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Introduction. The experimental examination of hypothesis
about linear dependence of concentration polarization resistance
from pressure was carried out and the influence of
hydrodynamic condition on this resistance is determined.

Materials and methods. The research was carried out with
using of commercially available membrane modules TFC-75
type. The measurements of productivity were carried out with
using of deionized water (total dissolved solids 5-15 mg/dm?)
and also NaCl solutions. The volumetric technique was used for
flux measurements. The concentration was measured by
conductometric technique.

Results and discussion. The membrane resistance during
reverse osmosis of deionized water did not change with applied
pressure in experimental conditions and was equal
R,=7,549-10" m™",

The concentration polarization layer resistance (Rcp)
increased from 0.65-1.29-10" m™! to 1.46-1.83-10"* m™! with
applied pressure increasing from 0.2 MPa to 0.6 MPa and from
0.65-1.46 m"! to 1.29-1.83-10"> m! with increasing of feed
concentration from 100 mg/dm? to 600 mg/dm?. This increasing
of R, value with pressure was linear which is in agreement with
previously reported data for the ultrafiltration process.
Moreover, in considered range of applied pressure, the
exponential dependence of index of concentration polarization
from applied pressure could be approximated by a linear
equation with correlation coefficient 0.93. Therefore,
assumption about linear dependence of concentration
polarization layer resistance from pressure is reasonable and
could be extended to reverse osmosis process for mentioned
above conditions.

The increasing of concentration polarization layer resistance
with increasing of applied pressure is determinated by higher
values of transmembrane fluxes and lower values of mass
transfer coefficient at higher values of applied pressure in the
considered system. These results are in agreement with film
theory of concentration polarization.

Conclusions. The exanimated hypothesis is validated for
reverse osmosis in considered range of applied pressure. The
correlation between concentration polarization layer resistance
and index of concentration polarization was defined.
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Introduction

The concentration polarization phenomenon and the scaling formation on membrane
surface are the main problems in using of pressure-driven membrane processes in the food
industry. In particular, during drinking water production with using of microfiltration and
ultrafiltration the water flux decrease almost twice (from 102 dm’/h until 50 dm’/h) due to
those effects [1], moreover, flux drop is observed also in case of membranes with antifouling
modification [2] and membrane systems with pretreatment [3]. During pomegranate juice
ultrafiltration the resistance of cake layer was 35.6-56.9% of the total resistance of mass
transfer across the membrane which causes the dramatic drop of permeate flux [3], similar
results was obtained for ultrafiltration of bergamot and kiwifruit juices [5]. During
nanofiltration and reverse osmosis of milk whey, the rapid flux drop due to adsorption fouling
and following flux decreasing due to concentration polarization and cake layer formation was
observed [6]. In case of milk whey ultrafiltration flux drop for 67.5% because of those
phenomena was observed over 20 hours of work [7] and during skimmed milk microfiltration
the cake layer resistance was two times higher than membrane resistance [8]. Significant
decreasing of permeate flux was also defined for microfiltration such products as corn
distillery [9], beer [10] and wine [11].

The comprehensive review of mentioned phenomena was carried out by Shirazi and al.
[12]. In particular, in that work, it was pointed out that decreasing in permeate flux is
determinated by series resistances of mass transfer across the membrane which include
membrane resistance, concertation polarization resistance, cake later resistance and pore
blocking resistance. However, pore blocking resistance is not significant for most of the
pressure-driven membrane process therefore in others works, for example, Luo and al [13]
for investigation of nanofiltration processes and Macedo and al. [14] for analysis of
ultrafiltrations, only the first three resistances were taken into account.

The methods for determination of membrane resistance and cake layer resistance are
represented in works [12—14], moreover, Sioutopoulos and Karabelas [15] have determinated
the dependences of fouling layer resistance from working parameters of ultrafiltration
process in particular from applied pressure. But methods for determination of concentration
polarization layer resistance are almost not described in the literature.

In most cases, the researches of concentration polarization have theoretical character and
looked toward for development and assess the adequacy of mathematical models of that
phenomena. For example, Geraldes and Afonso [16] have proposed the model based of
extended Nernst-Planck equation, which allows to predict the parameters of concentration
polarization (index of concentration polarization) for the case of nanofiltration and reverse
osmosis of diluted multicomponent salt solutions. Song and Liu [17] have developed the
model based on general salt balance and shear stress. Cavaco Morao and al. [18] have used
for simulation the method of computational fluid dynamics (CFD). Kim and Hoek [19] have
carried out the comparison of several analytical and numerical models for prediction of
concentration polarization and have defined their satisfied accuracy in the range of operating
parameters change which correspond to the real condition of reverse osmosis process
operation. But in these works, the value of concentration polarization as such are not
considered.

