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Abstract

The study of interrelation between kinetics of protein adsorption and flux of water through ultrafiltration
membranes is of interest for understanding the influence of adsorption on ultrafiltration. A short model sketch of
protein adsorption derived from complicated transport phenomena is presented. As quantitative criterion of
protein adsorption the ratio of reversibility is proposed. This ratio describes the relative amount of adsorbed
proteins that are reversibly arranged on the polymer surface. Ratio reversibility depends on chemical structure of
membranes in sequence: polysulfone < polysulfoneamide (33% amide groups) < polysulfoneamide (47% amide
groups) < aromatic polyamide. Itis shown that protein adsorption mainly contributes to the deterioration of the

water transport.
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1. Introduction

One of the most important points at issue in
the theory of pressure-driven membrane
processes is the behavior of solvent flux
depending on both the membrane structure
[1-5] and the interaction of solute (protein)
with the polymer membrane matrix [6-10].
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It is a matter of common experience that
the gel layer formation of proteins decreases
essentially the rate of ultrafiltration (UF) [11-
13]. Considerably less information has been
obtained for the effect of protein adsorption
on a membrane separation mechanism of
protein solutions in biotechnology, food
industry, pharmaceutic industry, etc.

Recently the authors of this report have
formulated the principles and the mechanism
of protein adsorption onto hydrophobic
polymer surfaces [14, 15]. The proposed
diffusion-kinetic model of adsorption also
accounts for hydrodynamic aspects near the
polymer surface [16].
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The purpose of the present study is the
investigation of protein adsorption on the
polymer surface of UF membranes as well as
the determination of the influence of the
protein layer on values of water fluxes under
UF conditions.

2. Theoretical model

A water flux through a membrane
contacted with a gel protein layer occurs as a
result of the difference in applied pressure
(Ap) and osmotic pressure (Am) being
determined by protein concentration gradient.
Macroscopic translational movement of
solvent is hindered by two consequent hydro-
dynamic resistances belonging to polarized
gel layer and UF membrane, respectively.
Such being the case, the expression for
volume flux of water can be written in the
rather simple form [17]:

o= Ap - oAn 1)
RG + RM

where

o] = dimensionless reflection coefficient,
which varies from 0 for an absolutely
nonselective membrane to 1 for an
absolutely selective membrane

J¥ = volume flux of water (cm3/cm? « s)

R = hydrodynamic resistance for the
boundary gel layer (Pa - s/cm)

Ry = hydrodynamic resistance for the

membrane (Pa + s/cm).

For protein transport the situation is more
complicated. In any point of the diffusion
layer in contact with protein gel layer, or in
the absence of the gel layer, with the polymer
surface:

dc, 4y

at | dx

(2)

where the sum of protein fluxes is determined
by: a) transport from solution to polymer (or

gel) surface (Jg); b) permeate flux (Jg); and <)
back diffusion flux (Jp) emerging as result of
concentration gradient of protein from gel
layer to bulk solution

)y =Jg -Jg - Ip (3)

On the interface solution/membrane (or
solution/gel protein layer) the boundary
conditions of Eq. 2 are

dC,

—_— = ]
dt 1

atx=0 (or x = Ig) 4)

and on the interface: boundary diffusion

layer-bulk solution
0

CV = CV atx = —SD (5)

In Eq. 3 for absolutely selective membrane

JF is equal to zero and now initial continuity
Eq. 2 has a more simpler form

d CG dJ G dJ D

dt dx d_x'

(2a)

with boundary conditions, reflected in Egs. 4a
and 5

dc,
—-—=Js-Jp

— atx=0 (x=1lg) (4a)

The stationary regime of solvent transport
realizes as the sequence of the gel deposit
completion dCg/dt = O from where equality Jg
= Jp follows (or Jg = Jp + Jg for semi-
permeable membranes) that gives the
completion of adsorption dCy/dt = 0.

