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Purpose: The R version of the Kedem—Katchalsky—Peusner (KKP) network equations is one of the basic research tools for mem-
brane transport. For binary solutions of non-electrolytes containing a solvent and one solute, these equations include the Peusner resis-
tance coefficients. The aim of the study was to assess the transport properties of biomembranes on the basis of the concentration charac-
teristics of the coefficients: resistance, coupling, energy conversion efficiency and degraded and free energy fluxes. Methods: The subject
of the study were polymer biomembranes used as a membrane dressing (Bioprocess) and used in hemodialysis (Nephrophan, Ultra-flo)
with the coefficients of hydraulic permeability (L,), reflection (o) and diffusion permeability (@) for aqueous glucose solutions. The
research method was the R version of the KKP network equations for binary solutions of non-electrolytes. Results: We developed
a procedure for evaluation the transport properties of membranes. This procedure requires the calculation of the dependence of the fol-
lowing coefficients: Peusner resistance, Kedem—Caplan—Peusner coupling, Caplan—Peusner energy conversion efficiency, Peusner cou-
pling, and the dissipated energy and free energy fluxes on the mean glucose concentration. Results show that the values of the Peusner
resistance coefficients, the Kedem—Caplan—Peusner coupling, the Caplan—Peusner energy conversion efficiency, and the Peusner cou-
pling depend on the mutual relationship between the coefficients L,, o, @ and C. In turn, the value of the dissipated energy and free
energy fluxes it is also determined by the values of the volume and diffusion fluxes. Conclusions: The presented procedure for evaluation
transport properties of membranes can be helpful in explaining the mechanisms of membrane transport and conducting energy analyzes
of membrane processes. Therefore, this procedure can be used for selection of a suitable membrane for practical (eg., industrial or medi-
cal) applications.
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ity [12], [6], [9], [16]. One of the most important is
the Kedem—Katchalsky—Peusner model equations [16],
[2], [20], [21], [3]. The classic Kedem—Katchalsky model
containing transport equations introduces transport

1. Introduction

Many types of synthetic membranes are used in

modern therapy and medical diagnostics and act as
a selectively permeable barrier between tissue and
environment (e.g., membrane dressings or hemo-
dializers) or between trapped drug and environment
(controlled release), etc. [1], [7], [18], [24], [26]. The
models of membrane transport developed within On-
sager linear non-equilibrium thermodynamics (LNET)
and Peusner network thermodynamics (Peusner NT)
are convenient tools for studying membrane selectiv-

coefficients in the character of fitted parameters to the
description of membrane transport [8]. For non-
electrolyte solutions, these are the coefficients of:
hydraulic permeability (Z,), reflection (o) and solute
permeability ().

The fundamental quantity in Onsager thermody-
namics is the dissipation function (@), which is de-
scribed by the expression @= T(d;S/dt) (where T is the
absolute temperature and d;S/dt — the production of
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internal entropy) [6], [8]. For isothermal processes,
@ = ¥ JX. If the forces (X;) and the fluxes (J;) are
related by an equation of the form X; = X;R;J;, the
matrix of coefficients R; (i, j € {1, 2, ..., n}) is sym-
metrical. The degree of coupling r; results from the rela-
tionship between forces and fluxes [9] and for diluted
and homogeneous solutions is determined by the relations
rj = —Rj(RiR;) . Besides, the second law of thermo-
dynamics imposes the condition R;R; > (R;)’, which
means that r; is limited by the relation -1 < r; < +1.
Considering the r; factor, Kedem and Caplan pre-
sented the expression of the maximum energy conver-
sion efficiency (emax) [5]. In turn, Peusner proposed
a coupling parameter called “super Qz” [14], [15].

