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A B S T R A C T

The impact of temperature on net driving force and concentration polarization was considered in
this study. The study is based on experimental data on permeability of reverse osmosis (RO) at
different temperature. The paper contains experimental data and theoretical calculation of perme-
ability. Elevation in temperature from t ¼ 20 to t ¼ 35�C is accompanied by increase of CP mod-
ulus. Experimental (and theoretical) values of CP modulus range from 1.1 (and 1.23) at t¼ 20�C to
1.2 (and 1.29) at t ¼ 35�C, respectively. Satisfactory agreement between empirical data and theo-
retical values of CP modulus is demonstrated. Based on the analysis of the experimental perfor-
mance of membrane with high degree of salt rejection, the following conclusions have been
drawn: growth of temperature is accompanied by increase of hydraulic permeability of the mem-
brane matrix itself but enhancement of surface concentration that in turn causes decline of the net
driving forces. Experimental profiles are attached.
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1. Introduction and formulation of the problem

Pressure-driven processes are accompanied by
unavoidable phenomenon such as concentration polar-
ization (CP) that is quantified by the degree of CP or
polarization modulus. The impact of temperature on
degree of CP and in turn on behavior of performance
characteristics is essential in the analysis and the design
of reverse osmosis (RO) systems [1–3]. High seawater
salinity and elevated concentration of fouling factors
increase sensitivity of performance characteristics to
temperature. These aspects are important for implemen-
tation of RO in Gulf area, especially for the analysis
of RO/MSF hybrid or integrated schemes [1,4–6].
Within the context of the problem, the objective of this

study is quantifying the impact of seawater tempera-
ture on the level of CP and performance characteristics.

2. Profile of net driving force and CP modulus based
on experimental data

The study is based on data produced by RO pilot
system located in the United Arab Emirates (Abu
Dhabi). RO elements by Toray (TM 820-370) were used
(diameter: 8’’; membrane area: 34 m2; number of
elements: 7). Further analysis is based on the following
assumptions: gel-enhanced CP is outside the scope of
the study, morphology of membrane matrix is tem-
perature independent. Experimental data on seasonal
variation of seawater temperature and permeability
at operating temperature are shown in Figs. 1 and 2.�Corresponding author
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Experimental permeability at operating tempera-
ture remains almost constant throughout the year. It
is maintained by adjustment of operating pressure. It
is linked to the driving force through specific mem-
brane permeability AM tð Þ as:

VM t; �ð Þ ¼ AM tð Þ �P� pM tð Þ½ � ð1Þ

Being multiplied by the viscosity-correction factor,

m tð Þ
.
m t0ð Þ; it gives the operating permeability normal-

ized at reference temperature. The sinusoidal-shape
profile is shown in Fig. 2. The shape of the corrected

profile is in correspondence with the seasonal behavior
of temperature. Hydraulic membrane permeability at
operating temperature (membrane constant) is related
to the permeability at the reference temperature as

AM tð Þ ¼ AM t0ð Þm t0ð Þ

.
m tð Þ: Inserting AM tð Þ into Eq. (1)

we get the net driving force, �P� pM tð Þ; against oper-
ating temperature:

�P� pM tð Þ½ � ¼ VM t; �ð Þm tð Þ
.

AM t0ð Þm t0ð Þ ð2Þ

where pM, osmotic pressure at the membrane
surface,
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Fig. 1. Seasonal variation of temperature.
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Fig. 2. Experimental profiles of permeability at operating temperature and permeability normalized at the reference
temperature, t0 ¼ 25�C (applied operating pressure ranges from P ¼ 60 to P ¼ 65 bar).
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pM ¼ i� tð ÞC1RT ð3Þ

Combining Eqs. (2) and (3) we get the CP modulus
against operating temperature:

� ¼ �P� VM t; �ð Þm tð Þ
.

AM t0ð Þm t0ð Þ

h i.
iC1R 273þ tð Þ½ �

ð4Þ

Profiles of net driving force and CP based on
experimental data on permeability VM t; �ð Þ; operating
pressure, �P and temperature, t are shown in Fig. 3.

3. Comparison of experimental and calculated data

Experimentally-based profiles were compared
with theoretical calculations of the CP modules. The
following expression for the concentration profile was
proposed in the previous study [7,8].

