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ABSTRACT

In recent years, many advances have been made in reverse osmosis (RO) technology, and in
understanding the fouling and scaling phenomena that limit its performance and durability. One
of these advances, batch RO, is an unsteady process that has several flow characteristics that are
absent in standard reverse osmosis processes. These include osmotic backwashing, feed flow rever-
sal, salinity cycling and water hammer/pulse flow. This paper has three aims. First, it introduces
batch RO and reviews recent progress in this area. Second, it reviews the fouling phenomena
experienced in RO, covering the fouling mechanisms, detection methods currently in use, and mit-
igation methods already used in conventional RO. Lastly, it reviews specific flow characteristics
experienced in batch reverse osmosis and it discusses the effects that they may have on the fouling.
The paper concludes by recommending research activities to advance further batch RO technology

for improved mitigation of fouling.
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1. Introduction

Water shortage is a growing global problem. Over 16%
of the global population lacks access to clean sanitary water
[1]. Treatment of secondary water sources, such as brackish
groundwater and seawater, is becoming more common
across the globe as a solution to this problem. Many sec-
ondary water sources require desalination before use. The
preferred method of desalination is reverse osmosis (RO)
due to its energy efficiency, high rejection potential and rel-
atively small footprint [2]. May advances have been made
in membrane technology over the previous decades, as
well as improvements in methods of operating RO [3,4].
In recent years, extensive research has been conducted
in the field of high recovery and low specific energy con-
sumption (SEC) methods of RO, including batch reverse
osmosis (BRO) [5-26].

BRO is a desalination process that allows the minimum
energy required to reach the osmotic pressure to be applied
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at all times by varying the pressure over time. The process
allows high recovery ratio and a low SEC, which is desir-
able as it reduces operational costs and allows more usable
water to be generated per unit volume of source water. The
SEC is defined as the amount of energy required to pro-
duce a volume of water and is typically stated in kWh/m?,
the recovery ratio is defined as the amount of potable water
extracted from each batch of feed water.

The negative side to high recovery RO is that the
membranes are subject to a highly concentrated solution.
Depending on the composition of the source water, this
introduces a danger of membrane fouling. Fouling is the
process of organic or inorganic substances in the feed water
precipitating on the membrane, blocking the pores and
impairing performance [27]. Despite the growing number
of papers on batch RO, only a few studies have been con-
ducted on the fouling potential and mitigation of batch
RO [12-16]. Unlike most conventional RO, batch RO is
an unsteady process and therefore fouling tendency can
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be expected to differ. Thus, this paper aims to review the
mechanisms of fouling, fouling detection methods and the
potential mitigation of fouling that may take place during
the batch RO process based on the studies of batch RO and
related unsteady RO processes.

The structure of this paper is as follows, the BRO pro-
cess is described in detail and key literature is highlighted.
Then, fouling limitations of RO are reviewed, with atten-
tion paid to the mechanisms, detection methods and
standard mitigation methods. This is then followed by a
review of specific flow characteristics experienced during
the BRO process that may have a propensity to reduce or
remove fouling and scaling.

2. Batch RO concept

The rationale of using batch RO is that, in the ideal case,
the minimum required pressure to drive water through the
membrane need only be exceeded by a small margin — thus
reducing excess pressure and wasted energy in compari-
son to a conventional multistage RO system. Batch RO is
a cyclic process requiring an average pressure below that
required by conventional RO. As in conventional RO, the
performance of batch RO systems is typically expressed by
two key parameters: the SEC and recovery ratio. Table 1
summarises the performance of a range of BRO systems.
Many theoretical studies prove that batch RO can achieve
a specific energy consumption near to the thermodynamic
minimum energy required. A few practical studies, using
bladder and free-piston versions of batch RO, confirm
that high recovery ratios and low energy consumption
are feasible [7,8,10,11,18,19]. Nonetheless, losses result in
lower performance than the ideal case. The bladder BRO
system achieved a SEC of 0.25 kWh/m?® but with a recov-
ery ratio less than 0.55, because operating conditions
were limited by maximum operating pressure [10,19]. In
contrast, the free moving piston system could achieve an
SEC of 0.51-0.65 kWh/m?® with a recovery ratio of 0.72 [11].