The idea of network thermodynamics (Peusner
NT) was presented in 1970 by Leonardo Peusner [13].
He obtained network forms of K—K equations by per-
forming symmetrical and/or hybrid transformation of
classical Kedem—Katchalsky equations [15], [16]. For
binary solutions of nonelectrolytes (homogeneous and
non-homogeneous), there are two symmetrical and
two hybrid forms of K—K equations. Symmetrical
forms of these equations contain Peusner matrix coef-
ficients: R; and L; (for homogeneous solutions) and

R; and L (for non-homogeneous solutions), while

hybrid forms include Peusner coefficients: P; and Hj;
(for homogeneous solutions) and B and H; (for

non-homogeneous solutions) (i, j € {1, 2}, z= A, B)
[2], [3], [20], [21]. It should be noted that solutions
which are well stirred mechanically are considered
homogeneous [9]. In turn, nonhomogeneous solutions
are solutions in which concentration polarization oc-
curs, consisting in the formation of concentration
boundary layers (CBLs) on both sides of the mem-
brane separating solutions [2]-[4], [20], [21]. These
layers serve as additional kinetic barriers for rapidly
penetrating substances through membranes in artifi-
cial and biological systems [4], [27]. It should be

noted that the coefficients Ry, Ly R or ij, originate

directly from Onsager thermodynamics, and the coef-

ficients Py, Hy, B and H; are a consequence of the

application of network thermodynamics techniques
[21-{4], [20], [21].

In the present paper, the R form Kedem—Katchal-
sky—Peusner model equations was used to assess the
transport properties of biomembranes. The concentra-
tion characteristics of the Peusner (Ry1, Ri2, Ry1, R2),
coupling (r2, r21), energy conversion efficiency ((e12),,
(e21)r) and Qp energy conversion coefficients were
calculated on the basis of the transport parameters:
hydraulic permeability (Z,), reflection (o) and solute

permeability (w). The values of parameters L,, o and
® were determined in a series of independent experi-
ments for aqueous glucose solutions and membranes
Bioprocess, Nephrophan and Ultra-flo 145 Dialyzer,
according to the procedure described in [9]. In addi-
tion, the concentration characteristics of the dissipa-
tion function (@s)r and the concentration characteris-
tics of the free energy production function ( @)z were
also calculated.

2. Materials and methods

2.1. Mathematical model of transport
in the membrane cell

We considered the single-membrane system pre-
sented in Fig. 1. In this system, the membrane (M) is
located in vertical plane and separates two homogene-
ous solutions with C, and C; concentrations (C, > C))
and hydrostatic pressures P, and P, (P, > P, P, = P, or
P, < P)). This membrane treated as a “black box” type
is isotropic, symmetrical, electroneutral and selective
for solvent and dissolved substance. We decided to
consider only isothermal and stationary processes of
membrane transport, for which the measure is the
volume (J,) and solute (J;) fluxes. The membrane
transport properties are characterized by the coeffi-
cients: hydraulic permeability (L,), reflection (o) and
solute permeability ().

G
P,

d
-

Js C

P,
M

Fig. 1. The single-membrane system: M — membrane,
J,— volume flux, J; — solute flux, C,. and C;— concentrations of solute
separated by membrane, P, and P, — hydrostatic pressures

The volume (J,) and solute (J,) fluxes can be ex-
pressed using the classic Kedem—Katchalsky equa-
tions [9]

J,=L,AP-L oA (1)

J,=oAr+C(1-0)J,> (2)
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where: J, — volume flux, J; — solute flux, AP =P, — P,
— difference of hydrostatic pressure, Az = RT(C,— C))
— difference of osmotic pressure, RT — product of
gas constant and absolute temperature, L, — hydrau-
lic permeability coefficient, o — reflection coef-
ficient, @ — solute permeability coefficient, C =
(C, — C)[In(C,/C)]"" — average solute concentration.

Relatively simple algebraic transformations allow
to write Eqgs. (1) and (2) in the following form

w+L C(1-0)* -
AP— Az = OB CL )Jv—l %7 ()
Lpa) @
ar_ 1o, 1 )
C 10} Cw

The above equations are called transformed
Kedem—Katchalsky equations or the R version of
Kedem—Katchalsky—Peusner equations [4], [14], [15],
[21].