Recently it was shown that for polyethylene
high density [18], siloxanecarbonate co-
polymers [19] and segmented polyether-
urethanes "Vitur", "Biomer" [20] adsorption
of proteins is formed by irreversible and
reversible surface protein layers. Kinetics of
adsorption is described by set of differential
Egs. 4a, 6-8
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a) for irreversible adsorption layer, where
interaction polymer/protein prevails

— = kCo (Cg1 - C51 —Csp)

—k;5Cq1 — K Cyy (6)

b) for transition of protein molecules from
native condition to changed conformation
condition (surface denaturation)

%
d 51 *
T = kl CSl (7)

¢) for reversible adsorption layer of protein
where protein/protein interaction prevails

dCsZ
—5 = k21C (NG —Cs) - kppCyp (®)

where

Cs1,Cs» = protein concentrations of ir-
reversible and reversible layers
packed on polymer surface

0N = concentration of protein mole-

cules which has undergone a con-

formational transformation

adsorption and desorption rate

constants in Eq. 6

k" = rate constant of conformational
transformation of irreversibly ad-
sorbed protein

Cy® = limiting irreversible protein con-

centration

average number of active center

per a molecule that has under-

gone conformational trans-

formation.

g
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o
I

Z
]

At any moment, the mass balance on the
polymer surface is described by the equality:

C; = Gy + Cgy + Cg 9

In a concentration polarization layer, the
formation of protein gel layer seems to be
initiated by rather high values of pressure and
of protein concentration.

On the whole, the transport model of
protein adsorption is described by the set of
Eqgs. 6-9 and by the transport Eq. 2 with
boundary conditions 4 and 5. Specifically, in
absence of gel layer and o = 1, boundary
conditions are Egs. 4a and 5.

3. Experimental

Polysulfone (PSU-70M) and polysulfone-
amide (37% and 44% NHCO groups) were
kindly presented by the Academy of Applied
Biotechnology of Russia. Aromatic poly-
amide (Fenilon VPU-150) was presented by
NPO Polymer Membrane Vladimir, Russia.
The characteristics and details of the UF
experiments in a rectangular flow cell were
reported in previous work [21].

Registration of surface concentration for
egg albumin (Commercial Mark "Poch"
Polen) is performed by IR fourier spectro-
meter Brucker IFS-48 and ATR device Specac
P/N 1100 with KRS-5 crystal (45°) using a
special desorption procedure [16, 21].

The components of the 0.7% egg albumin
phosphate buffer solution were of reagent
grade. The rate of solution flow was 0.5 m/s
and pressure difference 0.7 atm.

4. Results and discussion

Fig. 1 shows the kinetics curves of ad-
sorption of egg albumin (EA) on polysulfone
(PS) (curves 1, 1b) and polysulfoneamide
(PSA) (curves 2, 2b) membranes. The
chemical nature of polymers has a consider-
able effect on the total surface concentration
of EA (curves la and 1b) and on ratio of
reversibility (0eyv). The results of adsorption
obtained by IR ATR technique are presented
in Table 1.
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Fig. 1. Kinetics of protein adsorption. Total (1, 2) and

irreversible (1b, 2b) adsorption of egg albumin on PS
(1, 1b) and PSA-47% (2, 2b) membranes.
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Fig. 2. Graphic solution of Eq. 10:
3 = Aramid.

1=PS, 2=PSA,

From Table 1 one can see that the ratio of
reversibility is decreased by the increase of
content of amide groups in membranes. This
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Table 1
Equilibrium surface concentration of EA for UF
membranes

Polymer Cs0105 90105 oy *
( g/cmz) ( g/cmz)

Polysulfoneamide 3.2 2.0 0.38
47%) *

Polysulfoneamide 2.0 1.35 0.33
(34%) *

Polysulfone 1.6 1.45 0.10
"PSU-70M"

Aramid 0.63 0.28 0.55

"Fenilon VPU-150"

* ey = CSZOO /CSOO ’ CSZOO = CSOO - CSIOO .
mol percent of NHCO groups.

