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Abstract. The experimental determination of concentration polarization layer resistance during reverse osmosis of
mineral salts solutions was carried out with the aim to estimate the influence of solution composition on the value of
mentioned resistance. In experimental conditions, the membrane resistance remains constant (the mean value was
0.534-10™ m') which means that the membrane compaction was not observed. Moreover, under experimental condi-
tions, the hypothesis about linear dependence between the concentration polarization layer and applied pressure was
confirmed for all solutions under investigations. It was defined that value of concentration polarization layer re-
sistance different salt solutions was varied less than 10 % although under experimental conditions the diffusion coef-
ficient values of magnesium sulfate were more than three times higher than corresponded values for other salts. The
increasing of solutions concertation determines the increasing of concentration polarization layer resistance. At the
same time, in previous study it was defined that changes in hydrodynamic regime in membrane module under similar
conditions could determine the change in concentration polarization layer resistance in 3-5 times, while in both stud-
ies the trends of impact of hydrodynamic conditions still similar to the value of considered resistance decrease with
Reynolds number increasing. Such results showed that in considered range of concentrations the hydrodynamic con-
ditions have a lower influence on concentration polarization layer resistance than solution composition. The obtained
results are in agreement with the film theory of concentration polarization.

Keywords: membrane, reverse osmosis, concentration polarization, diffusion coefficient, Reynolds number, Schmidt

number.

1 Introduction

The pressure-driven membrane processes, i. e. reverse
osmosis, are widely used in the chemical industry and
additionally in allied branches such as biotechnological,
pharmaceutical and food proceedings, water treatment
systems and environmental protection [1]. The concentra-
tion polarization phenomenon and fouling formation on
the membrane surface is the main problem in the explora-
tion of membrane apparatuses and set-ups [2]. The num-
bers of researches are dedicated to this topic but there is
no sufficient attention to the determination of mass trans-
fer resistance due to concentration polarization layer.

Current research is the extension of our previous work
[3] which was dedicated to the development of the tech-
nique for the experimental determination of concentration
polarization layer resistance and additionally to defining
of influence of working parameters on the value of men-
tioned resistance. However, in work [3] the experiments

were carried out with using sodium chloride with various
concentrations as feed solution. This does not allow to
define the influence of feed solution composition on the
value of concentration polarization layer resistance. For
estimation of this impact, the experimental research was
carried out for three different salt solutions.

2 Literature Review

For concentration polarization phenomenon descrip-
tion, it was proposed several models, the main of them
are: film model, Spiegler-Kedem model, osmotic pres-
sure model, gel layer model and others [1, 2]. At that, in
some models, including osmotic pressure and gel layer
models, the transmembrane flux is described by an equa-
tion in such form [2]:

Ap —Arn
J= :
w(R, +Ry + Ry +R)

)
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where Ap — applied pressure (driving force); Ar — osmo-
tic pressures difference; Rm — membrane resistance; Rep —
concentration polarization layer resistance; Rs — fouling
layer resistance; R, — pore blocking resistance.

According to [2], in an ideal case, there should be only
membrane resistance which can be determined experi-
mentally by measuring transmembrane flux for pure sol-
vent. In that case, this value can be calculated from such
equation as [2]:

Ry =22 @
uJ

In work [3], it was mentioned set of works dedicated
determination to techniques of determination of fouling
layer resistance, i.e. defining of the relation between
specific cake layer resistance and applied pressure during
dead-end ultrafiltration of carbohydrates solutions in
work [5].

The pore-blocking resistance is typical only for the
microfiltration process [1] so that in some works for pres-
sure-driven membrane description this value is not con-
sidered as in work [5] during the analysis of the nanofil-
tration process.

At the same time works dedicated to the determination
of the concentration polarization layer resistance are al-
most absent in literature sources. In the review [2] it was
mentioned about using indirect methods in preceding
works. On the other hand, the majority of concertation
polarization researches have theoretical character and
dedicated to problems of numeric simulation of this phe-
nomenon and influence to the intensity of scaling for-
mation [6]; development of models for inorganic salts
transport through the membrane [7]; simulation of the
concentration field during flow in channels with spacers
[8], determination of limiting fluxes [9] and impact to
fouling formation [10, 11].