Equations (3) and (4) presented in matrix form
contain Peusner coefficients R;; (i,j € {1, 2}) and can
be written in the form

AP—-Arx J
ar :[R]M’ 5)
(_:v s
. a)Jerf(l—O')2 -0
[R]:{ 11 12}: Lpa) @ ) (6)
Ry Ry -0 1
[0} Cw

In addition, the determinant of the matrix [R] is
given by the equation

1

det[R] ==
LCw

Rdet . (7)

The coefficients R; (i,j € {1, 2}) and R, are the R
form of the Peusner coefficients for membrane trans-
port of binary solutions. The coefficients R; can be
used in the calculation of Kedem—Caplan—Peusner
coupling coefficients 7, and 7, Peusner coupling
“super Qr” parameter and Kedem—Caplan—Peusner
[16] coefficient of maximum energy conversion effi-
ciency (emax)r-

2.2. Mathematical model of energy
conversion in the membrane cell

In a system containing a membrane separating so-
lutions of different concentrations, internal energy (U)

is converted into free energy, which can be converted
into useful work and/or into other types of energy ()
and associated energy (7S, T — absolute temperature, S
— entropy) [6], [9]. The rates of change of these vari-
ables are related to each other by the equation

7S _ dF+T(d,;S+deS), ®

dU _dF _dS _dF
dt dr\dt di

— =
dt dt

where d;S/dt — means the rate at which entropy is cre-
ated in the membrane system by irreversible processes
(accumulated entropy flow), while d.S/dt — the rate of
entropy exchange with an environment (entropy flow to
the environment). Assuming that d,S/dt = 0 we get ds/dt
= d,5/dt. Dividing both sides of this equation by the
area A, we get the Eq. (8) in the flux version [6], [9]

D, =D, +Dy, ©)

where @y, = A 'dU/dt — flux of internal energy, @ =
A'dF/dt — flux of free energy, @5 = A 'd;S/dt bound
energy flux (function of energy dissipation per unit
area). @s can be calculated using the equation [9],
(23], [25]

®, =J,(AP—Am)+J, % .

(10)

After considering Egs. (3) and (4) in Eq. (10), we
obtain the R version of the dissipation function (@)
for a single-membrane system

(Ds)r :Rn-]vz +(Ryy + Ry, J +R22J.s-2- (1)

In this expression, (@s)g is the R form of the flux
of dissipated energy, i.e., the temporal change in en-
ergy per unit of membrane surface expressed in J/m’s
or W/m®. We can calculate the free energy flux, (@p)x,
using the expression below

@ (@)
(P (Pp)p + (D) ,

where (enax)r 18 the coefficient of maximum energy
conversion efficiency. As suggested by Kedem and
Caplan [10] and Peusner [16], the coefficient (eyax):
can be represented by the expression

(Cmax), (12)

2
R21

R“RZ{H /I_MJ
R11R22

2
= Ry =(e,..),-

2
R”RZ{H /1_%]
R11R22

(€), =

2 = (612)r

(13)
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The values of the coefficients (enax)- are limited by
the relation 0 < (eya), < +1. Transforming Eq. (12) we
can get

(emax )r
1- (emax)r

From the above equation, we can calculate the
amount of free energy in that system.

(¢F)R = (@S)R . (14)

2.3. Method for measuring
the volume and solute fluxes
and transport parameters

Measurement system for evaluation of membrane
transport, was described in the previous paper [22]. It
consisted of two Plexiglas vessels (7, /) with a capac-
ity of ¥V, = 200 cm’, separated by a membrane (M)
with an area of 3.36 cm”. The vessel » was filled with
aqueous glucose solution with concentration C,, and
the vessel / with concentration C;. A calibrated pipette
was attached to vessel » to measure the volume in-
crease (AV) in this vessel caused by volume flow
through membrane. The vessel / was equipped with
a solution reservoir (N) with a concentration C,, the
position of which could be moved vertically, rela-
tively to the pipette along the millimetre scale. The
solutions were stirred using mechanical stirrers in-
stalled in vessels » and /. Volume (J,) and solute (Jy)
fluxes were calculated on the basis of formulas J, =
AVIA-At and J; = dC-V_/A-At, where A — total mem-
brane surface area, AV — increase of volume during
time At, dC — the change of concentration in meas-
urement vessel, V, — volume of measurement vessel.
The change of concentration (dC) was determined
using optical method [8], for isothermal conditions
(T = 295 K) for membranes: Bioprocess (index B),

