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Abstract

This paper describes the enzymatic hydrolysis of haemoglobin in a continuous membrane bioreactor which was equipped with eithq
a microfiltration membrane (Carbosep M14) with an average pore diameter qiid. b4 an ultrafiltration membrane (Carbosep M5)
with 10 kDa molecular weight cut-off. These membranes gave similar performances indicating that the virgin porosity was modified by
adsorption of proteins and enzymes, and by the formation of a dynamic membrane on the mineral membranes. Practically both membrar
presented identical optimum parameters corresponding to an average transmembrane pressure of 1.25 bars and a tangential velocit
0.7 ms 1. Asimple theoretical kinetic model based on the Michaelis—Menten relation and the substrate mass balance was successfully us
for the enzymatic hydrolysis of the haemoglobin in a continuous membrane bioreactor. ©2000 Elsevier Science S.A. All rights reserved
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1. Introduction Among the many animal by-products, animal blood from
slaughterhouses has probably the highest potential value.
A considerable research has been conducted during thisBressolier et al. [7], Piot et al. [8] and Cempel et al. [9]
past decade to investigate the new possibilities offered by have discussed the enzymatic hydrolysis of plasma and
enzyme in waste valorization and/ or treatment. The liter- haemoglobin proteins in a continuous ultrafiltration reactor.
ature concerning this research directed towards developing The purpose of this study was to optimize the membrane
enzymatic treatment systems for solid, liquid and hazardousbioreactor for the enzymatic hydrolysis of haemoglobin
wastes has been extensively reviewed recently [1]. Protease®lood and to compare the performances of mineral micro-
are a group of hydrolases, which are widely used in the food filtration membranes to those of ultrafiltration membrane.
industry processing, and meat waste [1-4]. The enzymatic
hydrolysis is usually performed in batch type processes in-
volving high costs due to the large quantity of enzyme re- 5 aterials and methods
quired, high energy, long reaction, large volume reactors and
the loss of enzymes after the inactivation operation at the 2.1. Enzyme and substrate
procedure end [4-6].
The development of the membrane technology, particu-

l;:IZy r;n;rt]iiril g;glm sbirsage:ral'zirc])?]r(i)xe; ctgr?tirl:ﬂltljii“%nen(:i):gﬁe extracted from latex of Carica papaya plant was used. Pa-
y ydroly P paine enzyme has a molecular weight of 23.7 kDa and is

bioreactor since thesg membranes can work under eMPEIT, oot stable in the pH range of 6 to 9. Enzyme solutions of
atures exceeding 6Q in a large pH range (1-14) and can

be sterilized after each operation. In this case, the enzymeabOUtCE=49dm_3 were made with distilled water. The
is recycled and reused while the product of the enzymatic enzyme has a reported actlvity of 30,000 unitsThgf pro-

o . ) tein (caseine, pH 6T =40°C and 60 min).
hydrolysis is continuously withdrawn as the permeate. The substrate was a bovine haemoglobin obtained after

centrifugation (11,209 6°C, J 21 Beckman centrifuge)
* Corresponding author. Tekt213-2-86-80-89; fax; 213-2-86-74-89. of bovine blood collected from the slaughterhouse of
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An industrial papain enzyme (Merck, Clevenot-France)
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Fig. 1. Schematic diagram of continuous membrane bioreactor system for continuous hydrolysis of haemoglobin proteins.

solution (1 gdm?) as an anticoagulating agent. After mix- mass and the number of peptides bonds of the substrate pro-
ing with distilled water, the substrate concentratici)( teins.« is the degree of dissociation of NH.
ranging from 4.5 to 37.5gdn¥, was adjusted to the re-

quired value. . )
2.3. Continuous membrane bioreactor (CMB)