In work [3] it was mentioned out that the most com-
prehensive study of the concentration polarization layer
resistance was carried out by Macedo and al. [12]. Partic-
ularly, in mentioned research it was assumed that the
value of R¢p is directly proportional to applied pressure,
that is:

ch =¢Ap. 3)

Additionally, in work [12], it was shown that taking
into account the equation (3) the equation (1) can be re-
written in a form:

T =hlR R ) o @

The proposed equation is a practical tool for the de-
termination of fouling layer resistance, which allows
estimating the necessity of regeneration using transmem-
brane flux data. If there was a reliable relationship for the
concentration polarization layer resistance or the value of

coefficient ¢ the equation (4) would be suitable for use in
automatic control of the membrane separation process.

In our previous work [3] it was defined, that assump-
tion about the linear dependence between concentration
polarization layer resistance and the applied pressure is
reasonable, and it was determined the influence of operat-
ing parameters (applied pressure and hydrodynamic con-
ditions in membrane module) on the concentration polari-
zation layer resistance. However, those results do not
allow to define the relationship for determination of con-
centration polarization layer resistance due to the absence
of information about the influence of solution composi-
tion on the value of mentioned resistance, since the ex-
periments were carried out with using of one solution
namely NaCl.

3 Research Methodology

3.1 Materials

As it has been done in work [3], the researches were
carried out with commercially available membrane mod-
ules but anther trademark namely HID TFC 1812-75
GPD (Made in China). As membrane modules, Dow
Filmtec TW30-1812-50, which used in work [3] the
membrane module under investigation is destined for tap
water post-treatment. The membrane modules HID TFC
1812-75 GPD have higher productivity up to 50 % and
lower selectivity up to 10 % by comparison with the
membrane modules Dow Filmtec TW30-1812-50.

For measuring the membrane resistance, the deionized
water (reverse osmosis permeate with total dissolved
solids in the range of 5-15 mg/dm?®) was used. For meas-
uring of concentration polarization layer resistance, the
solutions of sodium chloride (NaCl), magnesium sulfate
(MgSQy4) and sodium nitrate (NaNO3) were used. The
experiments were carried out with using solutions with
concentrations of 100 and 200 mg/dm3.

3.2 Description of the experimental set-up

The research was carried out on the same experimental
set-up as in work [3] (Figure 1), which includes feed
solution tank 1, pump 2, membrane apparatus 3 and con-
tain-ers and tanks 5-8. For control of flow rate, valve 5 is
provided. The applied pressure was monitored using the
manometer 9.

The set-up provides the measurements of permeate and
retentate flor rates be volumetric technique, using tanks 5
and 6 with the accuracy of +2 and +10 ml, respectively
(the direct measuring include measuring of volume and
time) and also allows to measure total dissolved sol-ids
using portative TDS-meter with accuracy £1 mg/dm3.
The applied pressure was measured by manometer 9, the
temperature was controlled by the block of Chromel-
Copel thermocouples with accuracy up to +0.2 °C (is not
shown on the design scheme).
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Figure 1 — The design scheme of the experimental set-up

3.3 Experimental procedure and main
measurements

In the current research, the same experimental tech-
nique as in work [3] was used. It involves the pumping
the feed solution under predetermined applied pressure by
pump 9 into membrane apparatus 3 and measurements of
permeate and retentate flor rates be volumetric technique.
Firstly, measurements were carried out for mew mem-
brane module HID TFC 1812-75 GPD with using of de-
ionized water as a test solution, then measurements were
carried out for salt solution separation. After each mem-
brane module working cycle with each salt solutions the
mem-brane cleaning was carried out using deionized
water. It was done with the aim to remove the salt solu-
tion remains.

The measurements were carried out for each test solu-
tion in a range of applied pressure of 0.2-0.6 MPa and
under ambient temperature. In this case, the ambient tem-
perature was varied in a range of 13-17 °C.