(@

Nephrophan (index N) and Ultra-flo 145 Dialyzer
(index U). The transport properties of these biomem-
branes were determined by the: hydraulic permeability
(Lp), diffusion permeability (w) and reflection (o)
coefficients. These coefficients were calculated based
on definitions that result from Egs. (1) and (2): L, =
(J/AP )A/FO,C,/CFIa o= (AP, /A”)JV:O and @ = (JS/A”)JV:O
[8]. Each experiment was repeated three times. The
results summarized in Table 1 and in Fig. 3.

2.4. Biomembranes characteristics

In Figure 2, images of Bioprocess, Nephrophan
and Ultra-flo 145 Dialyzer membranes obtained with
a scanning electron microscope (Zeiss Supra 35) are
shown. The image shown in Fig. 2a shows the micro-
fiber structure of the Bioprocess membrane, Fig. 2b
shows the image of the solid structure of the Nephro-
phan membrane and in Fig. 2c shows the microfiber
structure of the Ultra-flo 145 Dialyzer membrane.

Bacterial cellulose membranes (Bioprocess”, Bio-
fill, Productos Biotechnologicos, SA, Curitiba, Bra-
sile) are produced in flat sheets and their membrane
structure is formed by microcellulose fibers produced
by Acetobacter Xylinum. In Figure 2a, it can be seen
that the membrane structure is in the form of a net-
work of braided microfibrils consisting of cellulose
fibers with a cross-section of 0.1-0.2 um and a length of
several micrometers. Such a network of braided fibers
gives the membrane high elasticity and tear resistance.
The Bioprocess membrane has a layered structure, with
each layer consisting of braided cellulose fibers [8], [19].

Nephrophan® (Orwo VEB Filmfabrik, Wolfen,
Germany) biomembrane, is a microporous, highly
hydrophylic and electroneutral membrane made of
regenerated cellulose [11]. The structure of this mem-
brane is compact. This membrane is used in urology

Fig. 2. Images of membranes surfaces obtained from scanning electron microscope: (a) cross-section of the Bioprocess membrane
(magnification 10 000 times) [8], (b) surface and cross-section of the Nephrophane membrane (magnification 15 000 times) [22],
(c) cross-section of the Ultra-flo 145 Dialyser membrane (magnification 10 500 times)
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in ganglion hemodialysers, due to their high-pressure
strength, and in ophthalmology and laryngology — for
controlled release of drugs [17].

Ultra-flo 145 Dialyzer® (Artificial Organs Division,
Travenol Laboratories, Brussels, Belgium) (with regen-
erated cellulose membrane) is a ultrafiltration, micro-
porous, hydrophylic and electroneutral biomembrane
used in urology [18].

3. Results

3.1. Determination of membrane
transport parameters

The values of L,, @ and o coefficients for biomem-
branes Bioprocess (index B), Nephrophan (index N)
and Ultra-flo 145 Dialyzer (index U) and aqueous
glucose solutions, determined in a series of independ-
ent experiments carried out according to the procedure
described in paper [8], are summarized in Table 1.

Table 1. Values of biomembrane transport parameters
for glucose

Membrane transport Membrane
parameters Bioprocess | Nephrophan | Ultra-flo 145
L, [m’N's'](x10"%) | 36.2+2.1 | 5.0+0.1 1.3+0.1
o (x10%) 0.84+0.02| 6802 15+1.2
®[moIN's 1] (x10"%) | 64.1+£3.1 | 8.0+0.5 4.0+£0.1

It was found that the values of L,, o and @ for
these membranes are independent of (C). For tested

94

(1) Bioprocess®
(2) Nephrophan®
(3) Ultra-flo 145 Dialyzer®

°msT]

v

J x 10
w
1

@) C [mol m?]

membranes, the dependencies can be written as L,z >
L,n> L,y, o <oy <oyand wp < wy> oy when com-
paring the values of the L, and o coefficients. The
transport parameters listed in Table 1 were used to

calculate the Peusner coefficients R, = f{C) (Fig. 4a),
R, = Ry = f(C) (Fig. 4b), Ry, = f(C) (Fig. 4c) and
Riu=f(C) (Fig. 4d).