2.2. Analytical methods The membrane bioreactor system is illustrated in
Fig. 1. Continuous enzymatic hydrolysis of haemoglobin
2.2.1. Measurement of the enzyme activity and peptide  was achieved by first loading the bioreactor (Setric 2I,
concentration Toulouse-France) with the amount of substrate required.
The enzyme activity of the papaine in reaction vol- Provisions were made for control of temperature, pH and
ume and permeate solution was determined during theagitation in the reaction vessel. After adjusting the temper-
experiments. Casein protein (Merck, Clevenot-France) ature and pH optimal values (85 and pH 8), previously
was chosen as a reference using the Kondo et al. methodjetermined [13], in both feed tank and reaction vessel, pa-
(10]. pain solution was added. During the first hour the CMB was
Total proteins on each side of the membrane which re- operated in permeate recycling (i.e. permeate was returned
fer to the peptide and amino acids contents were deter-to the reaction vessel). After this period, permeate recycling
mined by the total Kjeldahl nitrogen (APHA-2540) method was stopped and a fresh haemoglobin solution was pumped

[11]. into the reaction vessel at a velocity equal to the permeate
flux. Thus, a constant reaction volume was fixed during the
2.2.2. Measurement of the degree of hydrolysis experiments. _ o
The degree of hydrolysisDy) representing the broken The membrarje module was equped with either a Car-
peptides and/or total peptide bonds, was determined by thebosep M5 ultrafiltration membrane with a mqlecu_lar weight
pHstat technique [12] according to equation: cut-off of 10kDa or a Carbosep M14 microfiltration mem-

brane with an average pore diameter of Quidl Both
VeNg 1 1 Carbosep membranes are composed of ultrafine pore ZrO
H= B (1) trati
Mp o Np supported on porous carbon. The filtration area of these
modules was 0.012fn The hydraulic permeabilities of
whereVg andNg are, respectively, the volume and the nor- the membrane M5 and M14 with prefiltered water were
mality of the base usedvl, and N, are, respectively, the 41 and 403 dih~tbar-t m~2, respectively. The filtration
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experiments were performed under an average transmembrane showed that for low velocities the permeate flux was
brane pressuré} + Pg]/2 in the range of 0.5 to & 10° Pa. independent of the average applied transmembrane pressure
for values greater than 1.3510° Pa. The curves obtained
for the Carbosep M5 ultrafiltration membrane also indicated
that the permeate flux reached a limitslP = 1.6 x 10° Pa
for the lowest tangential velocity. These average trans-
membrane pressures were used for the enzymatic hydrolysis
operation in a continuous membrane bioreactor.
Considering that the permeate flux is the parameter char-
acterizing the performance of the membrane process, the
Sest experimental conditions are those at which a plateau is
reached for the applied pressure with the highest value of
tangential velocity. A number of experimental parameters
should be included to determine the optimum conditions of
membrane techniques coupled to a bioreactor. The residual
activity of the papain and the membrane rejection of the en-
zyme may represent these parameters, which are important
parameters for quantifying the process efficiency.

3. Results and discussion

3.1. Influence of hydrodynamic parameters on the
permeate flux with a complete permeate recycling

The influence of the average transmembrane pressur
(AP) and the tangential velocityJj on the permeate flux
during ultrafiltration was studied with a permeate recy-
cling. The enzymatic hydrolysis was conducted in a batch
bioreactor under optimum parametes=55°C, pH=S8,
S=125gdm3, Ce=4gdnT3 and tr =4 h) previously
determined [13]. The hydrolyzate obtained was then pumped
in the concentrate compartment and the filtration operation
was performed with mineral membranes.

The compositions of the hydrolyzate solution remained
constant with the permeate recycling. The results obtained,3
presented in Fig. 2, indicate that for the two membranes, con-
centration polarization occurred at all tangential velocities.
The curves obtained for Carbosep M14 microfiltration mem-

.2. Membrane rejection of enzyme

The residual enzymatic activity of papain in the bioreac-
tor loop and permeate solution were determined. The results
obtained, presented in Fig. 3, indicate that within 4 h, the
papain activity in the bioreactor loop decreased by approxi-
mately 30 and 15% for respectively the Carbosep M14 and
the Carbose M 5 membranes. The papain activity loss with
200 + the Carbosep M14 membrane was practically twice that for
the Carbosep M5 ultrafiltration membrane.