The processing of results and determination of concen-
tration polarization layer resistance were carried out ac-
cording to the technique represented in [3]. The physical
properties of the solution were determined according to
reference literature [13, 14].

For determination of salt diffusivities in solution, the
experimental result represented in work [15] were used.
Since experiments were carried out under temperatures
which differs from 25 °C for that experimental data rep-
resented in [15], for the revaluation it was used following

equation [16]:
om-omf g i) o

where D(To) — diffusion coefficient under the base tem-
perature; T — solution temperature under operation condi-
tion; To — base temperature (in this case the temperature
for which the experimental results are represented, name-
ly 25°C), u(T) — dynamic viscosity coefficient under
operation temperature; u(To) — dynamic viscosity coeffi-
cient under base temperature. The values of dynamic
viscosity coefficients were defined using reference litera-
ture [13, 14].

4 Results and Discussion

The total membrane resistance of mass transfer
through the membrane, which was measured according to
the mentioned technique, is represented in Figures 2, 3.
The obtained results, in general, confirmed the conclusion
obtained in work [3]. In a case, during the measurement
of productivity for pure solvent (deionized water) the
value of total resistance was varied less than 1 % and the
average value was 0.534-10% m™. Therefore, the influ-
ence of membrane compaction was negligible and ob-
tained value can be assumed equal to membrane re-
sistance Rm. It should be noticed membrane resistance
value for modules HID TFC 1812-75 GPD is lower than
one for modules Dow Filmtec TW30-1812-50
(Rm =0,755-10% m'), which are used in work [3].
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Figure 2 — The dependence of total resistance to membrane
transfer thorough the membrane from applied pressure:
1 — deionized water; 2 — MgSOa solution (100 mg/dm?);
3 — NaNOs solution (100 mg/dm?3); 4 — NaCl solution
(100 mg/dm?)
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Figure 3 — The dependence of total resistance to membrane
transfer thorough the membrane from applied pressure:
1 — deionized water; 2 — MgSOs solution (200 mg/dmd);
3 — NaNOs solution (200 mg/dmq); 4 — NaCl solution
(200 mg/dm3)
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Figure 4 — The dependence of concentration layer resistance
from applied pressure: 1 — MgSOs4 solution (100 mg/dm?3);
2 — NaNOs solution (100 mg/dm3); 3 — NaCl solution
(100 mg/dm?3)

In this case, the hypothesis about linear dependence
between applied pressure and concentration polarization
layer resistance is confirmed not only for NaCl and for
others salts which were used in experiments.

It should be noticed that the value of concentration po-
larization layer resistance for MgSO4 and NaNO3 was on
the approximately same level (the difference was less
than 2 %) for the same concentration (curves 1 and 2 in
Figures 4, 5), whereas for NaCl these values were higher
for 5-8 % (curves 3 for the same figures). Such results
were unexpected considering the properties of solutions.
According to [15] and with correction using equation (5)
the values of diffusion coefficient for MgSO, under ex-
perimental conditions were in a range of D = (7.715-
7.744)-10°m?s, for NaNOs; these values were
D =(1.788-1.789) 10°m?s and correspondingly for
NaCl these ones were D = (1.800-1.803)-103 m?/s. Con-
sidering that values of diffusion coefficient were close for
NaNO3 and NaCl solutions, the bigger difference should
expect for the case of MgSO. solution. The probable
reason for this difference is temperature condition. As
mentioned above the experiments were carried out under
ambient temperatures with variated in a range 13-17 °C.
Moreover, during experiments with NaNOz; and MgSO4
solutions, the temperature was approximately the same
namely 16.5-17.0 °C whereas in a case of NaCl the ex-
periments were carried out under lower temperatures
(13-14 °C).

The impact of solution concentration in all cases corre-
sponded to results obtained in work [3] namely increasing
of concentration polarization layer with increasing of
concentration (Figures 6, 7).