Shirazi and al. [12] have pointed out that for taking into account the concentration
polarization layer resistance it is possible to use of mediate methods as it has been done in
earlier works [20-22], in particular, Song [22] has pointed out, that influence of concentration
polarization could be taken into account by decreasing of driving force. he most
comprehensive study of the problem of concentration polarization layer resistance has been
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carried out by Macedo and al [14]. They declare that under constant solute concentration,
feed flow velocity and temperature, concentration polarization layer resistance depend from
applied pressure, in particular, the assumption about the linear dependence between these
values. But this hypothesis has been verified only for ultrafiltration and for one kind of feed
solution — ovine milk whey. The values of the proportional coefficient in work [14] have been
determinated from experiments and their magnitudes have varied more than three times under
different condition of the ultrafiltration process. Moreover, the physical meaning of the
proportional coefficient has not been disclosed. Therefore, at present time the possibility of
direct taking into account of concentration polarization resistance during calculation of
membrane equipment is overstructured. Simultaneously Macedo and al. [14] have proposed
the technique of data analysis of productivity of pressure-driven membrane processes, which
allows to determinate the fouling layer resistance. In a case of availability of reliable
dependence for concentration polarization layer resistance, this technique would allow to
determinate in working conditions the necessity of regeneration of membranes. For this
reason, the determination of this dependence is a topic of great practical significance.

The purpose of present work is the examination of hypothesis about linear dependence
of concentration polarization layer from applied pressure in case of reverse osmosis of salt
solutions and determination of applied pressure and also hydrodynamic conditions on
concentration polarization resistance value.

Materials and methods

Materials

The experiments were carried out with using of commercially available reverse osmosis
membrane modules Dow Filmtec TW30-1812-50 (made in USA). The deionized water
(reverse osmosis permeate with total dissolved solids (TDS) 5-15 ppm which correspond to
the concentration of Sodium Chloride (NaCl) 5-15 mg/dm?®) and also NaCl solutions were
used as feed solutions. The deionized water was used for measurements of membrane
resistance and salt solution for measurements of concentration polarization layer resistance.
The considered type of membrane modules is designed for tap water advanced treatment [23],
for this reason for determination of concentration polarization layer resistance the solution
which simulated TDS of tap water were used. According to [24] the overall mineralization
in waters of Dnipro and Desna is 268-270 mg/dm?®, and TDS parameter of tap water in
European countries (Spain, Italy, and France) according to [25-26] is in range 70-820 ppm,
in most cases this parameter was in range 100-600 ppm. Therefore, the NaCl solutions with
concentrations of 100, 200, 400 and 600 mg/dm?® were used in experiments.

Description of experimental set-up

The existing experimental set-up (Figure 1) was used for carrying out experimental
research. The set-up provides the measurements of permeate and retentate flow rate by
volumetric technique through the use of tanks 5 and 6 with accuracy of £2 ml and £10 ml
correspondingly (it was carried out the direct measurements of volume and time), and also it
allows to measure the overall mineralization using portable TDS-meter with accuracy of 1
mg/dm?. The applied pressure was measured by manometer 9, the temperature was controlled
by Chromel-Copel thermocouples and software module IndexTem with the accuracy of 0.2
°C (it did not represented on the scheme).
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Figure 1. Scheme of experimental set-up:
1 — feed solution tank, 2 — pump, 3 — membrane unit, 4 — regulation valve,
5 — measuring tank for permeate, 6 — measuring tank for retentate, 7 — permeate collecting
tank, 8 — retentate collecting tank, 9 — manometer.

Procedure of carrying out the experiments and main measurements

The feed solution was pumped with a predetermined pressure by pump 2 from tank 1 to
plug flow membrane unit 3 in which the studied membrane module Dow Filmtec TW30-812-
50 was inserted. During the membrane separation process, the permeate (desalinated
solution) and retentate (concentrated) solution were generated which flowed to measurement
tanks 5 and 6 and gone on to collecting tanks 7 and 8 correspondingly. The applied pressure
was regulated by the needle valve on the retentate line 4 and was controlled by manometer
9. The measurements of permeate and retentate were carried out by volumetric technique,
according to it the volumes of solutions which simultaneously collected in measuring tanks
5 and 7 during the determined time interval (120 s) were determined.

