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A B S T R A C T

The subject of this work is the development of a novel vibration assisted seawater desalination approach which
changes thermodynamic (mass transfer coefficient) and hydrodynamic (cross-flow velocity) properties to
mitigate the inorganic fouling for RO membranes. A classical mass transport model and experimental
measurements showed that an increased cross-flow velocity in the feed channel enhances the near membrane
mass transfer coefficient, which promotes the back-diffusion of inorganic salts and reduces the concentration
polarization (CP). Then a theoretical CP Finite Element Method (FEM) model incorporating increased cross-flow
velocity reveals that a lower CP modulus forms near the membrane surface with a higher vibration frequency,
which results in less fouling on the membrane surface. The vibration assisted desalination process was
demonstrated using a linear motor driven, periodically oscillating desalination cell. A smaller flux decline
was observed while using a higher vibration frequency (with a constant sinusoidal amplitude) and a higher
vibration velocity (in multiple vibration forms). Process simulations and experimental observations validated
that the proposed vibration assisted desalination process helps enhance the permeate flux and mitigate the
formation of inorganic fouling on the RO membrane surface.

1. Introduction

Seawater desalination is a promising and important topic especially
for coastal regions with a fresh water shortage. Seawater desalination
processes can be broadly divided into two most commercially successful
categories: membrane separation and thermal evaporation [1]. Among
the various membrane separation technologies, Reverse Osmosis (RO)
as a pressure driven membrane, has matured rapidly over the last few
decades, and has become the choice of many projects for seawater or
brackish water desalination and wastewater reclamation. RO has been
recognized as the leading technology for desalination [2]. One of the
main performance limitations in the pressure-driven membrane separa-
tion process is membrane fouling. Membrane fouling results from the
deposition or accumulation of colloids and particles, organic macro-
molecules (organic fouling), sparingly soluble inorganic compounds
(scaling), and microorganisms (biofouling) on the membranes surface
[3] or into membrane pores such that membrane performance is
deteriorated. Membrane fouling can cause severe product flux decline
and reduce the quality of the product water. Usually feed pressure
should be increased to keep a constant product flux, this causes
elevated energy consumption. Also, severe membrane fouling may

require intense physical/chemical cleaning or membrane replacement
thus increases the operating costs of a treatment plant.

Hoek et al. proposed a comprehensive definition of RO membrane
fouling, which is comprised of external fouling and internal fouling [4].
External fouling can be regarded as surface fouling (such as colloidal
fouling, scaling, biofouling, etc.) while internal fouling is a change in
membrane structure due to physical compaction or chemical degrada-
tion. Due to the complexity of the fouling formation process, sometimes
the inorganic fouling caused by saturated inorganic particulates was
classified into colloidal fouling (colloids of iron were usually studied
with deposition or surface interaction methods) [3,5]. Sometimes
inorganic fouling was treated as scaling (inorganic scale was usually
studied with crystal nucleation and growth method) [6]. While in other
cases the inorganic fouling was given a comprehensive view to study its
forming mechanisms including deposition and crystallization regardless
the definition of colloidal fouling or scaling [7]. This paper focused on
an artificial seawater inorganic fouling and treated the inorganic
fouling as a comprehensive formation process affected by multiple
mechanisms, especially the concentration polarization phenomenon in
the desalination process.

RO membrane fouling is a complicated problem affected by a
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number of complex physical and chemical parameters. A. Fane et al. [3]
summarized these factors into three categories: feed water character-
istics, membrane properties, and hydrodynamic conditions. Membrane
fouling is strongly affected by the hydrodynamics of operating condi-
tions, such as filtrated flux and cross flow velocity. Thus, it is possible to
improve the membrane filtration process by altering the hydrodynamic
conditions at the membrane surface. In general, severe fouling can
occur at higher membrane filtration flux and/or lower cross flow
velocity. The cross-flow velocity is defined as the superficial velocity
of the feed stream travelling parallel (tangential) to the membrane
surface. The cross-flow velocity has a direct influence on the back-
diffusion mass transfer coefficient during filtration. Gupta et al. [8]
experimentally examined the enhancement of heat/mass transfer for a
fluid undergoing pulsatile flow, which is consisting of sinusoidal
pulsations superimposed on a steady laminar flow. Higher near
membrane mass transfer coefficients promote the back-diffusion of
inorganic salts and reduces the concentration polarization. Noticeably,
concentration polarization plays a vital role in fouling formation in high
pressure membrane systems, as it leads to elevated solute concentra-
tions near the membrane surface. Concentration polarization arises due
to the convection process driven by membrane filtration, as solvent may
pass through the membrane, and rejected solute tends to accumulate in
the vicinity of the membrane surface. A steady-state concentration
gradient will be established when the solute convection process is
balanced by the solute back-diffusion process. Elevated solute, espe-
cially inorganic ions, near the membrane surface may become super-
saturated and increase the tendency of inorganic nucleation and further
crystallization or scaling. A vicious circle arises due to cake-enhanced
concentration polarization phenomenon [9], which is caused by the
hindered back-diffusion of salt ions by deposited cake layers. T.
Kennedy et al. [10] proposed that a high near wall velocity induced
by pulsating flow helps counteract concentration polarization. There-
fore, factors related to thermodynamics and hydrodynamics of operat-
ing conditions that enhance the back-diffusion process, such as higher
cross flow velocity, will reduce the concentration polarization thus
accordingly reduce inorganic membrane fouling.