It should be noticed, that influence of solution compo-
sition on concentration polarization layer resistance value
under experimental conditions in particularly considered
salts and their concentrations was lower than the influ-
ence of hydrodynamic conditions which was investigated
in work [3]. Moreover, the obtained in that work behavior
is confirmed. In particular, the value of concentration
layer polarization resistance is decreased with increasing
the Reynolds number (Figure 8) as it was predicted by the
film theory of concentration polarization [1, 2].
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Figure 5 — The dependence of concentration layer resistance
from applied pressure: 1 — MgSOas solution (200 mg/dmd);
2 — NaNOs solution (200 mg/dm?3); 3 — NaCl solution
(200 mg/dm?)
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Figure 6 — The dependence of concentration polarization layer
resistance from applied pressure during MgSOa4 solutions sepa-
ration: 1 —100 mg/dm?; 2 — 200 mg/dm3
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Figure 7 — The dependence of concentration polarization layer
resistance from applied pressure during NaNOs solutions sepa-
ration: 1 —100 mg/dm3; 2 — 200 mg/dm?
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Figure 8 — The dependence of concentration polarization layer
resistance from the Reynolds number
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The obtained data did not allow to define influence the
Schmidt number on values of concentration polarization
layer resistance since the value of this parameter for
NaNO3; and NaCl were close (Sc = 630-640) whereas for
MgSO; it was substantively different (Sc = 140-150).

This was determined by mentioned above values of
diffusivity coefficients of salts under investigation under
experimental conditions. This fact also can be the reason
of low correlation (correlation coefficient was lower
than 0.6) between the concentration polarization layer
resistance and the Reynolds number with observed in
Figure 8.

For determination of such relationship the further ex-
periments with corresponding selections of solutions, its

5 Conclusions

The evaluation of influence of solution composition on
concentration polarization layer resistance during the
reverse osmosis and it shown that during reverse osmosis
separation of diluted salt solutions (concentration up to
200 mg/dm?3) the value on considered does not change by
more than 10 %, whereas variations in hydrodynamic
conditions can change R¢, value 3-5 times in a range of
applied pressure of 0.2-0.6 MPa or in range of Reynolds
number 2-13, as it was shown in previous work [3].

Therefore, the influence of hydrodynamic condition is
more significant than the impact of solution composition.

The obtained results did not allow to define a depend-
ence of concentration polarization layer resistance from

concentrations, and operating temperatures are needed.

the Schmidt number.

The obtained results confirm the hypothesis about lin-
ear dependence of concentration polarization layer re-
sistance from applied pressure not only for NaCl but also
for other mineral salts. The results also are in agreement
with the film theory of concentration polarization.
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OuiHlOBaHHSA BIUVIMBY CKJIAJy PO3IiJII0BAHOI0 PO3YMHY HA ONIp apy
KOHIIEeHTPaliifHOI MoJIsipU3auii NPU 3BOPOTHOMY 0CMOCI
T'ynienxo C. B.}, TIpowrok O. O.1, T'atinos K. 0.2, Kamincekuii B. C.1:3

! Hanjonansuuii Texniunumii ynisepeuter Ykpainu «KuiBchkuii moTiTeXHYHMEA iHCTUTYT iM. Irops CikopchKoroy,
npocr. [Tepemoru, 37, 03056, m. KuiB, Ykpaina;
2 Archer Daniels Midland Company ADM Europoort B.V., 3198 LC, m. Portepaam, Hinepnauay;
8 Texuiunmii ynisepcurer M. Kommuue, Byin. Jlitas, 9, 042 00, M. Komue, Cnopauunna

