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Abstract

The development of concentration polarization in a spiral wound reverse osmosis membrane channel and the depolarization effect o
spacers are important concerns for understanding the performance of membrane processes. However, an accurate quantification of the
effects derived from fundamental principles is impractical due to the complexity of the processes. In this study, a macroscopic method was
developed to estimate the effect of concentration polarization on the performance of the spiral wound membrane modules. Concentratio
polarization in a channel filled with spacers was described as a combination of two extreme cases, namely the undisturbed concentratic
polarization and complete depolarization (uniform distribution across the channel height). With the introduction of a polarization factor
for the degree of concentration polarization, a mathematical model was developed for the permeate flux in the spiral wound modules. The
proposed model was solved numerically to simulate the performance of a long membrane channel under various operation conditions. Th
simulation results demonstrated that the model developed in this study was a feasible way to estimate concentration polarization in spire
wound modules. Excellent fitness was found between the numerical simulations and experimental observations of the average permeate flux
in along membrane channel of spiral wound membrane modules.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction tion[3]. The behavior of a small piece of RO membrane can
be described with fundamental transport theories and models
Reverse osmosis (RO) processes have been widely used?,4—6]). However, it becomes questionable when these mod-
for separation and concentration of solutes in many fields, els are directly applied to describe the performance of long
such as chemical and biomedical industry, food and beveragemembrane filtration channels as employed in full scale RO
processing, as well as water and wastewater treatfhgetjt filtration systems. For example, according to the membrane
With the shrinkage of water sources and the more stringenttransport theories, permeate flux is linearly related to driving
standards for drinking water quality, the applications of RO pressure, which has been well demonstrated with laboratory-
membrane in water reclamation and seawater desalinationscale RO systems and small flat-sheet membrane processes.
will continue to grow in the near future. Thus, a better model However, it is observed in full-scale RO processes that the
for describing RO process performance is highly desirable average permeate flux does not always increase linearly with
for designing and optimizing the system to further improve driving pressure. Because the process parameters may vary
its cost-effectiveness. substantially along a long membrane channel, the average
The performance of an RO process is generally governedpermeate flux in the membrane channel cannot be ade-
by membrane properties, operating conditions and feed solu-quately described with the basic membrane transport theories

[7-9].
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processes, among which concentration polarization is usu-
ally considered as a major factor for the deviation of the
average permeate flux from being linearly increasing with
driving pressure. For a better description of RO system, con-
siderable efforts have been made to estimate the mass transfer
coefficient in RO processes affected by concentration polar-
ization[10-12] Recently, Song et a]7] suggested that salt
accumulation along a long membrane channel might lead to
an equilibrium state under certain circumstances. At the equi-
librium state, the osmotic pressure of brine at some point in Spacer filament
the membrane channel becomes equal to the driving pressure v
and permeate flux would therefore vanish from that point —‘—;—7—H
onwards. It was further demonstrated that the increase of 2 @ @ /x @ .
salt concentration along the channel length could lead to a J B i
strong non-linear relationship between the average perme-
ate flux and the driving pressure. Model simulations were Fig. 1. Schematic drawings of (a) spiral-wound module and (b) cross-section
compared and agreed with experimental observations in aof a feed channel.
full-scale RO plan{7]. However, concentration polarization
in the spiral wound modules was assumed negligible in theseby:
studies without much in-depth delineation. Ap(x) — An(x)

The objective of this study was to develop a macroscopic v(x) = R 1)
method to quantify the depolarization effect by spacers in . m ]
the spiral wound modules so that the effect of concentra- WhereéRm is the membrane resistanap(x) and Ax(x) are
tion polarization on the performance of a long membrane the driving pressure and the osmotic pressure, aespec-
channel can be better evaluated. The method treated concerfively: The osmotic pressure can be determined with the
tration polarization as a combination of two extreme cases: Modified van't Hoff formula by adding an ionization number
undisturbed polarization and completely mixing in the direc- Nion to account for the effect of salt ionization in water,
tion of channel height. A mathematical model was then NionRyT Ac
developed to investigate the effects of key operating param- =7 = My (2)
eters, such as driving pressure, feed salt concentration and
feed velocity, on the performance of the long membrane WhereRgis the ideal gas constant (=8.3110° Pa/(K mol/l)),
channel. Finally, model simulations were compared with 7 the absolute temperature (Ky¢ the salt concentration dif-

experiments of a long membrane channel of spiral wound ference across the membrane (mg/l) afidis the molecular
modules. weight of the salt (mg/mol).

By applying the mass conservation principle on water, the
cross-flow velocity along the membrane chanmét), can

2. Theoretical development be expressed as:

Permeate spacer

(a) Membrane

1 X
2.1. Governing equations u(x) = uo — H /o v(§) d& 3)

Spiral-wound module is the typical RO element used in Whereug is the feed velocity at the entrance afids the
water and wastewater treatment processes. It is a customarglummy integration variable.
practice to emp|oy several membrane modules in series (upto At Steady state, the total Iongitudinal flux of the retained
seven modules) held in a long pressure vessel for full-scalesalt across the height of the channel at any peiistequal
RO processegL3]. Fig. 1 shows schematically (a) a spiral  to the total amount of salt retained by the membrane from
wound RO module with (b) a feed channel sandwiched by two the inlet to the location, which can be expressed by the
pieces of membranes. For convenience, a membrane channdpllowing equation14,15}
in the following sections refers half of the channel shownin . x
Fig. 1b with a membrane on one side and an impermeable/ uCdy = VJ‘CO/ v(&) dg 4)
wall on the other. The length and height of the membrane “9 0
channel are indicated liyandH, respectively. Permeate flux, ~wherecy is the feed concentration ands the membrane salt
cross-flow velocity and salt concentration in the channel are rejection.C is the concentration of retained salt (the actual
denoted by(x), u(x) andc(x) with x being the distance from  salt concentration = C + ¢p).
the entrance. The distribution of salt concentration across the channel
According to the principle of membrane transport, perme- height is affected by both concentration polarization induced
ate flux at any point along the channe(x), is determined by permeate flow and the mixing facilitated by spacers in
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