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Abstract: The conversion of fumaric acid into L-malic acid
by fumarase immobilized in a membrane reactor was
analyzed experimentally. The enzyme was entrapped in
asymmetric capillary membranes made of polysulfone.
The performance of the reactor was evaluated in terms of
conversion degree, reaction rate, and stability. The influ-
ence of operating conditions, such as amount of immo-
bilized enzyme, substrate concentration, residence time,
and axial flow rate, were investigated. The kinetic param-
eters K,,,, V,..x, @and k., were also measured. The stability
of the immobilized enzyme was very good, showing no
activity decay during more than 2 weeks of continuous
operation. © 2001 John Wiley & Sons, Inc. Biotechnol Bioeng
72: 77-84, 2001.
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INTRODUCTION

that living organisms achieve their biochemical transforma-
tions. The membranes’ ability to compartmentalize makes
them particularly suitable for bioreactor applications. The
immobilized enzymes are retained in a defined reaction
space and can be reused continuously. Furthermore, immo-
bilization has also been shown to increase enzyme stability.
Biocatalytic membrane reactors are of interest with respect
to conventional ones, because they can combine selective
mass transport with chemical reactions. The selective re-
moval of products from the reaction site increases conver-
sion of product-inhibited or thermodynamically unfavorable
reactions (Wu, 1990, 1993).

Biocatalysts (such as enzymes, microorganisms, catalytic
antibodies, etc.) can be used suspended in solution and com-
partmentalized by a membrane in a reaction vessel or im-
mobilized within the membrane matrix itself. In the first
case, the system might be comprised of a traditional stirred-

Membrane reactors using catalysts of biological origin rep K bined with b . )
resent a promising technology for production and processt—"’m reactor combined with a membrane separation unit. In

ing in the pharmaceutical and food industry. The increased’ latter case, the membrane acts as a support for the cata-
attention toward “natural-like” products and environmen-yst and as a separation unit (Drioli and Giorno, 1999).
tally friendly processes makes them particularly attractive, !N the present work, the possibility of converting fumaric
because they do not require chemical additives, are able f@¢id intoL-malic acid using an enzyme membrane reactor,
work at mild conditions of pH, temperature, and pressureWith fumarase entrapped in asymmetric capillary mem-
and can help to reduce the formation of byproducts (Drioli,branes, is investigated.
1989; McConville, 1990). The catalytic action of enzymes Fumaric acid is obtained using by-products resulting
is extremely efficient and selective with respect to ordinaryfrom the production of phthalic anydride. The application of
chemical catalysts; that is, they show higher reaction rategumaric acid in the industrial field is limited by its low
milder reaction conditions, and greater stereospecificitysolubility. In order to make it useful, it is enzymatically
The possibility of integrating biotransformations into pro- converted toL-malic acid, which is more soluble, and is
ductive cycles makes reliable the use of biocatalysts foused as an acidulant in fruit and vegetable juices, jams,
production at large scale (Lopez and Matson, 1997; Takatanfant foods, etc. (Giacobbe, 1980; Milson, 1987).
1993). Membranes can be used not only for molecular sepa- Fymarase, from various microorganisms, has been inves-
ration but also for carrying out reactions, in the same waigated in several conditions, free and immobilized, on vari-
ous supports (Chibata et al., 1983, 1987; Petruccioli, 1996;
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Takata, 1979).
The reaction catalyzed by fumarase is as follows:



H mL/min, T = 25°C, pressure 72 bak = 205 nm. The
fo) Fumarase o HH .
H FHO ——— W external standard method was applied. For each set of mea-
\O)J\/\B/O\H W surements, a calibration curve with two standard concentra-
tions was constructed and each standard was injected three
Scheme 1 times. The samples to be detected were also injected three
times.
High-performance liquid chromatography (HPLC) con-
med that the spectrophotometric method was accurate

and, due to its simplicity, spectrophotometry was used rou-
tinely, whereas HPLC was used randomly to confirm the

The enzyme apparently possesses an absolute specificiﬁ)(
for the substrates fumarate ananalate (Chen et al., 1994,
1995; Irwin, 1997). At pH 7.5, the reaction on the right is
faster than the one on the left, which is 100% at pH 9. dat