The enzymatic activity loss may be attributed to the block-
ing of the biocatalysts at the membrane surface or in the
membrane pores [6,14,15]. To diminish enzyme adsorption
onto Carbosep M14 membrane, a fresh haemoglobin solu-
tion was filtered through M14 membranes during 30 min [16]
AP (10° Pa) with CMB operating in a permeate recycling mode. After

this period, the enzymatic hydrolysis in CMB was started.
Papain activity was encountered in the permeate solu-
tion for both membranes. The enzymatic activity increases
slightly for the Carbosep M5 ultrafiltration membrane and
60T 5 reached a limiting value of about 20%. For the Carbosep
- M14 membrane, the enzymatic activity of the permeate was
w04 more important attaining a value of about 40%. The im-
portant increase and decrease of the permeate and retentate
7 residual activity during the first 60 min may be explained by
20T the low retention of the papain enzyme until the formation
of the dynamic membrane and the adsorption on the pores
, \ , of the membrane M14 occurred. The determination of the
0 05 1 15 2 residual activity was achieved with an error precision in the
AP (10° Pa) range of+10%.
These results indicate that microfiltration (M14) and ul-

Fig. 1%.5In(fjlue3nce |-?f 8hyd(r:0dyrllam(;c garzrfl‘fte; 2%” 1%22;“‘3“9 dﬂ“X- trafiltration (M5) membranes did not completely reject the
S$=125gdm®, pH=8, Ce=4gdnT*, AP=125x10’Pa an papain enzyme.

T=55C; (a) Carbosep M14 membraneA) U=0.15ms?, (H) - .
U=040ms?, (#) U=070ms? and (x) U=15ms? (b) Car- Knowing that the average pore diameter of the Carbosep

bosep M5 membrane&) U=0.15ms?, (B) U=0.40ms?, () M14 membrane is important, it is quite surprising to find a
U=0.70ms™ and (x) U=15ms™. membrane rejection of papain with a molecular weight of

300 T (a)

J, (I1hm?)

100 + u

Jy (1hm?)
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Fig. 3. Membrane rejection of papaine enzyfae=12.5gdn73, pH=8,
Ce=4gdn3, AP=1.25 10 Pa andT = 55°C; (a) Carbosep M14 mem-
brane. W) concentrate residual enzymatic activity an®)( permeate
residual enzymatic activity, (b) Carbosep M5 membrall®) ¢oncentrate
residual enzymatic activity and) permeate residual enzymatic activity.

23.7kDa. It is clear that the molecular weight cut-off of the
virgin membrane was altered by adsorption of proteins and Jy =

enzymes.

To evaluate the importance of adsorption, we measured the
hydraulic permeability of the membrane before and after en-
zymatic hydrolysis of haemoglobin in CMB with prefiltered
water (Fig. 4). The large drop in permeability after filtra-
tion was estimated to 70% for the microfiltration membrane
(M14) and to 30% for the ultrafiltration membrane (M5),

800 + (a)
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Fig. 4. Solvent curves before and after filtration; (a) Carbosep M14 mem-
brane atT=25°C. (®) before microfiltration and M) after microfiltra-
tion, (b) Carbosep M5 membrane at=25°C (®) before ultrafiltration
and @) after ultrafiltration.

modification of the average pore radius [17] frogg to rpy
(=rpo— @), we can write the Poiseuille equation as

Nnrgl

AP =Ly AP 2
8ne

Nnrd

0
Lpo= ——" 3
pO 87]6 ( )

Nnrd

1
Loy = P 4
pl 8)’]6 ( )

as calculated by the ratio of the slopes (membrane-solventwherea is the pore size reduction due to adsorptibrthe

permeabilities) obtained before and after filtration.