3.2. Concentration dependencies
of J, and J;

The dependencies J, = f(C) and J; = f(C) are
shown in Figs. 3a and 3b for Bioprocess (B), Nephro-
phan (N) and Ultra-flo 145 Dialyzer membranes (U).
The relation J, = f(C) presented in Fig. 3a shows that

for the same values of (5 ) the relation J,y > Jp > Ju
is satisfied. While the relation J, = f(C) presented in
Fig. 3b shows that for the same values of (C) the re-
lation J > Jov > J,p 1S satisfied.

3.3. Concentration dependence
of coefficients R; and R,

The values Ri1, Ri» = Ry1, Ry and R, were calcu-
lated using Eqgs. (6) and (7). In Figure 4a, shows the
linear dependence of Ry, = fC for Bioprocess
(graphs 1), Nephrophan (graphs 2) and Ultra-flo 145
Dialyzer (graphs 3) biomembranes is shown. In the
tested range of C , the value of the coefficient (R;)z
increases linearly from 2.77 x 10" Ns-m” to 3.09

16

(1) Bioprocess®
2) Nephrophan®

124 (3) Ultra-flo 145 Dialyzer®

* [mol m'zs'1]
[o0]
1

IS
1

J. x 10

T
12 15 18 21
C [mol m?|

(b)

Fig. 3. Graphic illustration of dependencies J, = (C) (a) and J, =1 (C) (b)

for membranes Bioprocess, Nephrophan and Ultra-flo 145 Dialyzer for aqueous glucose solutions
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x 10'° Ns-m’3, of the coefficient (R;;)y increases linearly
from 20.07 x 10'° Ns:-m > to 22.34 x 10" Ns-m™ and of
the coefficient (R;;)y increases linearly from 77.02
x 10" Ns:m™ to 80.82 x 10" Ns-m . This means that
for the same values of C the relation (Ry;)z < (Ri1)y
< (Ryy)y is satisfied. From the above, it follows that
the coefficient R;; act as the hydraulic resistance coef-
ficient.

From Figure 4b it follows that R, = R,; are inde-
pendent of C and negative. For the tested membranes,
the values of these coefficients are: (Rj; = Ry1)p =—1.55
x 10® Ns-mol’l, (R =Ry)ny=-0.12 x 10" -Ns mol ! and
(Ri2 = Ry))y =-0.21 x10'" Ns-mol . Moreover, for the
same values of C the relation (Rix=Ry)z> (Ri2 = Ry))y
> (Ryy = Ry))y 1s satisfied. It follows that the coefficients
Ry, and R, act as the diffusion resistance coefficient.

Figure 4c shows that the curves 1 (for Bioprocess),
2 (for Nephrophan) and 3 (for Ultra-flo 145 Dialyzer)
illustrating the dependencies R,, = f C are hyperbolas.
In the examined range of C, the value of the coeffi-

@)
724
60
g (1) Bioprocess®
o 48 (2) Nephrophan®
z (3) Ultra-flo 145 Dialyzer®
o 36-
x
m\: 24 - (2)
121
(1
0 T T T T T T T T T 1
0 3 6 9 12 15 18 21
@) C[mol m?]
0,4
(3) o
(1) Bioprocess
. 03- (2) Nephrophan®
‘% (3) Ultra-flo 145 Dialyzer®
IS
(2]
mZ 0,24
E @)
°
X, 014
o
Q)]
0,04
T T T T T T T T T T 1
0 3 6 9 12 15 18 21
© C [mol m?]

cients: (Ry)p decrease nonlinearly from 2.25 x 10
m>Ns-mol 2 to 0.07 x 10° m3Ns-m01_2, (R»,)y increases
linearly from 18.0 x 10° m*Ns-mol? to 0.6 x 10°
m’Ns-mol 2, (R,)y decrease nonlinearly from 36.01
x 10® m*Ns-mol ™ to 1.15 x 10®* m*Ns-mol ™.