The activity of fumarase is extremely sensitive to tem- apa. imi . ; | ied out with th
perature and to the concentration and type of anion in the re |m:cnary_ explerl_ments were asot_carrle fou Wi Tf]
assay mixture. The molecular weight of the native enzymeenzyr_ne ree in solution 1o assess native periormance. fhe
. reactions took place in a stirred-tank reactor using 50 mL of
is about 200,000 Da. . . :
the total volume of reaction mixture. The reaction tank was

In this work, the enzymatic production ofmalic acid is kept at 25°C in a th tatic bath. C lete mixi
carried out using an enzyme membrane reactor with fumascPt & N a thermostatc bath. L.omplete mixing was

: o e ._done using a magnetic stirrer.
rase immobilized within the spongy layer of asymmetric ) ) .
membranes made of polysulfone (cut-off of 100,000 Da). Calplllary membrac?e_?hmade Otf) polysuhlfodne (PS; Rom}:-.
The reactor performance, in terms of conversion degregon’ nc.) were used. The membranes had an asymmetric

and reaction rate, is investigated as a function of variou(ftrUCture with a spongy layer on the shell side and a thin

parameters, such as concentration of immobilized enzym ayer on the lumen side. The nominal molecular weight

substrate concentration, residence time, and axial flow rateCUt'Off (NMWCO) of the selective layer was 100,000 Da,

The kinetic parameter., V. . andk,, were also mea- and the inner and outer diameters were about 1 and 1.75

sured. The enzyme membrane reactor showed no activi m, respectively. The membrane module had an effective

: . . _ltength of 180 mm, the external membrane surface area was
decay during more than 2 weeks of continuous operation. .
y g P 25+ 2.5 cnf or 34 + 3 cnf, and the void volume was 0.96

or 0.7 cnt, as detailed in what follows. The enzyme was
MATERIALS AND METHODS immobilized within the porous spongy layer by crossflow
Fumaric acid was provided by Pantochim (Belgium). Fu-ultrafiltration from shell to lumen.

marase (EC 4.2.1.2) from porcine heart (F-1757) and

L-malic acid were purchased from Sigma Co. (St. Louis,

MO). Fumarase was present in solutions and each lot me&xperimental Set-Up

sured 6 mL with a protein concentration of 2.2 mg/mL. A _ . . . . .
The enzymatic conversion of fumaric acid intanalic acid

bicinchoninic acid protein assay (BCA) to measure protein _ ; .
concentration was purchased from Pierce. was investigated at the laboratory scale. The equipment

The reactions were carried out at pH 7 in phosphatéjsed to carry out the experiments is shown in Figure 1. and

buffer (Ng,HPO,/NaH,PO,) at concentrations of between
0.01 and 0.5V, as indicated in what follows; sodium fu-

marate was then used by the enzyme as substrate. The re- ,:Crl IN
. . Fumarate
action rate was evaluated by measuring the decrease of sub- =
strate concentration during that time. The concentration of < @E FCp
fumaric acid was measured spectrophotometrically at 310 ouT
Capillary

nm. Calibration curves where prepared using a standard
concentration of fumaric acid in the range of 20 to 120 .m
This wavelength was selected by the spectra of fumarate /J |
and malate at between 400 and 200 nm. As reported by
Colowick (1955), fumarate shows good absorption in the
ultraviolet region and at up to 320 nm, whereas malate has I :
negligible absorption between the ultraviolet and visible I ;
range. To avoid interference with malate, we chose th Retentate Q \ o
310-nm wavelength. v ; Y

In addition, to confirm that this method is accurate and no A ]
interfence was taking place, the concentration of malate was
also detected by high-performance liquid chromatography L-malate
(HPLC). The following conditions were used: a Prontosil ' umarate

Cis AQ column, 120 A, 5 mm, 250 x 4.6 mm (Alltech, Figure 1. Experimental apparatu£( and Cp, concentration of the re-
Inc.), with a mobile phase of }0, 0.05 nM, flux 0.7  tentate and permeate, respectively; F, flow rate; E, enzyme).