The ultrafiltration membrane appeared to be less affected
by the adsorption phenomenon than the microfiltration
membrane. For the Carbosep M5 membrane, the molecu-
lar weight cut-off of 10 kDa was smaller than the papain

number of pores per unit area,the membrane thickness
(m), n the solvent viscosity (Poiseuille) and the reduced pore
radius (p1) may be expressed as

[\ 025
molecular weight (23.7 kDa) and as a result, steric fouling 7p1 = po (—p> (5)

could be neglected.

Lp()

For the microfiltration membrane M14, the pore radius The permeabilities of the membrane were calculated by de-
was greater than the solute radii and steric fouling could oc- ducing the slope of the linear curves obtained by plotting
cur. Assuming that adsorption onto a microfiltration mem- the change of the permeate flux against the average trans-
brane leads to a permeability variation resulting from a membrane pressure during the filtration of prefiltered water.
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Fig. 5. Hydrolysis of haemoglobin in continuous membrane bioreactor at constant pressure. with Carbosep M14 m&mbrEhs.gdnt3, pH=8,
Ce=4gdnT3, AP=1.25x 10° Pa andT =55°C; (a) Influence of the tangential velocity on the hydrolysis degrdd.l{=0.4ms?!, (O)U=0.7ms?,

@ U=1ms?t (+)U=22ms? (x) U=3.1ms?! and O) batch mode, (b) Final degree of hydrolysis against tangential velocity, (c) Variation of
permeate flux during the enzymatic hydrolysis at various tangential velodily{=0.4ms!, () U=0.7ms!, (@) U=1ms!, (+) U=2.2ms!

and (x) U=3.1msL.

The calculated valug,; = 0.05um for the Carbosep M14  ules equipped with Ceraver membranes. Indeed, for average
membrane confirmed the effect of adsorption in reducing transmembrane pressures greater thanle® Pa, high ap-
the effective mineral membrane permeability. parent rejection coefficients of the same order were obtained
The calculated value from the analysis of filtration data for the membranes with molecular cut-off values that were
and by Poiseuille equation was found in good quantita- very different, indicating the formation of dynamic mem-
tive agreement with the pore diameter measured directly by branes on ultrafiltration membranes.

atomic force microscopy for the conditions in which in-pore
blocking was dominant during microfiltration of the enzyme 3.3. Influence of hydrodynamic parameters on the degree

yeast alcohol dehydrogenase (YADH) [14]. of hydrolysis (y)
The important papain retention with the Carbosep M14
membrane although the high valuergf may be explained The influence of tangential velocity on the degree of hy-

by the formation of a dynamic membrane on the mineral drolysis of the continuous bioreactor membrane was studied.
membrane (M14) which operated like a second membraneThe results obtained with the Carbosep M14 membrane are
with a porous pore less important than that of the membraneshown in Fig. 5a. It appeared that a high degree of hydrolysis
itself. In a previous work [18], similar results were obtained was obtained with tangential velocities ranging from 0.7 to
during the treatment of fishery water by ultrafiltration mod- 1 ms 1. Above these values, one can observe a decrease of
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the degree of hydrolysis with a tangential velocity increase. 30 ( (a)
This result may be explained by the fact that at higher values
of U (3.1 ms1) the papain enzymes were submitted to an
important shear stress inducing a decreagypbf about 8%
than values obtained &t=1ms. Values of shear stress 20 1
in the range of 8 MPa were attained during the experiments
at highestU. Indeed, in solutions of biological origins, like
enzyme solutions, the effect of the condition formed on the
polarization layer (shear stress [6,15] and possible variation 10 1
in ionic strength and pH) results in denaturation of biologi-
cal compounds [19]. It is important to note that the degrees
of hydrolysis obtained in continuous membrane bioreactor
at various tangential velocities were more important than 00 y t —
those obtained in a batch bioreactor (Fig. 5b). 0 100 200 300