AHoTauisi. Y po0OTi eKCIepUMEHTAIFHO BH3HAYEHO OIip IIapy KOHIEHTpaLiifHOi moispu3alii mpu 3BOPOTHO-
OCMOTHYHOMY PO3ALJICHHI po30aBICHUX PO3UMHIB MiHEPAIbHUX COJIEH 3 METOIO OLIHIOBaHHS BIUIMBY CKJIQAy PO34Hd-
Hy Ha BEJIMYMHY 3a3Ha4YE€HOro omnopy. Sk MojenbHe cepeqoBHIe 00paHO PO3UMHU XJIOPUAY HATPio, Cylbdary mar-
HilO Ta HiTpaTy Hatpiro 3 koHueHTparismu 100 Ta 200 Mr/maM3, a TakoXk 3HECONEHa BOJA /ISl BUSHAUCHHS OTIOPY MEM-
Opanu. Pobounii Trck BapitoBaBcst y Mexax 0,2—0,6 MIla. JocmifkeHHSI TPOBOAMIIKCS 33 TEMIIEPaTyp OTOYYI04Oro
cepenoBuma 13-17 °C. 3a Takux yMOB OIip MEMOpaHHU 3aJIUINIABCS MTOCTIHHIM, a OTO CepeHE 3HAUCHHS CTAHOBUIIO
0,534-10 Mm%, T06TO ymIinbHEHHS MeMOpaHU He crocTepiranock. OKpiM TOro, B yMOBaX IIPOBEACHHS €KCIIEPUMEH-
TaNbHUX JOCIHIIKEHb MiATBEPUKYETHCS TilloTe3a JiHIHHOI 3aJeKHOCTI ONOpYy INapy KOHIEHTpAIiiHOI mospu3amii
BiJl THCKY HE JIMIIE IS XJOPHUIAY HATpilo, ajie i I BCiX MOCHIIKyBaHUX cojield. Takoxk BCTAaHOBIICHO, IO 3HAYCHHS
oropy Iapy KOHIEHTpaUiiHOI moyisipu3anii IuIsl pi3HUX coJiel BinpisHsutocs He Oinbmre, HK Ha 10 %. IIpote, 3a
YMOB TIPOBEJCHHS JOCITIIKEHb 3HaUeHHsI KoediuieHTy nudysii Uit po3drHy cynbgary MarHiro Oiiblie, HDK yTpudi
MIePEBUIIYBAIIM BiATIOBIAHI 3HAUEHHS JUIS 1HIIMX cojiell. 3pOCTaHHs KOHLEHTpAMii po3YrHy 0OyMOBIIIOE BiAIOBiTHE
30LIBIIEHHS ONOPY Iapy KOHLIEHTPaUiiHOT nosgpu3anii. Y ToH e 4ac, y IonepeIHiX JOCTiHKEHHIX OyJI0 BCTaHOB-
JICHO, 1[0 3MiHa TiAPOAMHAMIYHOTO PEXHMY B MEMOpPaHHOMY MOAYJIi 32 aHAJIOTIYHUX YMOB MOKE OOYMOBHUTH 3MiHY
omopy Iapy KOHIEHTpaILiiHoi moisipusaiii y 3—5 pasiB. Binbiue Toro, B 000X IOCHIIKEHHAX TeHICHIIIT BIUTUBY Tif-
POAMHAMIYHHX XapaKTePHUCTHK 3aJIMIIAIOTHCS OHAKOBUMH. 30KpeMa, 3HAYSHHsI JOCIIPKYBAaHOTO ONOPY 3MEHITYETh-
cs1 31 301IBIICHHSAM KpuTepito PeitHombaca. Taki pe3ynbTaTi CBiI4YaTh, IO B PO3TISAYBAHOMY Jiala3oHi KOHIICHTpA-
Liif TigpoaMHaMiuHI yMOBU YHHATH OiBIINII BIUTMB Ha BEMMYMHY ONOpPY LIapy KOHIEHTPALiiHOI moyspu3anii, HiX
CKJIa]] PO3YHHY, IO PO3IUTIOETHCS. Pe3ynbTaTi qOCHiIKeHb Y3rOIKYIOTHCS 3 IUTIBKOBOIO TEOPIE0 KOHIIEHTPAIIHHOT
nonspu3zanii. [IpoTe, oTpuMaTH 3a1eXHICTh OMOPY IMIapy KOHLEHTpaLiiHO1 nmojspusanii Big kputepito Lminra He
BJIAJIOCE.

KorouoBi cioBa: memOpana, 3BOpOTHIN 0CMOC, KOHIIEHTpalliifHa nmomspu3aii, omip, koedinieHT audys3ii, Kputepii
Peitnonbaca, kputepiii [lminTa.
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