Membrane

Permeate

78 BIOTECHNOLOGY AND BIOENGINEERING, VOL. 72, NO. 1, JANUARY 5, 2001



consisted of a peristaltic pump (PP; flow rate range 4.8 to This immobilization method provides a random distribu-
500 mL/min) used to feed substrate solutions to the enzym#on and orientation of the protein within the membrane.
membrane reactor; manometers (M) used to measure inlétevertheless, it allows one to obtain a reproducible perfor-
and outlet pressures from the membrane module, which anmance from the enzyme-loaded membrane from preparation
needed to calculate the transmembrane pressure [EMP to preparation; in fact, starting with the same concentration
(Pin + Powd/2]; and a membrane module (MM) made of a and volume of enzyme solution, and carrying out the im-
Pyrex cylinder containing capillary ultrafiltration mem- mobilization for a similar period (generally 2 h), the ob-
branes encased in a parallel configuration. A thermostatiserved reaction rate and conversion (using the same sub-
bath was used to keep the temperature constant at 25°C.strate concentration) were the same for the different tests
After the membrane module was prepared, it was chardone (with a difference of about 1% to 2% between experi-
acterized by measuring the pure water permeability (usingnents).
distilled and filtered water). The permeate flux in time as a
function of different transmembrane pressure values was
measured; the steady-state values of flux were then plotteHeaction Mode Operation
versus TMP and, from the slope of the straight line ob-
tained, the permeability was calculated. & L, - AP,
where J is the permeate flux [liters per hour per square
meter], L, is the permeability [liters per square meter per
hour per bar], andP is the transmembrane pressure [bar].

After immobilization, the substrate solution (fumaric acid in
phosphate buffer at pH 7.00 + 0.02) was circulated along the
shell side of the membrane module and permeated through
. the membrane wall (where the enzyme was loaded) with an
Thezmembrane pure water permeability was a_bout 700+ 2gpplied transmembrane pressure. As the fumaric acid per-
L/m”-h-bar). The reason for measuring this paramet€f,oaeq through the enzyme-loaded membrane it was con-
pertains to the need to check membrane performance fQfe e 1o -malic acid (Fig. 1b). Because the molecular
subsequent use of membrane modules after enzyme rgaionts of fumaric and malic acids are 116 and 134, re-
moval. . . spectively, both permetated through the membrane (which
The permeability of membranes containing the enzymg s 5 cyt.off 100,000 Da). This means that the permeate

decreases as a function of amount of immobilized ENZyM&ecovered from the lumen side of the membrane contained

For example, enzyme-loaded membranes at20.22 mg, 0'AbAbth reaction product_¢malic acid) and unconverted sub-
mg, and 1.3 mg had a permeability of 403 L5/nh - bar,

7 2 ) strate (fumaric acid). By measuring the decrease of fumaric
333 L/nt - h- bar, and 116 L/im- h - bar, respectively. acid concentration in the permeate during the operation, it

was possible to calculate the reaction rate and the degree of
Immobilization Procedure conversion.

. A If the enzyme is immobilized only within the pores, and
The immobilization procedure was started after membrang; oy the membrane surface, the concentration of the sub-

_charsctgrizgtign. Enzym(fafsolutions wclare_ prepared /by addsiate in the retentate stream does not change, because only
'?}g t r? eﬁre t?r;}oupt 0 dumaraie SO u]E_lonI(Z.IZ mg ”}L) Yhe solution that permeates through the membrane is in con-
the phosphate buffer in order to obtain a final volume of 150 ot \yith the biocatalyst. The substrate is then continuously

mL. The solution was recirculated along the shell side at Efecycled to the tank and fed to the reactor at a constant

flow rate of 140 mL/min, with a transmembrane pressure Ofconcentration.

0.2 bar; hence, the enzyme solution permeated from shell to If the enzyme is also present on the membrane surface,

IlrJ]men. In th'ls wayt,)the furlgarase (MWﬁOO,Or(])OhDa)hQntleredsome decrease of substrate concentration in the retentate
the spongy layer but could not pass through the thin layeg oo js also observed. A blank experiment confirmed that

