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Abstract

Proteins are widely used in food or pharmaceutical industry and are often pumped in complex
flow systems. Their biological activity is intrinsically related to their conformation in
solution. In this work, we studied the state and behavior of proteins in solution during
separation / concentration operation in terms of adsorption, molecule agglomeration and

denaturation. Solutions of lysozyme have been filtrated on UF ceramic membrane at high
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flow velocity and different transmembrane pressutesinvestigate the effect of flow
parameters on the protein conformation in solutiassessed by size exclusion
chromatography. A shift of 0.4 min in elution timéthe peak corresponding to lysozyme is
observed between retentate and permeate solutiatisating that the lysozyme molecules
exhibit drastic conformation changes after filwati Additionally, the effect of the filtrated
solute nature on the pore surface (adsorption phena) is investigated by following the

evolution of the hydraulic and selectivity membrgeeformances.

Keywords: lysozyme, vitaminB12, ultrafiltration, protein donmation, HPLC, denaturation

Resume

Les solutions contenant des protéines sont souwudilisés dans les industries

pharmaceutiques et agroalimentaires et sont souvanipulés dans des systémes fluides
complexes. Leur activité biologique est directenrefiée a la conformation des molécules en
solution. Dans cette étude, I'état et le comportgrde protéines en solution ont été étudiés
lors d'opération de séparation a travers les petgwid'adsorption, d'agglomération et la
dénaturation des protéines. Des solutions de lysezgnt été filtrées avec une membrane
céramique d'ultrafiltration a bas seuil de couppaur étudier l'effet des parametres
opératoires (vitesse, pression) sur la conformatieda protéine. Les résultats obtenus par
chromatographie liquide d'exclusion stérique monire décalage de 0,4 minute du pic
correspondant a la lysozyme apres filtration, inditf une modification importante de sa
conformation. En paralléle, les phénomenes d'atisarpont étudiés en suivant les propriétés

hydrauliques et de sélectivité de la membrane.

Mots-clefs : lysozyme, vitaminB12, ultrafiltration, conformatiale la protéine, HPLC,

dénaturation



1. Introduction

The current demand of high quality proteins is éasing, especially for uses in food,
biological, pharmaceutical and chemical industriéhe denaturation or the molecular
structural change of proteins, caused by diffecg@rating factors, has become an important
concern for many purposes. Indeed, filtration, mgxipumping, drying, transport, delivery,
etc. are common industrial processes that sigmitiga&xpose proteins to operating conditions
and can cause loss of molecule properties anditgdtly.

Although many studies [2-4] were performed in batbmains to follow the path to
denaturation or to simply understand the influeatg@hysical parameters or additives, the
denaturation mechanisms and kinetics are not wellk. Denaturation is the process in
which a protein evolves from an ordered native estad a less-ordered state, loses
tridimensional native conformation and, as a consage, can lose biological activity [5].
Consequently, a protein with an activity lose, alijugives rise to serious problems when it is
considered for therapeutic purposes. A denaturate stxposes the buried hydrophobic
residues, can favor hydrophobic interactions amdlead to aggregation. The aggregation of
proteins decreases the biological activity of thieitson.

The protein denaturation can be easily achieveaiposure to a specific stress such as:
temperature [5], pH, shearing, organic solvent][4p8essure [7-9], nature of the contact
surface [6,10], etc. All these parameters can énggpnformation modifications at different
levels. Most of the modifications can destabilibe tfolded state (native state [11]) and
stabilize the unfolded state (state which will lgada further denaturated molecule), thus
favoring the formation of intermediates and evegragates [4].

Lysozyme is the most used protein in both pharmaduand food industry thanks to its

interesting properties.