Batch RO differs from the related process of semi-batch
RO in that the pressurised make up or feed solution is sep-
arated from the recirculating concentrate [26]. The two main
methods of achieving this separation, that is, bladder sepa-
ration [10] and free moving piston separation [11], are illus-
trated in Fig. 1.

These two methods work on similar principles. Both
have two compartments (feed and batch) on the feed side
of the membrane; and both have a productive (pressurisa-
tion) and a non-productive (refill or reset) stage as described
in Fig. 1. During the production phase, the feed compart-
ment of the system does not connect with the batch com-
partment. As the batch is processed, permeate leaves the
system, while the concentrate is mixed back into the batch
which increases the salinity of the batch thus increasing the
osmotic pressure. In turn, the feed pressure also increases.
In both methods, the recovery ratio is a function of the batch
volume and the dead volume around the membrane and
pipework. Higher recovery requires larger batch volume
while dead volume should be minimised [11].

Towards the end of the batch process, the batch concen-
tration can exceed the saturation index limit of any spar-
ingly soluble salts in the feed solution. This can result in

salt crystals forming on the membrane surface or on other
suspended solids throughout the system. The batch time
is important when predicting scaling in the RO process,
because standard nucleation theory states that the saline
solution must be supersaturated for a period before nucle-
ation of sparingly soluble salts can take place, this is known
as the induction time [28]. These scaling mechanisms are
explained in more detail later in this review.

3. Types of fouling

This chapter will highlight the common types of foul-
ing, describing the mechanisms of formation, causes of the
different types of fouling and giving some examples of the
types of fouling agents. Additionally, these will be linked to
how these types of fouling may occur during the desalination
process.

During fouling, suspended substances, such as soluble
salts or biomatter present in the feed, precipitate onto the
membrane surface and decrease membrane performance.
Fouling can be divided in two categories, organic and inor-
ganic. Organic fouling is the fouling caused by organic mat-
ter in the feed [29,30]. The organic matter can be in the form
of bacteria, algae, proteins, humic substances, fatty acids,
organic acids, cell compounds etc [30,31]. Inorganic foul-
ing is the process of salt precipitation in the bulk solution
(i.e., homogenous nucleation) or to the surface of the mem-
brane or any other suspended solids in the feed solution
(i.e., heterogenous nucleation). Within these two main cate-
gories of fouling, there are several subcategories as shown
in Fig. 2. Organic fouling can be sub-divided into fouling
by micro-organisms and macro-molecules (organic colloi-
dal fouling) [32]. Inorganic fouling can also be sub-catego-
rised as scaling by sparingly solution salts, and fouling by
metal oxides (inorganic colloidal fouling) [27,30,31,33-36].

3.1. Micro-organism fouling mechanism

Organic fouling by micro-organisms occurs when the
micro-organisms attach to the membrane surface and create
a biofilm layer. The evolution of biofilm follows a two-stage
process of adsorption/adhesion followed by growth [32,37].