(cut-off 100,000 Da) becau.se of the rglatlve size. The PeThen no enzyme was present on the membrane no conver-
meate was collected and filtered again three times. It Wa§ion occurred

then_ removed and the circuit was rip;ed with di;tilled and The conversion degree was calculated as follows:
prefiltered water as long as no additional protein was de-
tected (by measuring optical density at 280 nm) in the re-
tentate stream. The circuit was dried with nitrogen and the Conversion= ¢ -C
substrate solution was fed to the enzyme-loaded membrane. G
The entire process was carried out at 25°C. The amount of

immobilized fumarasen() was determined by mass balance whereC, is the concentration of fumaric acid in the retentate
between the enzyme present in the initial solutigjv() and  solution andC,, is the concentration of fumaric acid in the
that present in the permeatg l/,,) and retentateq,V,). The ~ permeate solution. This gives the conversion at each pas-
enzyme concentration was measured using BCA protein asage through the membrane.

say reagent (Pierce). In general, 10% of the mass present in When the enzyme is also immobilized on the membrane
the initial solution was immobilized. During the reaction, surface, it is necessary to take into the account the conver-
samples were taken and a protein test done to determirsdon of the substrate in the retentate solution; then the total
whether there was any enzyme leakage. conversion is calculated as:

? @)
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(C,-Cp +(C;-C) 0 &

Total conversiorr C ()] 80 | o0
N _ Z o e |
whereC; is the initial substrate concentration. el b - S T S
N . . L]
The reaction rate wquation was derived by the balance® . |

equation at steady state (Fig. 1c):
FC-FC,+Vv,- V=0

40 1+

Conversion (%)

30 +

Fumarate concentration

Resolving forv,, the following is obtained: fz I
- <+
—F(Cf _ Cp) 0 i i ; : } ; ; } } H 0
r = V (3) 0 5 10 15 20 25 30 35 40 45 50 55 60

Time (min)
wherev, is the reaction rate (millimoles per cubic centime-

. . : : Figure 2. Time course of fumarate concentration and conversion for
ter per mmUte)F is the permeate flow rate (CUbIC centime fumarase used free in the stirred-tank reactor. (Operating conditiors: T

ters per minute)Cy is the feed concentration (millimoles per 55 (.1yoc. fumarate 80 M in 0.5 M phosphate buffer [pH 7.0]; total
cubic centimeter)C, is permeate concentration (millimoles reaction volume 50 mL.)
per cubic centimeter), and is the volume (cubic centime-
ters).
In Figure 3, the time course of substrate concentration
RESULTS AND DISCUSSION (fuma}rate) in the retentate and permeate streams is reported.
The figure shows that, at each passage through the enzyme-
Using the equipment and the procedures described, the pdoaded membrane, the substrate solution was converted at
formance of fumarase from porcine heart free in solution80%. During the experiment, the reaction rate was about 2
and immobilized in the UF-capillary membrane reactor wasmmol/cn? per hour and the enzyme activity was about 1.42
studied. The various parameters are discussed in the follownmol/h per gram. These experiments were carried out with
ing sections. the enzyme present only within the pores of the membrane.
The behavior of fumarate concentration in the retentate
and permeate stream and the total conversion degree for a
reactor where the enzyme is also immobilized on the mem-
The activity of free fumarase has been widely reported irbrane surface are shown in Figure 4. As can be seen, the
the literature using different substrate and operating condipresence of fumarase on the surface causes a decrease of
tions (Takata and Tosa, 1993). Nevertheless, the activity adubstrate concentration in the retentate stream as well. Nev-
the free fumarase from porcine heart has been investigategttheless, the enzyme is not deactivated, which is evidenced
to assess the performance of native enzyme as comparég the fact that, when replacing the substrate solution, the
with the immobilized enzyme in the same conditions ofconversion starts from the initial performance. This is also
temperature, pH, buffer concentration, substrate, etc. Exconfirmed by the fact that total conversion remains constant
periments were carried out using 80hfumaric acid in 0.5 during the entire operation period.
M phosphate buffer (pH 7.00), with = 25°C and an Experiments have also been carried out on operation in
enzyme concentration of 0.0132 mg/mL. As shown in Fig-
ure 2, a conversion degree of 80 + 2% was reached, and the