Processing the results of the research

The feed solution flow rate was determ

inated from well-known material balance equations. The mass balance for streams is
following [27]:

L, =L,+L, (1)
where L;is feed solution flow rate, m%/s; L, is permeate flow rate, m%/s; L, is retentate flow
rate m’/s.

The mass balance for the solute is following [27]:
I x,L,+x.L, 5

i @)

A
where x; is solute concentration in feed solution, mg/dm3; x, is solute concentration in
permeate, mg/dm’; x, is solute concentration in retentate, mg/dm?.
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The mean values of determinated from equation (4) and (5) was used for further
calculations. If the difference between that values was more than 5% the results obtained in
such experiment were discarded as mistaken.

The transmembrane flux was determinated from the relationship [28]:

Lp
JZF, 3)

where F is membrane surface area, m?; for the membrane module under consideration F=0.46
m? (directly measured value).
The value of Reynolds number was used for analysis of hydrodynamic conditions in
module [27]:
_wdop @
7]
Since in membrane module the flow rate change with channel length due to penetration
of a part of the feed solution through the membrane in present research the mean value

calculated from the permeate and retentate flow rate was used as a determining velocity, m/s
[27]:

Re

L +L,
w, = , (5)
2-S
where S is membrane channel cross section, m?>. For the membrane module under
consideration S= 3.675-10* m? (directly measured value).
The equivalent diameter was used as determining linear dimension. For spiral wound
membrane modules it can be represented in a form [28]:

d, =20 ,6)
where 0 is spacer net width, m.

Determination of concentration polarization layer resistance

The calculations of resistance were carried out based on transmembrane flux value which
according to [12-14] can be described by equation, m*/(m?-s):

J= Ap —Ax ’ )
w(R,+R,+R,)
where Ap is applied pressure (driving force), Pa; Az is osmotic pressure of feed solution, Pa;
u is coefficient of dynamic viscosity of feed solution, Pa‘s; R,, is membrane resistance, m';
R., is concentration polarization layer resistance, m™'; R,is fouling resistance.

In new membrane modules fouling is absent consequently in this case the value of Ry will
be equal to zero. Moreover, when deionized water is used as testing solution due to absence
(or negligible amount) of solute the solution osmotic pressure At would tend to zero and
concentration polarization phenomena would not appear. Therefore, the membrane resistance
can be defined from relationship [12]:

M ) )
wJ
For thin-film composite membrane the flux drop due to compaction of membrane
structure according to [29] is observed under applied pressures of 0.5—1.45 MPa. Although
in current study in particular cases the applied pressure was in mentioned above range, the
duration of continuous operation was no longer than 180-300 s, therefore it may assume that

m
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impact of compaction to membrane resistance was negligible. When this assumption is
correct the R,, will be constant under any applied pressure [12].

For the case of salt solution separation thorough new membrane, the total membrane
resistance would be the sum of R, and R, values. Whereas the R,, is known, the concentration
polarization resistance could be obtained from measurements results from dependency, found
from the transformations of equations (7) and (8):
_Ap-Arx

uJ

Thus, for the solution with known values of osmotic pressure and dynamic viscosity the
concentration polarization layer resistance could be determinated experimentally. The values
of Am and n depends on sort of substances (chemical composition of solution) and also they
are functions of temperature and pressure. For monocomponent solutions, these values could
be determinated from reference literature [30-31].

- R, . (€

Results and discussion

The total resistance to mass transfer through the membrane was determinated on the
results of the current study in the range of applied pressure of Ap=0.2..0.6 for deionized water
and NaCl solutions with concentration 100, 200, 400 and 600 mg/dm?* (Figure 2). The step
of applied pressure variation was 0.1 MPa. In the case of deionized water, the deviation of
total resistance values was less than 5% from the mean value which does not exceed of
measurement error limit. Thus, the result shown that membrane resistance is constant and
independent from applied pressure and the proposed assumption is confirmed. The mean
value was R,=7.549-10"* m™! and this magnitude was used in further calculations.

- 10,0
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Figure 2. The dependence of total resistance to mass transfer thorough the membrane from
applied pressure:
1 — Deionized water; 2 —NaCl solution, 100 mg/dm?; 3 — NaCl solution, 200 mr/om?;
4 —NaCl solution, 400 mg/dm?; 5 —NaCl solution, 600 mg/dm?
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During NaCl solutions separation using the membranes of consideration the total
resistance increased with increasing of feed concentration, and applied pressure. Since the
new membrane modules were used in experiments and NaCl concentration was lower than
saturation limit on two orders of magnitude [30], the fouling resistance could be considered
as absent, therefore total resistance increasing was determinated by concentration
polarization. The concentration polarization layer resistance calculated using equation (9) is
shown on Figure 3.