Discovered by accident in 1922 by Alexander Flemthg egg-white protein is a 129 amino
acids containing enzyme, cross-linked by disulptiddges [12]. This molecule is often used
industrially because lysozyme is inexpensive ancharas relatively stable. Nowadays,
lysozyme is commonly used in food industries (mbksed products, wine shelf-life,
preservative for sea-food, fresh vegetables anmharbased products [13-18] but also as a
bactericidal and anticancer agent [19], with amtiammatory and mucolytic effects.
Lysozyme, indeed, kills bacteria (especially Gramsifive ones) by hydrolyzing its cell wall,
thus it is understandable to be used as a natutiatiarobial agent [20].

At present, membrane filtration seems to be an wateqoperation [21] to concentrate /
separate / rectify protein concentration from atiahsolution composed of solvent, different
proteins or amino-acids and impurities. This tydgeseparation process does not require
chemical reagent addition or heat input, thus mimimy the risks of molecule denaturation
and loss of biological activity. Nevertheless, thilgation operation generates constrains
(shear stresses) in the fluid that goes throughptireus medium. These shear stresses are
related to the applied transmembrane pressure T28.problem of shear stress on protein
structure is a subject of continuing interest as & common phenomenon in bioprocessing
[23]. It was addressed in studies such as the stfdiesnierowski et al. [24], where
ultrafiltration of lysozyme at different pressuf@®, 20 and 30 bars) for 1, 2 and 5 hours was
performed. The study concluded that the studiedeocudés couple into larger agglomerates
after ultrafiltration of the protein solution indlrespective conditions. However, in most of
the studies, the focus is upon the impact of sk&ass on the activity of the enzyme. For
such, the review of Thomas and Geer [1] gives thidajines for the previous performed
research. As a general aspect, the exposure adtairpto a hydrodynamic flow can make a
loss of molecule activity (reversible or not). Asetreview shows, this depends on the

operating conditions and on the molecules studieddriguez-Fernandez et al. [25],



highlighted that the action of shear forces inrieambrane can cause a loss of the activity of
the studied molecule.

Considering the important role of shear stress hen grotein conformation, this study is
focused on understanding the protein behavior duaim ultrafiltration. The novelty of this
work relies on the direct approach to study to Wheatent the filtration process affects the
conformation of the lysozyme protein, while coneutty observing the protein denaturation
(by HPLC investigations) and the filtration perfantes in terms of selectivity and hydraulic

performances [26]).

2. Materials and Methods

2.1 Materials-Products

The chemical reagents used in the present work: Wetaamin B12 (VB12), Lysozyme (Lys),
L-tyrosine and L-phenylalanine. Information regaglithe substances used (formula, molar

mass, stokes radius, supplier and purity) is ptesen Table 1.

Table 1 here

2.1 Experimental setup

The filtration tests were carried out on a labamatpilot-plant supplied by Techniques
Industrielles Appliquées (TIA, Boléne, France) gsim tubular UF membrane provided by
TAMI Industries (1 kDa, 25 cm length and 7.2 mmemial diameter). This ceramic
membrane is composed of yaalumina support and an active layer of 7iQvith an
asymmetric pore structure. The pilot setup was riest in previous work [27] and a

schematic layout is presented in Figure 1.



Figure 1 here

The experimental set-up, exclusively made froorm#tas steel, has the membrane embeded in
a carter. A volumetric pump provides the fluid ailation from the 5L feeding tank throught
the membrane.

A manual valve is used to control the transmembgaessure. This pressure, also refered to
as TMP in literature, is measured upstream and dtveam the membrane via two pressure
sensors (manometer).

The temperature of the solution is maintained aoridby a cooling unit (refrigeration system
and heat exchanger), asset by circulation in coatrant. As filtration carries on, the
permeate is recovered at the carter outlet and Isanfyefore recycling back into the feeding

tank.

2.2 Experimental protocol

Before any filtration test, the membrane has t@deditioned in order to have the hydraulic
properties stabilized. For this, filtration of deraralized water (also referred in text as pure
water) is performed at a constant pressure (5dvat)flow rate (700 L/h) until the hydraulic
performances of the membrane are stabilized. Whenhtydraulic performances remain
constant, the conditioning process is consideredatce ended and the obtained values are
referred to as the initial hydrodynamic conditions.