Measurements of the permeate flux)(during the exper- Time (min)
iment (Fig. 5¢) permitted to deduce first a fast flux declin-
ing rate for all tangential velocities. Secondly, the permeate 40— (b)
flux reached a steady-state value after an equilibrium time of
150 min expected fod =2.2ms . Itis also observed that
the permeate flux at the tangential velocify=3.1ms*!
decreased more than the permeate flutat2.2ms?.
This result indicates that denaturation of enzymes and pro-
teins occurred at) = 3.1 m s lwhich modify the enzyme
and protein structure. This result is in good agreement with
the results obtained for the study of the influence of U on ,
the degree of hydrolysis, and hence, provides further con- 0.4 0.7 22
firmation for the explanation of the enzyme denaturation at Tangential velocity (m/s)
high U. Optimum tangential velocity about 0.7 miswas _ , o _ _
retained for the Carbosep M14 microfiltration membrane. Fig. 6. Hydrolysis of ha_emoglobm in continuous membrane blorseactor

To avoid denaturation of biological compounds, tangen- at constant pressurg' with Carbosep, M14 membr?a% 1259 dm,

' pH=8, Ce=4gdnT3, AP=1.25x 10° Pa andT=55"C; (a) Influence

tial velocity was limited toU=2.2ms?! for the study of of the tangential velocity on the hydrolysis degrek) U=0.4ms%, (OJ)
the influence ofJ on the degree of hydrolysis with the Car- U=0.7ms?, (M) U=0.7ms?! at AP=16 10Pa, ) U=2.2ms?,
bosep M5 ultrafiltration membrane. The results obtained are and ©) batch mode, (b) Final degree of hydrolysis against tangential
presented in Fig. 6. These results are in agreement with"'°c:
those obtained with the Carbosep M14 membrane indicat-

ing that the high degrees of hydrolysis were obtained for ] ] ) o
values ofU around 0.7 ms. This result is not surprising, ~ détérmine the continuous bioreactor kinetics. The data ob-

since we know that the microfiltration membrane (M14), af- {@ined for variou are shown in Fig. 7a. An apparent steady
ter adsorption of haemoglobin proteins onto the membrane Staté was reached within 80 min fB=1g g ' and it took
and the formation of a dynamic membrane on mineral mem- /0nger times at moderate. For higherR, the steady state
brane surface, allowed to give a new molecular cut-off near Was not obtained. o _ _
the molecular cut-off of Carbosep M5 membrane. The double-lnverge relatlons.,hlplaccordmg to Lineweaver—
The effect of transmembrane pressure on the degree of8Urk’s formula provides the kinetic constarks, andVm,
hydrolysis was studied at a tangential velotity=0.7 m st presented in Table 1, obtained for the CMB (Fig. 7b).
(Fig. 6a). The transmembrane pressureR=1.6 1% Pa For_ the batch mode, the experimental results agree with
and AP=1.25x 10° Pa gave close degrees of hydrolysis. the Lineweaver—Burk’s formula for the low substrate con-

Nevertheless, greater degrees of hydrolysis were obtained-e€ntrations (i.e. high ). At substrate concentration
for the higher transmembrane presswe=1.6x 10° Pa. greater than 12 g dn¥, inhibitory effects were encountered.

30 +

Dy (%)

Table 1

3.4. Effect of the substrate mass to enzyme mass ratio (R) Kinetic parameters for the batch reactor and the continuous-membrane

on the performance of the CMB bioreactor
. ) . . 1 Mode Km (gdm3) Vi (gdm3min~1)
Until now, the ratio used is the optimum rab=3gg- _
determined in the batch mode. The study of Biparame- ~ Continuous mode 12.7 11
Batch mode 40 8.3

ter with enzymatic hydrolysis in CMB permitted, firstly, to
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Fig. 8. Course of fractional conversioK)(againstVmt/Km. Experimental
data @) S =37.5gdnT3, (A) $=18.8gdn3and ¢) =4.5gdnT3.
Theoretical curveses) So=37.5gdnT3, (=) S=18.8gdnT3and (—)
S=4.5gdnT3.