This means that for the same values of C the rela-
tion (Rx)p < (Ryn)n < (Rx)y is satisfied. Similarly, it
is shown in Fig. 4d that the curves 1 (for Bioprocess),
2 (for Nephrophan) and 3 (for Ultra-flo 145 Dialyzer)
illustrating the dependence Ry, = f C are hyperbo-
las. In the tested range of C, the value of the coef-
ficient (Ry.)p decreased nonlinearly from 0.062 x
10* N%s%mol 2 to 0.002 x 10*° N? s*>mol >, of the
coefficient (R,.;)y decrease nonlinearly from 3.61 x
10*° N%s®>mol %to 0.12 x 10*° N*s*>:mol %and of the
coefficient (Ry)y increases linearly from 27.7 x
10 N%*mol™ to 0.89 x 10*° N’s>mol™. The
course of these curves shows that for the same val-
ues of C the relation (Ruet)s < (Raet)n < (Ryer)u 18
satisfied.

0,004
(1)
E -0,06 (1) Bioprocess®
®» (2) Nephrophan®
Z (3) Ultra-flo 145 Dialyzer®
e @)
2 012
x
mﬁ
1
o 0,18
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0,24 : . . . : : ,
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1
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Fig. 4. Graphic illustration of dependences: Ry; =f(C) (a), Ri2 =Ry =f(C) (b), Ryx =1 (C) (c) and Ry, =1 (C) (d)

suitably for Bioprocess (graphs 1), Nephrophan (graphs 2) and Ultra-flo 145 Dialyzer (graphs 3) biomembranes
for aqueous glucose solutions
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4. Discussion

4.1. Concentration dependence
of r;;, Or and (e;), coefficients

Using the R; (i, j € {1, 2} coefficients, it is possi-
ble to present the expression for the r, and r,; coeffi-
cients, using the definition proposed by Kedem and
Caplan [10] and Peusner [16]. This expression takes
the form

R __ Ry )
\/Rl 1Ry \/Rl 1R

The value of the coefficients 7, = r,; = r is limited
by the relation —1 < <+1. When r = %1, the system is
fully coupled, the processes become a single process.
When r = 0, the two processes are completely un-
conjugated, and no energy conversion interactions
occur.

Peusner proposed a Qr coupling parameter called

“super Qg [16]

O =

(15)

==~

2 | R12R21 |

_ Nl
4Ry Ryy = 2Ry Ry,

(16)

2—nyry

The values of the coefficients Oy is limited by the
relation 0 < Qg < +1. In turn, using Eq. (15), Eq. (13)
can be written as

”21
(ey), =
(I+41- ’”12”21)
= (eIZ)r rl2 max re
(I+41- ”12”21)

(17

04
(1) Bioprocess®
(2) Nephrophan®
03 (3) Ultra-flo 145 Dialyzer®
0,24
1
&
0,1
0,0 T T T T T T T T T T T T T 1
0 3 6 97 12 . 15 18 21
(a) C [mol m™]

Taking the calculation results presented in Fig. 4a,
4b and 4c¢ in Egs. (15), (16) and (17), into account, it is
possible to calculate Kedem—Caplan—Peusner coupling
coefficients 7, and 7,;, Peusner coupling “super QOr”
parameter and Kedem—Caplan—Peusner [16] coeffi-
cients of energy conversion efficiency (ej»), and
(e21)r

The dependencies 71, = £(C), Or =f(C) and (e1y),
= f(C) for membranes Bioprocess (B), Nephrophan
(N) and Ultra-flo 145 Dialyzer (U). These dependen-
cies are presented in Figs. 5 and 6. In Figure 4a, it is
shown that, together with the curves illustrating the
dependencies 7, = f{C), we can observe saturated
curves. In Fig. 4a, it is shown that for the range 0.7 mol
m> < C < 20.8 mol m" and Bioprocess membrane,
the Kedem—Caplan—Peusner equation is as follows:
0.06 < (r12)s < 0.33. For Nephrophan and Ultra-flo
145 Dialyzer membranes, this equation can be written
as 0.06 < (r2)nv < 0.32, respectively. Thus, for the
studied membranes, the transport processes are par-
tially coupled. This coupling increases with the in-
crease of C, and causes energy conversion interac-
tions.