Solutions of the chemical reagents mentioned eadiee prepared by dissolving the
concerning substance (vitamin B12, lysozyme, L-ptedanine or L-tyrosine) in 4L of
demineralized water (conductivity < 1uS/cm) in ortteobtain the desired concentration. To
ensure the adsorption equilibrium, the preparedt®ols were let in the pilot for 12 hours

before the filtration experiments started.



The pilot operates in cross-flow filtration (thenaéntation flux is parallel to the membrane
surface) to minimize accumulation and, thus, thenfdion of clogging at the surface of the
membrane. The experiments were performed at higlv fvelocities in order to avoid

polarization concentration layer at the membrandasa (around 5 m/s) [28]. For each
filtration test, the permeate flux was calculatgdnbeasuring the permeation flow rate. The
solutions were filtrated at different pressuregyiag from 4 to 12 bar, maintaining a constant
flow rate (700 L/h) and a constant temperature Q25At each pressure, samples from both

retentate and permeate were taken for further aisaly

2.3Regeneration protocol

After each series of filtration tests, the membraves regenerated in order to regain its
original hydraulic and selectivity properties. Thegeneration process followed the same
procedure: the membrane was immersed in water @nuoh lthe oven (T= 105°C) during
several days (around 5 days) at atmospheric peesdlre water level was periodically
adjusted to have the membrane completely submeiidede regenerations were performed
during the study. For which, the following notatomwill be considered: the original
membrane is referred to as MO, after one regeeréte membrane is referred to as M1, M2

after two and M3 after three regenerations.

2.4Membrane properties

After each experimental test, the hydraulic perfances of the membrane were investigated
by filtration of pure water. The permeation flux @n>m?s™) was measured and plotted for
different transmembrane pressumB (Pa). The hydraulic permeability;, km® m?) was

assessed by using equation 1 (slope of the lingael

J» =%”AP eq.1



With p (Pa-s) is the dynamic viscosity of watercam temperature (25°C).

Size selectivity is investigated by studying trarssion of the studied molecules. For this, the
Nernst-Planck approach is used to investigate sdhansmission. This model assumes that
the active layer is constituted by cylindrical pgrequally sized and uniformly dispersed. The

flux of each constituent i is a differential eqoatiof mass transfer in the active layer (eq. 2).

AC;  2;CiDjooKiq d
Ji = —DiwKig— — %de—f + CiKicV =VCy eq. 2

With Kid, Kic the hindered factor for diffusive andonvective transport in the pore,
respectivelyD;,, is the diffusion coefficient of specie,the charge¢ the electrical potential
Cip is the concentration of the studied constituerthanpermeate and V the fluid velocity in

the pore, described with the Hagen-Poiseuille esgioa (eg. 3)

r2(AP—AT)
=r eq. 3
8uAx

With r,is the mean pore radiug,the fluid viscosity AP the applied transmembrane pressure,
Attthe osmotic pressure difference aldis the active layer thickness. This equation Zeq
with 3) is solved for uncharged solutes by neghecthe electric effects (z 0, Am = 0) and
with two boundary conditions (equality of chemigaitentials at the membrane /solution
interface:uim = Mis) at both sides of the membrane active layer (gdneluding only steric
effects [29].

YimCim __ @
— Vi

eq. 4
YisCis

With vy is the activity coefficient of the solute in theembrane pore and in the solution

2
r
respectively, = (1‘ r_sj is the steric partitioning
p



The integration of the differential equation gitks following equation (eq. 5):

K
R=1- c
1-[(1-¢K, )exp(-Pe)]

eq. 5

With, Peis the Peclet number anglthe stoke radius of the filtrated molecule. Therage
pore radius was estimated by approximating experiahaejection rates of neutral solutes

with equation 5.