Table 2
Comparison of kinetic constants of adsorption (kl*)
and of water permeation (ky,)

Membrane k103 s ky 103 7D

Polysulfone 0.75 0.81

Polysulfoneamide 0.97 0.95
(34% NHCO)

Aramid "Fenilon" 1.1 1.3

is likely due to interaction between the amid-
containing surface and protein globules of
egg albumin (EA).

In Fig. 2, the semilog transformations of
above kinetic curves for the same membranes
are presented. The achievement of limiting
concentration Cs;% is described by the kinetic
equation

Cq = €% 01 - exp(-kj 0] (10)

which is the approximate solution of the set of
Egs. 6-9 in the kinetic range and at the
condition that the bulk concentration C,? is so
high that kq; CVO >> kl* and ki, CVO >> kia.
Calculations of effective constant k of
irreversible adsorption are placed in Table 2.
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Fig. 3.  Deterioration of water fluxes: 1 = Aramid,
2=PSA, 3=PS.

In Fig. 3, the dependence of water fluxes
on time is presented in semilog coordinates.
Construction of kinetic curves in In [(J, Y —
J&09)/7,090] vs. t coordinates gives the
possibility to present the deterioration of
water flux as

o= (0 - 100 ket 4 00 (11

where k,, is the effective constant of the
deterioration of water flux.

It is worth noting that the adsorption
constants and k,, have about the same values.
This equality shows that the reason of water
transport deterioration is irreversible ad-
sorption of protein (EA) under UF circum-
stances.

The comparison of ratio reversibility and
relation (J,,0 - J,90)/J,,90 is shown in Fig. 4.
The linear correlation can be explained by the
dual-mode mechanism of adsorption. The
difference between initial and steady-state
fluxes (Jy° - J,%9) occurs mainly in accor-
dance with protein layer formation, initiated
by the reversible population of protein
molecules. These results, as well as kinetic
data (Figs. 1 and 3) testify interrelation
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Fig. 4. Correlation between ultrafiltration water flux and
protein ratio of reversibility.

between adsorption parameters and mech-
anism of UF rejection.

5. Conclusions

The development of the transport model of
multistage adsorption of proteins (egg or
albumines) on surfaces of UF polymer
membranes (polysulfone, polyamidesulfone
and aromatic polyamide) has been advanced.

Experiments were performed to study the
kinetic mechanism of formation of protein
layers reversibly and irreversibly adsorbed on
surfaces. Registration of kinetic and structure
characteristics were carried out using special
plane-flow cell and FTIR ATR technique. All
experiments showed existence of two-mode
adsorption of albumin, namely reversible and
irreversible surface layers.

The second purpose of this study was to
determine the influence of adsorbed layers on
the value of water fluxes occurred under UF
conditions. For the separation of protein
solutions by UF membranes, kinetic constants
of irreversible adsorption correlate with
effective constants of water deterioration
fluxes.
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As quantitative criterion of protein ad-
sorption was proposed the ratio of re-
versibility determining a relative surface
concentration of tightly immobilized macro-
molecules of protein. The ratio reversibility
depends on the chemical structure of
membranes. In sequence: polysulfone <
polysulfoneamide (33% amide groups) <
polysulfoneamide (47% amide groups) <
aromatic polyamide.

Comparison of the ratio reversibility and
the relation between initial and steady-state
fluxes shows a satisfactory correlation.