When the value of C increases, the values of the
coefficients (71,)z = (r12)y for the Bioprocess, Nephro-
phan membranes and (r,)y for Ultra-flo 145 Dialyzer
membranes tend asymptotically towards the fixed
value. For the investigated concentration range, the
conditions (712)z = (r12)y = 0.35 and (r12)y — 0.25 are
fulfilled. This means that the solvent and solute trans-
port processes are coupled in varying degrees. The
strongest coupling occurs for the Bioprocess and
Nephrophan membranes, and the weakest — for the
Ultra-flo 145 Dialyzer. Using the coefficients 7, and 7,
we can calculate the coefficients Oz, (e1n), and (es),.

0,06

(1) Bioprocess®
(2) Nephrophan®
(3) Ultra-flo 145 Dialyzer®

0,04

0,02

0,00

b) C[mol m™]

Fig. 5. Graphic illustration of dependencies: 71, = r2; = f(C) (a) and Qg =f'(C) (b) suitably for membranes:

Bioprocess (graphs 1), Nephrophan (graphs 2) and Ultra-flo 145 Dialyzer (graphs 3) for aqueous glucose solutions
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The first is a measure of the degree of coupling and
the second is the energy conversion efficiency.

In Figure 5b, it is shown that, with the increase of
value C, the value of O linearly increases. In Fig-
ure 5b, it is shown that for average concentrations of
glucose solutions (C) in the range 0.7 molm> < C
< 20.8 mol-m™ for the Bioprocess membrane, the
Peusner equation is as follows 0.002 < (Qz)s < 0.06.
For Nephrophan and Ultra-flo 145 Dialyzer mem-
branes, these equations can be written as 0.002 <
(Or)y = 0.05 and 0.0001 < (Og)y < 0.025, respectively.
For the same values of C, the following condition
(Or)s = (Or)v > (Or)u 1s satisfied.

0,03

(1) Bioprocess®
2) Nephrophan®
(3) Ultra-flo 145 Dialyzer®

0,02

(621 )I

(e12)r

0,01
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0 3 6 9 12 15 18 21
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Fig. 6. Graphic illustration of dependencies: (e1,), = (€21), =1 (C)

for membranes: Bioprocess (graph 1), Nephrophan (graph 2)
and Ultra-flo 145 Dialyzer (graph 3) for aqueous glucose solutions

In Figures 5a, 5b and 6, it is shown that for Bio-
process and Nephrophan membranes, although L,z >
L,y, o < oy, wp > wy for the same values of C , the
relations (r12)s = (r12)v, (Or)s = (Or)y and (e12)rs =
(e12)n- Taking Eqgs. (8), (9) or (11) into account, it can
take the following form:

LpB(l_GB)sz =LpN(1_<7N)2wB : (18)

From Figure 6, it can be seen that that with the in-
crease of value C, the values of the coefficient (e;,),
and (ey)), linearly increase. In Figure 6, it is shown
that for the range 0.7 mol-m < C < 20.8 mol-m for
the Bioprocess membrane, the Peusner equation is as
follows 0.001 < (ep),s < 0.028. While, for Nephro-
phan and Ultra-flo 145 Dialyzer membranes, these
equations can be written as 001 < (e;;),w < 0.027 and
0.0004 < (ep)v < 0.012, respectively. All tested
membranes, (due to the low value of the coefficient

(e1n),) are characterized by low energy conversion
efficiency. For the same values of C, the condition
(e12)rs = (e12)mv > (e1n)yv is fulfilled. The results pre-
sented in Fig. 6 show that the Bioprocess and Nephro-
phan membranes are the most effective energy con-
verters.