3.1.1. Adsorption/Adhesion

There are two processes within the adsorption stage:
the initial adhesion of micro-organisms to the pristine sub-
strate (membrane surface) followed by additional micro-
organisms adhering to the now conditioned surface. The
initial adsorption involves organic molecules adhering
to the pristine surface of the membrane. Once adhered,
the micro-organisms secrete an extracellular polymeric
substance (EPS) that facilitates subsequent attachment of
micro-organisms [38]. The initial adsorption on the pristine
surface is governed by macroscopic properties of the sur-
face and bulk solution such as the electrokinetic (electronic
charge) and hydrophobic (cell-water contact angle) prop-
erties these are known as non-specific conditions [39,40].
On the other hand, the interactions with the conditioned
membrane surface are specific interactions. These are in
the form of physio-chemical reactions such as Lifshitz-Van
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Fig. 1. (A1,A2) show the free moving piston design developed by Park et al. [11] and (B1,B2) show the bladder design devel-
oped by Wei et al. [10]. Al shows the free moving piston design in the pressurisation stage; here the piston is forced to the
right-hand side where the batch of saline water is pressurised, permeate passes through the membrane and the concentrate is
recirculated back into the batch via the recirculation pump. When the free piston reaches the right-hand side of the vessel the
purge and refile phase are activated (A2). During the purge and refill stage the piston is forced to back to the left-hand side
of the vessel, a new saline feed fills the right-hand side of the work exchange vessel and simultaneously flushes the rest of the
system. Similarly, in (B1) this is the pressurisation stage of the bladder system, a make-up solution is forced into the bladder
causing the bladder to expand and pressurise the batch of saline water within the pressure vessel, this forces permeate through
the membrane and the concentrate is recirculated back into the batch. When the bladder is fully expanded no more pressure
can be added so the purge and refill (B2) stage is triggered. During this stage the high-pressure pump is switched off and the
bladder is vented to atmospheric pressure the make-up solution can be recirculated to be used in the next pressurisation cycle,

the recirculation pump is used to supply a new feed of water as well as flushing the membrane.

der Waals, Lewis acid-base, and electrostatic double layer
forces and ligand-receptor bonds between the micro-organ-
ism and polarized bonds, charged groups or OH groups
in the conditioned surface [41]. The micro-organisms usu-
ally attached to the membrane in points of turbulence, like
downstream of the feed spacer layers, due to the lack of flow
[30,40]. Once a micro-organism has become trapped in the
feed spacer channel, it will remain there until the flow char-
acteristics change. Many factors can affect the attachment of
the microorganisms, such as membrane characteristics, flow
characteristics, feed nutrient concentration, feed solution
micro-organism concentration [30,38,40,41].

3.1.2. Growth

Once attached, further micro-organisms are brought
to the activation site by the feed water. The feed water also
supplies nutrients to the membrane, which nourish the
micro-organisms causing lateral growth across the mem-
brane. Once the biofilm is formed it will disrupt the function
of the feed spacer within the membrane element resulting

in an increased concentration polarisation, which will lead
to more salt passing through to the permeate. Additionally,
the biofilm will cause an increase in operating pressure
and overall energy consumption of the system [42-44].

Organic fouling by macro molecules will be explained
under colloidal fouling in section 3.3.

3.2. Inorganic scaling

Inorganic fouling by scaling is caused by precipitation of
sparingly soluble salts. This process can occur by two mech-
anisms: the formation of salt crystals in the bulk solution,
known as homogenous crystallisation; and heterogenous
crystallisation, that is, the formation of salt crystals on the
surface of the membrane or a suspended solid in the bulk
solution [34,35,45]. Both mechanisms are dependent on the
degree of saturation and on how long the fluid remains at a
supersaturated state [46].

Many factors determine the mechanism of scaling.
Firstly, at lower supersaturation indexes (SI), heteroge-
nous crystallisation is more common; whereas at higher
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Fig. 2. Categories of fouling that will be reviewed in this study. Fouling can be broken down according to the two main types of
foulant, organic and inorganic. The diagram also shows 3 mechanisms of fouling (micro-organism, scaling, colloidal).

SI values homogenous saturation becomes more common
[35,47]. Secondly, temperature is an important factor. In a
study on organic and inorganic fouling in nanofiltration,
Her et al. [48] found that common salts, such as calcium
carbonate and calcium sulphate, formed small crystals
in the bulk solution that stacked on the membrane sur-
face at 20°C-30°C (homogenous nucleation). However,
when running the same experiment at lower temperatures
(10°C-20°C), they observed lateral growth of surface crys-
tals (heterogeneous nucleation).