2.5 Permeate and retentate analysis

2.5.1 UV-VIS spectroscopy analysis

As the retentate and the permeate of the solutiere sampled at different pressures, the
concentration and the observed rejection rate eanakculated. Observed rejection rate and
concentrations of both retentate and permeate ssmpére calculated by using UV-VIS
spectroscopy (Lambda 35, Perkin Elmer Instrumemntpaesponding wavelength (table 2) by

using equation 6.

2

In which Rys is the observed rejection rate, And Cp are the permeate absorbance and

concentration and Aand G is the retentate absorbance and concentratigrectgely.

Table 2 here

2.5.2 HPLC analysis
For lysozyme filtration tests, both retentate ardeate samples were additionally analyzed
by using Size-Exclusion High-Performance liquidarthatography (SEC-HPLC) to observe if

there is any molecule denaturation or aggregat®C-HPLC can detect aggregation or



denaturation of the protein based on the modificatf the protein hydrodynamic radius in
solution or by the decrease of the area of chrognato peak as previously shown by Huang
et al. for bovine serum albumin thermally denatJ@&€].

The chromatographic study was performed with AgildriO0 Series chain (Agilent
Technologies GmbH) equipped with a quaternary pangpconnected to a UV detector. This
chromatographer apparatus uses a 9.4 x 250 mm XZd@imaSeries GF-250 column (also
provided by Agilent Technologies). This column eécemmended for the size separation of
proteins with molecular weight in the range of 400 to 4000 g.md.

This type of analysis uses two phases: one stagipnepresented by the sample’s solutions
and one mobile, which consist of a mixture of sotge(called buffers) with high salt
concentration or acids. 100 uL of the lysozyme tsmhuat each pressure from both retentate
and permeate was injected in the column at 25°Caamadlyzed at a wavelength of 280 nm.
The measures were carried using a buffer compokgthasphate buffer (PBS), 0.1 % wt
sodium dodecyl sulfate (SDS) and 0.005 % wt sodizide (NaN). The elution was carried

out for 15 minutes. The flow rate was 1.0 mL/min.

3. Results and discussion

3.1. Filtration test

The sequence of filtrated solutions with the ordirmembrane (referred to as MO) is

presented in Table 3.

Table 3 here

Table 3 also shows the filtration results in chilog@ order in terms of rejection rate

(selectivity property), hydraulic permeability (mpailic performances) and calculated pore

10



radius. As expected, considering the cut-off of timbrane (1 kDa) and the characteristics
of the respective molecules (table 1), the lowegction rates were observed for the amino
acids (L-phenylalanine and L-tyrosine).

The rejection sequence of proteins is in agreemattt the molecule size, suggesting that
steric exclusion was the preponderant phenomentimgad\s a general observed trend, after
each filtration test, the rejection rate increasesl the hydraulic performances of the
membrane decreases. For vitamin B12 (VB12), thectiein rate increases as filtration tests

are performed, so calculated pore radius decrdéase=alculated by equation 5).

Figure 2 here

Figure 2 shows the experimental rejection rategitamin B12 for tests referenced 3, 6 and
10 in table 3 with their corresponding simulatiames (dotted lines). With each filtration
test performed (the experimental tests were peddrnwith the same transmembrane
pressures), a decrease of the permeation flux easbberved along with an increase of the
rejection rate. This behavior indicates that thenime@ane becomes more selective, but the
hydraulic performances decline.

Moreover, the successive filtration of the sameeundle (lysozyme) shows a decrease in
transmission and in hydraulic permeability, whiabuld indicate a possible adsorption of
molecules at the surface of the active layer. afisnomenon is already observed and is
significantly described and discussed in the liteea[31,32]. The progressive clogging limits
mass transfer of solvent and substantially incie#ise selectivity.

To complete experimental investigation with addhsibfiltration tests and characterizations, a
regeneration process was performed three timesrderoto observe not only if the

regeneration can actually reach the initial prapsrof the membrane, but also to study the

11



degree to which the regeneration results can b@daped. The studied membrane, MO, is
called M1 after the first regeneration, M2 aftee thecond and M3 after the third thermal

treatment. The results are presented in Table 4.

