.
S.; Mita, D. G. Isothermal and non-isothermal lactose hydrolysis
by means of beta galactosidase immobilized on a single double
grafted Teflon membrand. Membr. Sci2000,168, 143—158.

(33) Portaccio, M.; Stellato, S.; Rossi, S.; Bencivenga, U.; Canciglia,
P.; Palumbo, F.; Gaeta, F. S.; Mita, D. G. Efficiency increase
of a bioreactor employing catalytic membranes under non-
isothermal conditionsBiotechnol. Appl. Biocheni996,24, 25—

31.

(34) Russo, P.; Garofalo, A.; Bencivenga, U.; Rossi, S.; Castagnolo,
D.; D’Acunzo, A.; Gaeta, F. S.; Mita, D. G. A non-isothermal
bioreactor utilizing immobilized baker's-yeast cells: a study of
the effect on invertase activitgiotechnol. Appl. Biochen1996
23, 141-148.

(35) Russo, P.; De Maio, A.; D’Acunzo, A.; Garofalo, A.; Bencivenga,
U.; Rossi, S.; Annicchiarico, R.; Gaeta, F. S.; Mita, D. G.
Increase ofs-galactosidase activity in a non-isothermal bioreactor
utilizing immobilized cells ofKluyveromyces fragilis: funda-
mentals and applicationRes. Microbiol.1997,148, 271—281.

(36) Stellato, S.; Portaccio, M.; Rossi, S.; Bencivenga, U.; La Sala,
G.; Mazza, G.; Gaeta, F. S.; Mita, D. G. A novel bioreactor
operating under non-isothermal conditiodsMembr. Sci1997,

129, 175—184.

(37) Haase, RThermodynamics of Irreversible Processes; Addison-
Wesley: Reading, MA, 1969.

(38) Prigogine, I.Thermodynamics of Irreversible Processes; Inter-
science: New York, 1954.

(39) Gaeta, F. S.; Ascolese, E.; Bencivenga, U.; Ortiz de Zarate, J.
M.; Pagliuca, N.; Perna, G.; Rossi, S.; Mita, D. G. Theories and
experiments on non-isothermal matter transport in porous
membranes]. Phys. Chem1992,96, 6342—6359.

(40) Mita, D. G.; Bellucci, F.; Cutulli, M. G.; Gaeta, F. S. Non-
isothermal matter transport in sodium chloride and potassium
chloride aqueous solutions. 2. Heterogeneous membrane system
(thermodialysis)J. Phys. Chem1982,86, 2975—2982.

(41) Pagliuca, N.; Bencivenga, U.; Mita, D. G.; Perna, G.; Gaeta, F.
S. Isothermal and non-isothermal water transport in porous
membranes. Il. The steady staleMembr. Sci1987, 33, 1-25.



Agricultural Waste Water Treatment by Means of Non-isothermal Bioreactors J. Agric. Food Chem., Vol. 50, No. 10, 2002 2811

(42) Touloukian, Y. S.; Liley, P. E.; Saxena, S. C. Thermal (47) Kennedy, J. F.; Cabral, J. M. S. Enzyme immobilization. In
conductivity. In Thermophysical Properties of Mattefou- BiotechnologyKennedy, J. F., Ed.; VCH: Weinheim, Germany,
loukian, Y. S., Ed.; IFI, Plenum: New York, 1970; Vol. 3. 1987; Vol. 7a, pp 347—404.

(43) Lowry, O. H.; Rosebrough, N. J.; Farr, N. J.; Randall, R. J.
Protein measurement with the Foliphenol reagent]. Biol.
Chem.1951,193, 265—275. ) Received for review July 23, 2001. Revised manuscript received

(44) Brummer, W_'; Gunzer, G. Laboratory techniques of enzyme February 6, 2002. Accepted February 11, 2002. This work was partially
recovery. InBiotechnology; Kennedy, J. F., Ed.; VCH: Wein- supported by the Target Project “Biotechnology” of CNR, by MURST

heim, Germany, 1987; Vol. 7a, 260—264. “ B o
(45) Weatherburn )I</I W. Enzymatic Fr)r?ethod for urea in urifveal. (ex 40%, funds 1999), by MURST/CNR (*Programma Biotecnologie
Chem.1967 3’9 971-974 5%), by MURST/CNR L. 27/12/1997 No. 449, and by “Regione
' R ' Campania’.

(46) Prenosil, J. E.; Dunn, I. J.; Heinzle, E. Biocatalyst reaction
engineering. InBiotechnology; Kennedy, J. F., Ed.; VCH:
Weinheim, Germany, 1987; Vol. 7a, pp 489—545. JF010951B