Methods of altering the thermodynamics and hydrodynamics re-
lated to the operating conditions include: 1) changing the axial cross
flow velocity and 2) changing the fluid-solid interface boundary layer,
which can be realized by moving the membrane. In the cross-flow RO
system, solely increasing the cross-flow velocity is usually achieved by
increasing the operating pressures. However, both surface crystalliza-
tion and bulk crystallization favor high operating pressures [6], thus
this approach tends to promote the scaling of inorganic particles.
Hadzismajlovic and Bertram [11] experimentally investigated a tubular
ceramic MF unit with periodically interrupted cross-flow to enhance the
flux of yeast suspension. The crossflow was interrupted periodically
(6.3–6.8 Hz) by a pulsation generator. There was a maximum of 102%
flux enhancement for the pulsating feed flow compare to steady feed
flow. For RO desalination, however, much less experimental study as
well as theoretical modeling is available about changing the filtration
boundary's thermodynamics and hydrodynamics to enhance the mem-
brane performance. One commercial application of the membrane
moving approach to enhance the cross flow velocity in RO membrane
filtration is the vibratory shear enhanced process (VSEP) features a

torsional membrane motion [12]. The VSEP unit operates at a fixed
frequency of approximately 55 Hz with an angular amplitude of 0° to
13°, corresponding to a linear motion of 0–3.2 cm at the outer edge of a
28-cm diameter disk. Experimental studies by S. Wei et al. of VSEP
technique showed that an increased natural organic matter removal
efficiency [13] and reduced inorganic scaling [14] were obtained. An
increased shear rate γ was adopted by the same authors to explain the
mechanism of VSPE effect [15]. The shear rate indicates a cross-flow
velocity gradient, which is defined as γ= velocity scale/length scale
(s−1). Larger cross-flow velocity induces higher shear rates causing an
increased back-transport of particles away from the membrane surface,
which results in a reduced concentration polarization. This effect is also
termed shear-induced diffusion [16]. The rotational shaking method is
limited by inconsistent shaking amplitude throughout the membrane
area due to radial difference, thus might not fully utilize the vibration
effects. Thorough theoretical modeling and simulation works to explain
and improve this technology are also limited. Another approach
associated with the hydrodynamics of operating conditions is the
rotation of the RO module. Rotating RO takes advantage of high shear
and the Taylor vortex instability to reduce the permeate flux decline
related to concentration polarization and membrane fouling [17].

A novel vibration assisted desalination technique was developed in
this study to address the RO membrane fouling problem arises from one
of the major foulants, the inorganic salts, with the aim of increasing the
permeate flux and enhancing the overall RO membrane performance.
Fig. 1 shows that the overall studying approach for the vibration
assisted desalination process. The thermodynamics was first studied
including the modeling and measurements of mass transfer coefficient
and concentration polarization in an enhanced shear rate condition
based on a classical mass transport model. The hydrodynamics was then
studied based on a developed finite element model for the concentra-
tion polarization profile simulation with cross-flow velocities added in
the channel flow under different vibration conditions. The mathema-
tical expressions listed in this paper for the thermodynamics transport
model and the developed hydrodynamics FEM model were analytically
or numerically solved using MATLAB. Finally, the vibration assisted
desalination process was realized by a linear motor driven vibratory
desalination cell. Both the normalized permeate flux and the modified
fouling index were used in the experiments as membrane fouling
metrics to evaluate the fouling mitigation effect for the proposed
approach.

Simulation results and test observations showed that the vibration
assisted desalination process facilitated the reduction of the concentra-
tion polarization through increasing the cross-flow velocity and enhan-
cing the mass transfer coefficient at the filtration boundary. A reduced
level of permeate flux decline indicated that there was less inorganic
fouling on the membrane surface in the vibration assisted desalination
compared to the traditional (non-vibrating) desalination process.

2. Materials and method

2.1. Membrane and chemicals

In this study, the flat sheet RO membranes were obtained from a
commercial thin film composite polyamide RO assembly (spiral wound

Fig. 1. Flowchart of the Vibration Assisted RO Desalination Study.
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