Activity of Free Enzyme

initial reaction rate was about 0.29 + 0.01 mmolfcper 90
hour. Because the enzyme is present in the reaction mixture, & soL EEEsmasESEEmEEmE
it needs to be separated to be reused. Immobilization of the £ 7¢ |
enzyme in a membrane reactor allows for continuous reuse. § ¢ |
-.g 50 . {;ﬁetentate
@
o
Activity of Immobilized Enzyme and Stability g 401 4 Femente
2 30
The first series of experiments was intended to measure the £ 20
activity of fumarase immobilized on the polysulfone mem- § 10 LAAAAAAAALALLLLLL
brane. Immobilization of fumarase was carried out starting =
from 200 mL of protein solution made with 5 mL of enzyme ' ‘
(2.2 mg/mL) in 195 mL of pure water (distilled and prefil- 0 20 40 60 80 100
tered water). A membrane module with a surface area of 25 Time (min)

cn? and a void volume of 0.7 chrwas used; the amount of _ o

immobilized protein was about 1.2 mg/énExperiments Figure 3. Time cqurse of fuma_rate concer?tratlon”m the _re_tentate and
. . ) " permeate streams in a reactor with enzyme immobilized within the mem-

were carried out with 80 M fumarate at 25°C (pH 7), axial prane pores. (Operating conditions:=T 25 + 1°C fumarate 80 M in 0.5

flow rate 140 mL/min, and TMP= 0.2 bar. M phosphate buffer [pH 7.0]).
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Figure 4. Behavior of fumarate concentration and conversion in a reactor Time (days)

with enzyme also immobilized on the membrane surface. (Operating con-

ditions: T = 25 + 1°C; fumarate 80 M in 0.5 M phosphate buffer [pH  Figure 6. Enzyme stability during continuous operatior®> X First ex-

7.0)). periment, amount of immobilized enzyme 1.1 mé;)(second experiment,
amount of immobilized enzyme 1.3 mg. All other operating conditions are

. . . as previously indicated (fumarate 8Qvimin 0.5M phosphate buffer [pH
the batch recycle mode; that is, recycling the permeate in thegy).

retentate stream. In this case, the reaction rate can be cal-

culated by the decrease in fumaric concentration over time,

and the conversion degree as the rafip{ C,)/C;, whereC,  Influence of Residence Time on
and C, are the fumaric concentration at initial) (andt  Reactor Performance

timepoints. The time courses of fumaric concentration andl’he conversion of fumaric to-malic acid occurs within the

conversion are illustrated i_n Figqre.S_. The eXperimemsi’nembrane pores, where the enzyme is present, during the
clearly show that fumarase is not inhibited by the product ermeation of the substrate solution through the membrane

No enzyme leakage was detected. This was verified by pe'F()the mass transport is obtained by convection). In this type

forming a protein test of the samples during the operationys ,heration mode, the permeate velocity is an important

tlme._ ional h bility | parameter, and it influences the degree of conversion. In
It is ?ok?\/l??]slon_a to meaSL;]re the enzyLr_]ehsta Iy Nfact, high permeate velocity means low residence time of

terms of half-life time ;) — the time at which enzyme g, ,qrate solution within the pores. The residence tirnef(

activity is rQQUced to half its initial value. . gubstrate solutions was obtained as:
The stability of the enzyme was measured using 1.1 an

1.3 mg of immobilized enzyme in 0.7 ¢ng1.57 and 1.85 I
mg/cn?, respectively) of 80 ml fumaric acid in 0.5M T
phosphate buffer at pH 7.00. Experiments were carried out )
continuously for 2 weeks, at an axial flow rate of 140 mL/ wherel is the membrane thickness (liters) awmglis the
min and a TMP of 0.2 bar. During the experiments therevelocity of permeate (liters per residence time). The resi-
was no evidence of activity decrease in the reactor, and thdence time has also been assessed as a function of immo-
conversion was constant at about 82 + 2% for both series dfilized enzyme. Experiments were carried out using five
experiments (Fig. 6). To be able to calculate the half-lifedifferent concentrations as summarized in Table I. The en-
experiments will need to be carried out for a longer time;zymatic solutions were prepared using the desired milliliters
nevertheless, the results show that the immobilized enzymef fumarase (2.2 mg/mL) in 150 mL (total volume) of 0.05
maintained good stability for at least 15 days. M phosphate buffer. Each solution was used to immobilize
the enzyme, as described previously.
1 The membrane modules were prepared using three hol-
low fibers (only the fifth one had four fibers) with an inner
diameter of 0.96 + 0.04 mm and an outer diameter of 1.755
+ 0.005 mm.
The reactions were carried out using 8Mrfumaric acid
in 0.5 M phosphate buffer at an axial flow rate of 140
mL/min; the values of permeate flux examined were be-
tween 7 and 50 L/h per square meter, corresponding to
residence times between 500 and 30 s, respectively. The
0 , ; , ‘ , 0 time courses of conversion as a function of permeate flux
0 5 10 15 20 25 30 for the different quantities of immobilized enzyme were
Time (1) measured. For example, in Figure 7, the data measured for
Figure 5. Behavior of fumarate concentration and conversion duringth€ reactor containing 1.171 mg/Erare reported. For each
batch recycle mode operation. enzyme membrane reactor, the steady-state value of the