Table 4here

The results presented in table 4 show that the mmmebhas recovered the initial properties
after the regeneration treatment in terms of hyldraund selectivity performances.

The hydraulic permeability results are consisterith worevious observed behavior: the
hydraulic permeability performances decrease &atiibn tests are performed. This behavior
was observed even after three regeneration treédniResults also show that, after successive
filtrations of VB12, the hydraulic permeability rams constant. Several tests were carried
out to ensure the repeatability of this test. Foanaple, the second filtration test of VB12
performed with membrane M1 (i.e. rejection rate6946 hydraulic permeability = 4<10**

m) was successively carried out two times for #m@es results (data not shown). Such result
was expected because VB12 is often used in fittinagixperiments and adsorption phenomena
with this molecule are not reported in the literatuStarting from this observation, VB12
filtration tests were used to investigate and felthe membrane performances.

Three successive lysozyme filtration tests weréopmed after membrane regeneration. As a
general observation, the hydraulic permeabilityréased and the rejection rate increased
rapidly up to 100%. After lysozyme filtration test#he transmission of VB12 and the
hydraulic permeability were significantly decreasedggesting an adsorption of lysozyme

molecules at the membrane surface or/and in thespor

3.2. HPLC investigations

12



As mentioned before, HPLC investigations were penfx on both retentate and permeate
samples taken at different pressures in order seme if there is any modification in the
structure of the lysozyme as a result of the filbra

The HPLC technique used was size-exclusion (SEQrhwis based on the exclusion of
molecules according to their hydrodynamic volumesalution. The native state run was
performed as a reference regarding peak charaatienz and/or retention behavior. The
results of both retentate and permeate were, treretreported to the native lysozyme
reference. The most obvious differences betweesdh®les are the ones for the peak heights
and areas.

Figure 3 shows the chromatograms of retentate smngidtained during filtration test 2 of

lysozyme with membrane M2 with regard to chromaaagof native lysozyme (black curve).

Figure 3 here

The chromatogram shapes are exactly the same déofiih pressures and for the native
lysozyme with an elution time of 9.81 minutes. Tpwak maximum corresponding to the
retention time was registered at similar valuespde the difference in pressure. As the
values of the elution time were in the same rargtha reference, it can be considered that
the lysozyme molecule did not suffer any modifigatin its configuration and dimension in
the retentate solution. These results are in gapdement with the literature. Indeed, the
works devoted to the influence of the pressureh@nmolecule conformation show that the
hydrostatic pressure does not denaturate the Iys@zyAlso, the shear stress due to
recirculation is relatively low and negligible (amcd 70 Pa for a Reynolds number close to

35000).

13



Moreover, no aggregates could be detected in theatograms. As soluble aggregates have
a larger size than native lysozyme, they are expetd be eluted at a smaller retention time
than the principal peak. The chromatogram showasgmmetric profile of the peak, having a
tailing. The asymmetry of a peak might suggest teation (complete or misfolding) [33],
interactions between the protein and the surfaceeo€olumn or could be due to the presence
of impurities in the native lysozyme, which are centrated as a result of filtration [34]. This
last hypothesis seems to be the more conceivalidaube when the lysozyme rejection

increased, the secondary peak increased as vegli€fid).