C �ð Þ=C1 ¼ exp VM tð ÞH X �; tð Þ � Z f ; tð Þ½ �=D tð Þf g ð5Þ

At � ¼ 1 Eq. (5) gives the CP modulus at the
membrane surface

� �¼1ð Þ ¼ C1M=C1ð Þ�¼1¼ exp VM tð ÞH X tð Þ � Z f ; tð Þ½ �=D tð Þf g
ð6Þ

where

X �; tð Þ ¼ 0:75�2 � 0:125�4 � � þ A �; fð Þ B �; fð Þ½ ��1

exp B �; fð Þ�½ �
ð7Þ

Z f ; tð Þ ¼ 0:75f 2 � 0:125f 4 � f þ A �; fð Þ B �; fð Þ½ ��1

exp B �; fð Þf½ �
ð8Þ

A �; fð Þ ¼ RTRUE

. ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RORSERVED=RTRUE

f�1
p

ð9Þ

B �; fð Þ ¼ ln ROBSERVED=RTRUEð Þ= f � 1ð Þ ð10Þ

Impact of temperature was accounted through
temperature-dependence of physical properties
namely: viscosity m tð Þ; diffusivity D tð Þ; Sc number

Sc tð Þ; thickness of diffusion layer f tð Þ � Sc tð Þ�1=3

[9–10], and intermediate parameters of Eq. (6) such as
A f ; �ð Þ: B f ; �ð Þ; X �; tð Þ; Z f ; tð Þ and so on. Simplified
flowchart based on sub-model for concentration profile
is shown in Fig. 4. Impact of temperature on experi-
mental and theoretical projection of polarization mod-
ulus (C1M/C1) is shown in Fig. 5.

Variability of experimentally-based CP module was
characterized by means of true standard deviation � �ð Þ
as follows:
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Fig. 3. Net driving force and CP modulus (these profiles are based on experimental data of normalized permeability).
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� �ð Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
�i � �ð Þ2

n

s
ð11Þ

It was estimated to be � �ð Þ¼ 0:02554: Average dif-
ference between experimental and model values does
not exceed 12%.

4. Conclusions

Based on analysis of experimental data and calcu-
lated results the following conclusions have been
drawn:
1. Growth of temperature causes growth of surface

concentration and CP degree at membrane surface.
2. Growth of temperature is accompanied by increase

of the hydraulic permeability of membrane matrix
itself and decline of net driving forces.

3. Correspondence between calculated and experi-
mental profiles is observed. (Estimated standard
deviation of experimentally-based CP module is to
be � �ð Þ¼ 0:02554: Average difference between
model and experimental values do not exceed 12%.
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Symbols

AM(t) hydraulic permeability of
membrane, m3/m2 s bar

C concentration, mol/m3, kg/m3, ppm
D diffusion coefficient, m2 s�1

fC coordinate of upper boundary of
diffusion layer, dimensionless

H channel half-height, m
m number of observations
P operating pressure, bar
T temperature, K
RM(OBSERVED) observed degree of rejection,

RM(OBSERVED) ¼ (C1 � C2) / C1,
dimensionless

RM(TRUE) true degree of rejection, RM(TRUE) ¼
(C1M � C2) / C1M, dimensionless

V transmembrane or transverse
velocity, m/s

a CP modulus, � ¼ C1M=C1

dimensionless
m apparent viscosity of fluid, Pa s
r density, kg m�3

� osmotic pressure, bar
Sc Schmidt number, Sc ¼ m/Dr

Subscripts

1 identifies parameter corresponding to the
bulk of solution

1M identifies parameter corresponding to
membrane surface

D(t); μ(t); Sc(t);  f(t); Rtrue

A(μ, f ); B(f ) Eqs. (9−10)

X(η ,f ,μ ); Z(f ,μ ) Eqs. (7−8)

C(η) = C1 exp[X(η, f ,α ) − Z(f ,α )] Eqs. (5)

α = (C(η) ⁄ C1)η=1 Eq. (6)

Input data: Robserved;i;C1;P

ti = ti + Δt

STOP

α = α 0 ; V max (α0 ); 
Assumptions

ti < tmax

Eq (A)

Eq (B)

V max = A(t) [ΔP − αiCRT]

V max = ln α H
D

[X η=1(f ,α) − Z(f ,α)]−1

Vmax (eq_A) − Vmax (eq_B)  < eps

Fig. 4. Simplified flowchart of the algorithm.
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LONG corresponds to longitudinal sub-constituents
t0 reference temperature, t ¼ 25
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Fig. 5. mpact of temperature on experimental and theoretical projection of the polarization modulus (C1M/C1). Theoretical
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