Thus, the equation (9) allow to determinate concentration polarization during reverse
osmosis of salt solution. In order to validation of obtained results reliability, it is necessary
to analyze them on the agreement with received theoretical foundations.

The increasing of concentration polarization resistance with feed concentration
increasing is excepted and determinated by increasing in a corresponded number of times of
concentration in boundary layer near membrane which reduce diffusion mass transfer toward
membrane and increase driving for on reverse diffusion flow [12].

The increasing on concentration polarization layer resistance with applied pressure
increasing is in agreement with results obtained in work [14]. In the considered range of
applied pressure, this dependence could be approximated by a linear equation. For validation
of such results on the agreement with existing received theoretical foundations about the
influence of applied pressure on parameters of concentration polarization should be
considered.
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Figure 3. Dependence of concentration polarization layer resistance from applied pressure:
1 — NaCl solution, 100 mg/dm?; 2 — NaCl solution, 200 mg/dm?;
3 — NaCl solution, 400 mg/dm?; 4 — NaCl solution, 600 mg/dm?
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According to film theory of concentration polarization [14, 28] for evaluation of
concentration polarization influence the value of the index of concentration polarization is
used:

c J
f=—=exp| —|, (10)
c, k
where ¢, is solute concentration in boundary layer near membrane surface; ¢ is solute

concentration in bulk of feed solution; & is mass transfer coefficient.
In a case of nonideal selectivity equation (10) should be rewritten in the form [28]:

ol

C,
e —. 11
b ¢—(¢—1)-exp(kj

At that the rejection coefficient (selectivity) is determinated as [28]:

c
g=1-—+, (12)

s
where ¢, is solute concentration in permeate, kg/m?; cris solute concentration in feed solution,

kg/m®.

As mentioned in [12, 28] the index of concentration polarization value and
correspondingly concentration in the boundary layer, increase with transmembrane flux
increasing and mass transfer coefficient decreasing. Increasing of applied pressure
determinate increasing of transmembrane flux (Figure 4) which govern the increasing of the
index of concentration polarization that correlated with increasing of resistance in this layer
(Figure 5).

7

J-108, m3/(m2:s)
o
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Figure 4. Dependence of transmembrane flux from applied pressure:

1 — Deionized water; 2 —NaCl solution, 100 mg/dm?; 3 — NaCl solution, 200 mr/om?;
4 —NaCl solution, 400 mg/dm?; 5 —NaCl solution, 600 mg/dm?
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Figure 5. Dependence of concentration polarization resistance to mass transfer thorough the
membrane from transmembrane flux:
1 — NaCl solution, 100 mg/dm?; 2 — NaCl solution, 200 mg/dm?;
3 — NaCl solution, 400 mg/dm?; 4 — NaCl solution, 600 mg/dm?

It should be noticed that experiments were carried out under an ambient temperature
which varied from 10°C to 17°C. This fact determinated observed deviation from decreasing
of transmembrane flux with feed concentration increasing due to different values of dynamic
viscosity of the solvent.

The mass transfer coefficient value depends on many factors, in particular, from
hydrodynamic conditions in a membrane module and physical properties of a feed solution.
Generally this parameter is calculated using dimensionless equations according to which
increasing of liquid flow velocity (increasing of Reynolds number value) determinate
increasing of mass transfer coefficient [12, 28]. The dependence of Reynolds number from
applied pressure is shown on Figure 6.

In experimental research processing the applied pressure was regulated by variation of
hydrodynamic resistance of retentate flow and under such conditions, higher values of
applied pressure correspond to higher Reynolds number values. Furthermore, concentration
polarization resistance decreases with Reynolds number increasing (Figure 7).
Correspondingly increasing of applied pressure in the involved system lead to decreasing of
mass transfer coefficient decreasing which determinate increasing of the index of
concentration polarization and in this case concentration polarization resistance also should
increase. Therefore, the obtained experimental results are in generally in qualitative
agreement with film theory of concentration polarization.
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Figure 6. Dependance of Reynolds number from applied pressure:
1 — NaCl solution, 100 mg/dm?; 2 — NaCl solution, 200 mg/dm?;
3 — NaCl solution, 400 mg/dm?; 4 — NaCl solution, 600 mg/dm?
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Figure 7. Dependence of concentration polarization layer resistance to mass transfer thorough the
membrane from Reynolds number:
1 — NaCl solution, 100 mg/dm?; 2 — NaCl solution, 200 mg/dm?;
3 — NaCl solution, 400 mg/dm?; 4 — NaCl solution, 600 mg/dm?
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It should be noticed that the dependence of concentration polarization layer resistance
from Reynolds number could be approximated by a linear equation. The different values of
Reynolds number under the same values of applied pressure are explained by different values
of transmembrane flux for different feed solution concentration which determinated
differences in retentate flux and correspondingly changes in determinated velocity calculated
from equation (5).