Using Eq. (6), Egs. (15)+(17) can be written in
following forms

| L,a-0)C
”12—”21—\/0)+LP(1_O_)26’ (19)
(1-0)*C
Op=5 0", (20)
! 2—“’(1—0)26
Lp
L (1-0)'C
(ey), =(ey), = p( il 2
_ 20,
-0,
(1+QR)[1+ 1+QRJ
(21)

The above equations allow us to calculate the co-
efficients 715, 721, O, (€21), and (ey), based on the
experimentally determined parameters of L, o and .

4.2. Concentration dependence
of fluxes (@Ds); and (Pp)y

In order to calculate the dependence (@s)z = f(C)
let us consider the Eq. (11) of the dependence R, =
f(C), Riz = Ry = f(C), Ry, = f(C) shown in Figs.
3a-3c¢ and the dependencies J, = f(C) and J, = £ (C)

shown in Figs. 3a and 3b for Bioprocess (B), Nephro-
phan (N) and Ultra-flo 145 Dialyzer membranes (U).
Taking the results of investigations presented in Figs.
4a—4c, 3a and 3b in Eq. (11) into account, the follow-

ing dependencies were obtained (@); = f(C)and
presented in Fig. 7a. This figure shows that for the
same values of C the relation (D)rg > (Ds)ry >

(Ds)ry is satisfied. During the calculations of (@s)x on
the basis of Eq. (11), we noticed that the components

R,JZ, (Riy + Ry)J.J, and R,,J? give a different
contribution to the global value of (@)z. It was found
that for the same test values C the share of individual
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Fig. 7. Graphic illustration of dependencies (@) = f (C) (a) and (@r)r = f (C) (7b)

for membranes Bioprocess, Nephrophan and Ultra-flo 145 Dialyzer for aqueous glucose solutions

components of Eq. (11) satisfies the relation R,,J. >
(Riz+ R Jy> R J..

Based on results of the research presented in Figs.

6 and 7a and using the Eq. (14), dependencies (@r)z =
f(C) were calculated. The results of these calculations

are shown in Fig. 7b. This figure shows that for the
same values of C, the relation (De)rg > (Dr)ry >
(Dr)ry 1s satisfied. Comparing the graphs with the
same numbers, it follows that (@D)gs > (Dr)rs, (Ds)ry >
(Dr)ry and (Dg)ry > (Dp)ry- In systems containing test
membranes separating glucose solutions of different
concentrations only a small amount of free energy, i.e.,
useful energy (less than 3%), can be converted into work
(Figs. 7a, b). The rest (97%) is degraded energy.

1.

5. Conclusions

The values of the L,, @ and o coefficients for Bio-
process, Nephrophan and Ultra-flo 145 Dialyzer
membranes do not depend on glucose concentra-
tions.

The glucose concentration characteristics of the Ry,
Peusner coefficients for the Bioprocess, Nephro-
phan and Ultra-flo 145 Dialyzer membranes are
linear. The glucose concentration characteristics of
the Ry and Ry coefficients for the same mem-
branes are non-linear. In turn, in the same concen-
tration range of glucose solutions, the coefficients
Ly, = Ly, for the same membranes are not-depend
on glucose concentration (C).

The coefficients of coupling 7, = r,; as functions
of glucose concentration (C) for Bioprocess, Nephro-

phan and Ultra-flo 145 Dialyzer membranes have

approximately saturation type. The glucose con-
centration characteristics of the (e12), = (e»1), and
Or Peusner coefficients for this membranes are
linear. The highest values of these coefficients were
obtained for the Bioprocess and Nephrophan mem-
brane and the lowest — for the Ultra-flo 145 Dia-
lyzer membrane. Moreover, the processes taking
place in the system containing this membrane are
weakly coupled and there are weak energy conver-
sion interactions.

For the tested membranes, the calculated value of
free energy production (@r)z is many times smaller
than the value of the energy dissipation function (@s)x
and, e.g., for C = 20.8 mol-m” (@), is almost
40 times smaller than (D).

The R form of the Kedem—Katchalsky—Peusner
model equations, by introducing the Peusner coef-
ficients, enables energy analysis of membrane pro-
cesses and is a useful tool for studying the trans-
port properties of biomembranes.
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