Figure 4 here

Figure 4 shows the chromatograms of permeate sangbi@ined during filtration test 2 of
lysozyme with membrane M2 compared with native zysne chromatogram. For a
gualitative comparison, the chromatograms are nliwgthand overlaid. The native lysozyme
studied by SEC-HPLC displayed one major asymmetacrow chromatographic peak
detected at an elution time of 9.81 minutes. Unli&e retentate samples, chromatograms
related to permeate samples are shifted. The aldime for retentate samples was 10.22
minutes, indicating a significant change of the fogynamic radius of the lysozyme after
filtration on the membrane. However, there is ncseambable difference according to
transmembrane pressure. The shear stress due twadsng through the porous medium
(permeate) is very important compared to the shgass due to the retentate flow. It seems
that the transmembrane pressure does not infludrecenolecule denaturation, whereas the
shear stress is directly proportional to the apptransmembrane pressure. We think that the

denaturation is due to the immediate vicinity af tholecule and the surface chemical groups

14



inside the pore and to the necessity for the hgdratolecule (radius = 1.85 nm) to change its
tridimensional conformation to go through the p@eslius < 1.6 nm).

As it can be seen in figure 4, the permeate chrognam was shifted toward an elution time
of 10.22 min, but a shoulder still exists at a lowetention time. This shoulder can probably
be attributed to the molecule of lysozyme in nateaformation (detected at an elution time

of 9.8 min) as can be seen in Figure 5.

Figure 5 here

According to the peak fitting of the chromatograseyeral populations of lysozyme proteins
can be found in the permeate: native proteins lateceat 9.75 min and denatured population
at 10.15 nm. After filtration, the majority of pesh molecules are in denatured state, but it's
interesting to see that a small part is still iniveastate. According to the pore size of the
membrane, lysozyme can permeate only in denatusdd. However, after filtration, the

isolated protein molecule can be considered aadilitted which is a condition commonly

used to favor refolding of the protein [35]. Anattemall peak can also be detected at an
elution time of 12 min. The area of this peak iases with increasing pressure during
filtration and corresponds to the total elutiontbé column. As pressure increased, more
small molecules (impurities probably) were filtrdtenrough the permeate. These impurities
can also be detected on the chromatogram of régestdution (see fig 3). Nevertheless, the
amount of impurities in the permeate is limited pamed to the concentration of lysozyme.
The main difference between the retentate and me@dromatogram’s profile is the shift of

the position from 9.81 to 10.22 min. The differehetween the two elution times (native and
filtrated lysozyme) suggests that the lysozyme ok suffers a modification of its

conformation in solution after contact with memlaaores. This might suggest that, indeed,

15



mechanical stress related to filtration plays apanant role on the molecule’s conformation.
An increase in the retention time suggests thatlykezyme molecule became seemingly
smaller, or at least in a more compact structutas Tesult shows that the molecule is
denatured after passing through the porous medindh cauld probably lose its inherent
biological properties. The shape of the monomeegakpin the permeate chromatograms
(figures 4 and 5) is also more symmetrical than rétentate peak which suggests a more
homogeneous conformation population for the lysazympulation in the retentate solution.
The results obtained for the others filtration seste basically the same as the presented one.
For all the studied filtration tests of lysozymetarasolution with membrane M2 and M3, the
retentate samples revealed peaks equal in terrekitbbn time and magnitude to the native
lysozyme indicating that the lysozyme is not aecby the filtration process in the retentate.
Probably some impurities are filtrated as reveddgdhe increase of the impurities peak in

figure 4 (retention time 12 min, increasing witlegsure).

4. Conclusion

Filtration tests of solutions containing proteinerev performed with an UF ceramic
membrane. As tests were carried out, the hydraudimbrane performances decreased, which
is the consequence of protein or amino-acid adsorpintermediary filtration tests of vitamin
B12-water solutions show that the selectivity & thembrane increases, suggesting that the
adsorption mainly operates in larger pores. To vecanitial filtration properties, the
membrane is hydrothermally treated, meaning thaomdion phenomena are partially
irreversible with classical cleaning operations.jeRton rates of lysozyme increase as
successive tests are performed and reach appretynifi0%. HPLC analysis of the samples

show a difference in the shape of the chromatogpaaks in retentate and permeate for