In order to more reliable validation of defined results agreements with film theory, it
should compare the variations of concentration polarization layer directly with the index of
concentration polarization value. At that, since the experiments were carried out in range of
Reynolds number [7.9, 13.5] which corresponds to the laminar regime of flow, the mass
transfer coefficient values were estimated using the dimensionless equation for laminar flow
in channel [28]:

0,33
Sh = kge :1,85-(1@-30%) , (13)

where D is diffusivity, m?/s; Sc = v/D is Schmidt number; L is channel length, m; v is
coefficient of kinematic viscosity, m?/s.

The length of considered channel was L = 0.26 m (directly measured value), the value of
coefficient of kinematic viscosity was determinated using reference literature [30-31] and
diffusivity value were calculated using the Wilke—Chang equation [27]:

D:5,06-10’“L (14)
v,
where Ty is solvent absolute temperature, K; L, is solvent coefficient of dynamic viscosity,
mPa-s; V; is solute molar volume, cm’/mole.

The wvalues of the index of concentration polarization were calculated using
equation (11), all parameters were determinated from the results of measurements. The
dependence of concentration polarization index from applied pressure is shown on Figure 8.

The values of the index of concentration polarization according to equation (11) increase
exponentially but in regarding range of applied pressure change this dependence could be
approximated by a linear equation with sufficient accuracy for engineering calculation. In
particular, for NaCl concentration of 200 mg/dm?, the sample correlation coefficient is 0.97.
Therefore, the assumption about linear dependance of concentration polarization layer
resistance from applied pressure in several ranges of this parameter presented in work [14] is
reasonable and could be used not only for a case of ultrafiltration and also for reverse osmosis.

It should be noticed that concentration polarization layer resistance increase in 1,25-2
times when applied pressure increase from 0.2 to 0.6 MPa (Figure 3). The index of
concentration polarization in this case increase in 1.9-2.15 times (Figure 8). Moreover, the
relationship between concentration polarization layer resistance and index of concentration
polarization could be approximated by a linear equation with correlation coefficients more
than 0.93 (Figure 9).
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Figure 8. Dependence of index of concentration polarization from applied pressure
1 — NaCl solution, 100 mg/dm?; 2 — NaCl solution, 200 mg/dm?;
3 — NaCl solution, 400 mg/dm?; 4 — NaCl solution, 600 mg/dm?
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Figure 9. Dependence of concentration polarization layer resistance to mass transfer thorough the
membrane
1 — NaCl solution, 100 mg/dm?; 2 — NaCl solution, 200 mg/dm?;
3 — NaCl solution, 400 mg/dm?; 4 — NaCl solution, 600 mg/dm?
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Consequently, such good qualitative agreement of concentration polarization layer
resistance calculated from equation (9) with well-known theoretical fundamentals confirms
the possibility of using the before-mentioned technique in serial experiments. The results
obtained from pilot experiments are not enough for the establishment of quantitative
relationships among concentration polarization layer resistance and operating parameters
including applied pressure. Also, this data are not enough for the determination of
proportional coefficient which used in work [14]. Thus, the further investigation is necessary
which would allow obtaining the reliable calculation dependencies in form of functions of
operating parameters of pressure driven membrane separation processes (applied pressure,
feed solution properties, hydrodynamic condition in modules etc.)

Conclusion

1. The hypothesis about linear dependence of concentration polarization layer resistance
from applied pressure which used for analysis of milk whey ultrafiltration process is
confirmed for the case of salt solutions reverse osmosis in the range of applied pressure
0.2-0.6 MPa.

2. In the considered range of applied pressure, the influence of membrane compaction is
negligible and it could be considered that applied pressure does not affect the membrane
resistance value for the considered type of membrane.

3. The obtained qualitative dependences of concentration polarization layer dependences
from applied pressure, transmembrane flux and Reynolds number are in agreement with
film theory. Moreover, the correlation between concentration polarization layer resistance
and index of concentration polarization which allows assuming about the possibility to
obtain of reliable calculation dependence of concentration polarization layer resistance
from operating parameters of pressure driven membrane separation processes.
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