80

‘
o
@

60 A

\
e
2}

40 -

B Fum. Conc.
4 Conversion

o
~

Conversion (-)

20 A

Fumarate Concentration (mM)

o
N}

GIORNO ET AL.: BIOCATALYTIC MEMBRANE REACTOR FOR CONVERSION OF FUMARATE INTO L-MALATE 81



Table I. Conditions for different enzyme concentrations immobilized on membrane reactors.

Enzyme Buffer Initial enzyme Immobilized
solution Initial solution concentration Membrane void enzyme
(mL) mass (mg) (mL) (mL/min) volume (cn?) (mg/cn)
1 2.2 149 0.0146 0.708 0.310
2 4.4 148 0.029 0.751 0.621
4 8.8 146 0.058 0.70 1.171
6 13.2 144 0.088 0.712 1.854
5 11 145 0.073 0.96 1.140

aModule with 4 fibers.

permeate fluxes were then plotted versus conversion (dized fumarase. As in the previous cases, the experiments
illustrated in Fig. 8). From these values, the correspondingvere carried out with solutions of 80hfumaric acid in
residence times were calculated as reported in Table Il. Th@.5 M phosphate buffer at pH 7.00. The results reported in
results clearly show that, at the lower residence time, conFigure 10 demonstrate that, for the range of values studied,
version decreased, and this effect was particularly signifithe axial flow rate did not influence reactor performance.
cant for small amounts of immobilized enzyme. (The slight decrease observed at the higher axial flow rate
was due to the fact that, when increasing axial flow rate, the
Influence of Enzyme Concentration on transmembrane pressure also increased, and this caused an
Conversion Degree increase in the permeate flux with a corresponding decrease
As noted previously, the concentration of biocatalyst is anin residence time and then of conversion.)
other important parameter to consider. There is evidence in Within the range of values in which the axial flow rate
the literature that enzymes work better in dilute solutionsdid not have an effect on the transmembrane pressure, the
rather that in concentrated ones. When the enzyme is imeconversion, reaction rate, and enzyme activity were con-
mobilized this effect is even more accentuated. The reasogtant. This obviously depends on the fact that, because mass
for this is that when too much enzyme is in the support theransport through the membrane occurs by convection and
mass transport resistance is increased and reagents cangig solutes are not retained by the membrane, the effects of

reach (substrate) or release (product) the reaction site, withixial flow rate on mass transfer coefficient are not signifi-
an overall effect of reducing reactor performance. cant.

The results obtained for fumarase in the membrane reac-
tor used are shown in Figure 9. The best performance was
attained using a concentration of protein within the mem-Measure of Kinetic Constants
brane pores of about 1.2 mg/@nit higher concentrations, The kinetic constants<(,, V..., k.,) were measured using
the prote!n formed a gel Iayer on the membrane surfacean enzyme membrane reactor with about 1.3 mg of immo-
resulting in the effects shown in Figure 4. bilized fumarase in a membrane module with a surface area
of 34 cn? and a void volume of 0.96 cExperiments were
carried out at 25°C and pH 7.00 £ 0.02. The experiments at