16



lysozyme solution. The main peak is shifted to brgretention time by 0.4 min indicating
that the hydrodynamic radius of the protein in 8oluis lower. This suggests that the protein
is probably denatured after filtration. In bothergiate and permeate solution, no higher mass
aggregates have been detected suggesting thatabesp of filtration with shear stress, flow
and transmembrane pressure is not inducing draragtjcegation effect on the lysozyme

solution at this given concentration.
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Figure 1. Schematic representation of the experimental setup



90

....... ““""""“""’""""A;" r,= 1.09 nm
LA N #test 3
80 3 - _
s test 6
rp= 1.27 nm Atest 10
— 70—
£ : —
o :
= :
s 60 . \
c :
2 : ¢ - =g = = = r,=161nm
tl' : - - € - "
K M - =
T : . -¥
7
7/
s 7/
40 : 7
: /
: /
30 +° / . . . .
0,0E+00 2,0E-05 4,0E-05 6,0E-05 8,0E-05

Permeation flux (m3.m2 .s!)

Figure 2. Experimental and numerical rejection rates of Vitamin B12 with the associated best-
fitted mean pore radius



100 4

Lys Reference
9.81 7LyS|I4R
2\ —LyslI6 R
80 / Lys Il 8 R
Lys Il 10 R
—LysIl12 R
g 60
:
g
& 40

20 4

Retention time (min)
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Table 1. Information on the molecules considered for the filtration experiments

Product Formula Molar Stokes radius Supplier | Purity
mass A) (%)
(g.mol™)
L-phenylalanine CyH11NO, 165.19 4.62 Fluka 99
L-tyrosine CyH11NO5 181.19 4.97 Fluka 99
VitaminB12 | C,,H;00CON;g04,P | 1355.38 8.5 Alfa Aesar 98
Lysozyme _ 14300 185 Sigma _




Table 2 Chemica reagents

solutions with their respective concentrations and UV-VIS

wavelengths
Solutions Concentration Wavelengths
(mol.m™) (nm)
Vitamin B12 9.221073 362
Lysozyme 0.025 281
L-Phenylalanine 0.054 275
L-tyrosine 2.48 275




Table 3: MO (original membrane) - chronological sequence of filtrated solutions with

obtained rejection rates and membrane permeability values

. Calculated Lp
N° Test | Protein Solution Concentration R max Pore radius | (10*m3m
(mM) (%) )
(nm) memb)

Pure water after conditioning step 6.2

1 L-phenylalanine 5,45 5 55

2 L-tyrosine 2,48 5 4.2

3 VB12 9,22E-03 57 161 4.1

4 Lysozyme 0,025 85 3.6

5 Lysozyme 0,025 93 3.3

6 VB12 9,22E-03 75 1.27 3.2

7 Lysozyme 0,025 98 3.1
Lysozyme+ VB12 | 0,025+ 9,22E-03 | 99+ 81

8 117 2.8
9 Lysozyme+ VB12 | 0,025+ 9,22E-03 | 100 + 87

1.08 23

10 VB12 9,22E-03 86 1.09 23

11 L-phenylalanine 5,45 16 24




Table 4 Rejection rate and hydraulic permeability obtained for membrane M1( membrane
after 1% regeneration), M2 (membrane after 2™ regeneration) and M3 (membrane after 3"
regeneration) for filtration tests performed (chronological order)

Solution Membrane (M1) Membrane (M2) Membrane (M3)
10" Lp 10 Lp 10 Lp
R(%) R(%) R(%)
(m) (m) (m)
Water 6.7 6.5 53
VB 12 32 59 40 52 40 4.8
Lysozyme 1 87 4.5 90 4.7 96 4.3
Lysozyme 2 95 5.0 95 4.5 99 4.3
Lysozyme 3 100 4.2 97 4.0 99 3.9
Lysozyme 4 100 2.7
VB 12 66 4.7 73 4.0 85 2.7
Tyrosine 1 9 4.3 9 3.8 15 2.7
Tyrosine 2 12 4.2 15 3.8 18 2.7
Tyrosine 3 12 4.2 14 3.6 16 2.7
VB 12 64 4.3 73 3.6 82 2.7