sion of a single substrate in an uninhibited irreversible re-
action, performance relationship, Eq. (6), according to Lee
and Ryu [20], can be obtained after combination of the sub-

strate mass balance and the Michaelis—Menten expression
Fig. 7. Determination of the kinetics parameters of the enzymatic hy- of initial reaction rate:
drolysis of the haemoglobin in CMB-arbosep M14 membrane =8
Ce=4gdnT3, AP=1.25x 105 Pa,U=0.7ms! andT =55°C; (a) Vari- Vmt  XSo X
ation of peptides concentrationg{ S)/S during the experiment. @) K_m - K_m + 1_X
where:X= (S — 9%)

R=1 gg*! enzyme, @) R=3 gg! enzyme, ®) R=6.25 gg? en-

zyme , @A) R=9.25gg* enzyme and[(l) R=15.5gg?! enzyme, (b)

Lineweaver—_Burke plot for papaine -haemoglobine hydrolysis in a CMB The experimental values of the fractional convers¥n

and batch bioreactor(J) CMB reactor and ) batch bioreactor. against Vmt/Km) for various substrate concentrations are
shown in Fig. 8. In the same figure, the theoretical courses of
the fractional conversion calculated by means of Eq. (6) are

) : : : presented. The curves obtained indicate that the theoretical

lower than with the batch bioreactor. This result might ;e fit the experimentaivalues satisfactorily for the var-

indicate a 'Iower affinity of the papain enzyme for the ious substrate concentrations ranging from 3 to 40 gtim

haemoglobin substrate probably due to the blocking of the 1p¢ yinetic model based on the Michaelis—Menten expres-

biocatalysts at the membrane surface or in the membranég;q, of the initial reaction rate and the substrate mass balance

pore and thermal inactivation [5,13,14]. Bressolier et al .y e syccessfully utilized for the enzymatic hydrolysis of

[6] indicated a decrease ®fm and Vm values for plasma  p,omagiobin by papain enzyme in a continuous membrane
protein hydrolysis by alcalase in a continuous membrane bioreactor

reactor. It has also appeared that inhibitory effects was not
encountered in CMB although substrate concentrations at-
tained 60 gdm?® (or R=15gg ! enzyme) while the batch
bioreactor they were limited to the ratd=3gg ! enzyme

(or =12 gdn13).

(6)

Km and Vy, with the CMB were three and eight times

4. Conclusion

Enzymatic hydrolysis of haemoglobin in a continu-
ous membrane bioreacteur, which was equipped with
either a microfiltration membrane (CARBOSEP M14) or
an ultrafiltration membrane (CARBOSEP M5), presented

At first, it was observed that the CMB operated like an practically similar performances. The molecular cut-off
ideal continuous stirred tank reactor, as deduced from theof the virgin membranes appeared to be not important
tracer injection and perfect fit af;/Cp data with the theo-  since the porosity of the membrane was modified by the
retical curve (data not shown). In such a reactor, for conver- adsorption of protein or enzyme and by the formation

3.5. Modeling of the continuous membrane bioreactor



196

of a dynamic membrane on the mineral membranes. At «

high tangential velocitylY =3 ms1) enzyme and protein
denaturation occurred. Practically similar optimum condi-
tions were also found for the CMB independently of the
membrane.

It is also observed that the inhibitory effects were not
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degree of dissociation of Nf¥ (dimensionless)

T reactor space time (s)
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plied for the enzymatic hydrolysis of the haemoglobin in the
continuous membrane bioreactor.

5. Nomenclature

a pore size reduction due to adsorption (m)

Ce enzyme concentration (g drf)

Co NaCl concentration of the bioreactor feed (gdih
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(gdnm3)
CMB continuous membrane reactor

Dy degree of hydrolysis (dimensionless)

e membrane thickness (m)

g  gravity constant (ms?)

J,  permeate flux (I1h1m=2)

Km Michaelis—Menten constant (g drf)
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