The effect of axial flow rate of the retentate stream Wasdlfferent substrate concentrations were carried out with the

investigated using a reactor with 1.8 mgftf immobi-

Influence of Axial Flow Rate on
Reactor Performance

1
» 0.8
] .
] n .
0810 0 o"o™8 W un, wpmem, , ,
A A AAA A AAALAALA AA A A A —~
= KXX % X X XX X X X XX X X < 064
c 06 S
9 [
s 5
> £ 04
5 044 8 ©0.310 mg/om3
O W Jp=7.66 /m*2h M 0.621 mgicm*3
04p=14.97 Um2h 0.2 4| *114mgicm'3
021 A Jp=24.53 /m*2h 41471 mglem*3
X Jp=33.65 /mA2h | ®1.854 mgicm3
| XAp=as.00 fmeh | 0 ;
0 ‘ . ‘ ; 0 1'0 2‘ T ‘
0 3 4
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. . 2
Time (min) Jp (I/m*h)

Figure 7. An example of steady-state conversion as a function of per-Figure 8. Behavior of conversion versus permeate flux for different

meate flux.

amounts of immobilized enzyme.
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Table Il. Comparison of permeate velocity, residence time, and conversion for membrane reactors with different amounts of immobilized enzyme.

Immobilized Membrane
enzyme thickness Permeate flux Permeate velocity Residence time Conversion
(mg/cn) (m) x 1¢* (L/m? - h) (m/s) x 16 (s) )
0.310 3.775 7.26 2.016 187 0.599
7.90 2.194 171 0.528
14.37 3.99 94 0.497
2453 6.81 55 0.348
36.50 10.13 37 0.275
0.621 3.775 3.38 0.938 401 0.719
4.62 1.283
10.42 2.894 130 0.688
28.17 7.825 48 0.489
1.140 3.750 1.413 0.754 497 0.793
7.7 0.392 175.39 0.786
10.12 2.138 133 0.784
17.18 2.811 78.57 0.724
20.30 4.772 66.50 0.701
21.32 5.638 63.23 0.724
24.10 5.922 56.01 0.675
30.00 6.694 45 0.660
44.50 8.333 30.33 0.575
1171 3.750 7.66 2.127 177 0.806
14.97 4.158 90 0.777
24.53 6.813 55 0.722
33.65 9.347 40 0.670
1.854 3.850 3.54 0.983 392 0.827
6.30 1.75 220 0.810
11.26 3.13 123 0.803
19.04 5.28 72.7 0.790

same membrane module, and at the end an experiment witoncentrations of 8.4 M, 10.3 niM, 19.02 nM, 29.44 ni,

the initial concentration was carried out to verify that en-39.6 niM, 60.7 M, and 81.7 nM. The reaction rate value

zyme activity was unchanged. obtained for each substrate concentration was 0.310 + 0.06
Experiments were carried out after preparing substratenmol/cn? per hour, 0.390 + 0.09 mmol/chper hour, 0.750

concentrations of 8 M, 10 mM, 20 mM, 30 mM, 40 mMV, (x0.02) mmol/cni per hour, 1.125 (+0.02) mmol/chper

60 mM, 80 mM, and 10 nM. (The buffer concentration was hour, 1.50 (+0.03) mmol/ciper hour, 2.125 (+0.02) mmol/

increased proportionally with the substrate concentrationcm® per hour, and 2.375 (+0.03) mmol/érper hour, re-

from 0.05M to 0.5M, in order to dissolve the fumaric acid spectively.

and keep a constant pH 7.0. It was previously experimen- The Michaelis—-Menten and Lineweaver—Burk plots

tally confirmed that the activity of fumarase was not af- (Bailey and Ollis, 1986) for these reaction conditions were

fected by the buffer concentration in the range used.) Thalso constructed. From the Lineweaver—Burk equatf,

effective value of each initial substrate concentration wasandK,, were calculated from the slope and intercepts of the

measured after preparation of the solutions and resulted istraight line obtained to thg andx axes, as illustrated in

1 1
. 08 D = 08 & —e
é 06 - % 0.6 -
g 0.4 - % 0.4 1
O 42 O 0.2 -

0 [ | 0 ‘ ‘ ( .

0 05 1 15 ) 0 100 200 300 400 500
Immobilised enzyme (mg/cm3) Axial flow rate (ml/min)
Figure 9. Conversion as a function of immobilized fumarase. Figure 10. Influence of axial flow rate on conversion.
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