6. List of symbols

C, total surface concentration of protein,
g/cm?
Cs1  protein concentration of irreversible
adsorption layer
Cy, protein concentration of reversible
adsorption layer
Cy® limiting surface concentration for Cg;
constant volume concentration of
protein, g/cm3
J.¥  volume flux of water, sm3/cm?s
1.0, 1, initial and limiting fluxes of water,
g/cm?s
Jp  reverse diffusion flux of protein, g/cm?s
J;  permeate flux, g/cm2s
Jc  protein flux to polymer surface, g/cm?s
k,, effective constant of water flux de-
terioration, s-!
ki1, ko constants of irreversible adsorption
and desorption, respectively, s~! and
cm’/gs
ki* constant of change conformation for
proteins, s

ko1, k2 constants of reversible adsorption
and desorption, respectively, s~! and
cm?/gs

Ap difference of applied pressure, Pa

Rg,Rm  hydrodynamic resistances for gel
layer and membrane, respectively,
Pa s/cm

t time, s

An  osmotic pressure, Pa
c dimensionless reflection coefficient

PAN polyacrylonitrile [21]

PS

polysulfone

PSA polysulfoneamide

References

(1]
(2]
(3]
(4]
(5]
(6]
(7]
(8]

(9

[10]
[11]

[12]
[13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

B.K. Leung and G. Robinson, J. Membr. Sci. 52
(1990) 1-18.

A.N. Cherkasov, J. Membr. Sci. 50 (1990) 109-
130.

W.M. Clark, A. Bansal, M. Sontakke, and Y.H.
Ma, J. Membr. Sci. 55 (1991) 79-98.

H.D.V. Roesink, M.A M. Beerlage, W. Potman,
Th. van den Boomgaard, M.H.V. Mulder, and C.A.
Smolders, Coll. and Surf. 55 (1991) 231-243.

E. Matthiasson, J. Membr. Sci. 16 (1983) 23.
A.G. Fane, C.J. Fell, and A. Suzuki, J. Membr.
Sci. 16 (1983) 185.

B.C. Robertson and A.L. Zydney, J. Coll. Interf.
Sci. 134 (1990) 563.

J.H. Hanemaaijer, T. Robertson, Th. van den
Boomgaard, and J.W. Gunnink, J. Membr. Sci. 40
(1989) 199.

P. Aimar, S.Baklout, and V. Sanchez, J. Membr.
Sci. 29 (1986) 207.

L.J. Zeman, J. Membr. Sci. 15 (1983) 213.

A.G. Fane, C.J. Fell, and A.G. Waters, J. Membr.
Sci. 16 (1983) 211.

S. Nakao and S. Kimura, AIChE J. 25 (1979) 615.
A.G. Bozzano and C.E. Glatz, J. Membr. Sci. 55
(1991) 181.

A.L. Iordanskii, T.E. Rudakova, and G.E. Zaikov,
Interaction of Polymers with Chemically and
Biologically Active Media, VSP Press, Utrecht,
Tokyo, 1994, 351p.

A.L. Tordanskii, A.Ya. Polishchuk, and G.E.
Zaikov, J. Macromol. Sci. Rev. 23C (1983) 33—
60.

G.E. Zaikov, A.L. lordanskii, and V.S. Markin,
Diffusion of Electrolytes in Polymers, VSP Press,
Utrecht, Tokyo, 1987, Chapter 8.

K.K. Myong, J.J. Pellegrino, R. Nassimbene, and
P. Marko, J. Membr. Sci. 76 (1993) 101-120.
L.A. Zimina, A.L. Iordanskii, A.Ya. Polishchuk et
al. Vysokomol. soedin. (in Russian), 22 (1980)
2143-2148.

A.L. Iordanskii, B.P. Ulanov, L.A. Zimina, and
G.E. Zaikov, Reports of the Academy of Sciences,
Ser. Phys. Chem. 249/2 (1979) 480.

A.L. lordanskii and V.S. Markin, Interaction of
Polymers with Bioactive and Corrosive Media,
VSP Press, Utrecht, Tokyo, 1994.

A.L. lordanskii, L.P. Razumovskii, N.A.
Tarasova, T.V. Ivanova, and B.V. Shcherbina,
Vysokomol. soedin. (in Russian) 34A/9 (1992)
148.