The pH also influences the mechanism of scaling.
Lowering of pH disfavours transformation of bicarbonate to
carbonate, thus reducing carbonate scaling [49]. The hydro-
dynamics of the system also play a role in determining the
fouling mechanism. A study by Oh et al. [50] focused on
developing a model for scaling of various RO arrangements.
They found that high cross flow velocity and low rejection
favoured bulk crystallisation, while opposite conditions
favoured heterogenous crystallisation [50].

Another factor that influences scaling is the presence of
organic foulants. Quay et al. [51] studied the relationship
between inorganic and organic fouling, using silica as the
inorganic compound and a combination of bovine serum
albumin (BSA) and lysozyme (LYZ) as the organic com-
pound. It was found that, in solutions where the silica and
the proteins were present, there was a faster flux decline
when both fouling phenomena (organic and inorganic) were
simulated.

Both crystal formation mechanisms follow the same
three-stage process of supersaturation, nucleation and
growth. Each stage is now reviewed separately:

3.2.1. Supersaturation

Below the supersaturation level, a solution is in a
dynamic equilibrium, where opposite charged ions collide
and separate. However, at higher concentrations the ions
can create activation sites for crystals to form, this is when
the fluid is said to be supersaturated [45]. The point of

supersaturation can be expressed by the activity of the ions
making up the salt and the solubility product [46]:

IAP
2| 0

sp

where SI is the saturation index; IAP is the ion activity
product, the product of the activity coefficient and the
concentration factor of each ion in the salt; K is the solu-
bility product. This is the equilibrium for at which a solid
substance dissolves into an aqueous solution.

In a solid salt the activity coefficient is =1, so the IAP is
a product of the molar concentration of the salts present in
the solid [35,52].

IAP=[A] x[B] (2)

The concentration of each salt ion can be calculated
using the concentration factor (CF). The concentration factor
is equal to the concentration of the concentrate (C) divided
by the concentration of feed solution (C). Additionally,
CF can be calculated using the recovery ratio (R) and the
rejection (F) of the membrane:

CF=—< 3)

1-R @

The K_ can be calculated by multiplying the molar con-
centrations of each dissociated ion. In this product, each
molar concentration must be raised to a power accord-
ing to the number of ions present in the formula for the
salt. The following shows an example of K_ calculation for
calcium phosphate (Ca,PO?):
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Ca, (PO,), = 3Ca* +2PO;” )

K, =[ca][PO,T ©6)

IAP < K_, — Precipitation is avoided; IAP = K_ — Solution
is saturated (threshold of precipitation); AP > K, -
Supersaturated solution — precipitation will take place until
IAP=K_ [35,46].

3.2.2. Nucleation

Nucleation is the first stage after supersaturation,
whereby ions form a new phase. Dissolved solids form crys-
talline lattice structures, most of which will re-dissolve into
the bulk solution. However, if the nuclei are large enough
the crystal will become stable. This can take place via the
two routes of heterogenous or homogenous crystallisation.
Homogeneous crystallisation dominates at higher supersat-
uration levels [28,35,46,52].

Homogenous nucleation theory developed by Sohnel
and Nielsen in 1971 formed the basis for most modern
nucleation theories [45,53]. Heterogenous nucleation mod-
els were derived from these by adjusting two variables, the
contact angle and the interfacial tension [54]. These two vari-
ables are the contact angle and the interfacial tension [54].
In homogenous theory the contact angle is 1, however due
to additional surfaces present in heterogenous nucleation
this contact angle typically decreases which promotes nucle-
ation [29]. Additional foreign bodies in the solution effect the
interfacial tension which plays a role in the heterogenous
nucleation rate [29].

Nucleation rates are dependent on supersaturation
levels. As the supersaturation index increases, the critical
nuclei size required to form a stable crystal reduces [45,55].
In addition, the temperature affects the nucleation rate, as
temperature increases the nucleation rate does too [35].
Heterogeneous crystal formation can be dependent on other
foulants and foreign bodies in the solution. In homogenous
theory, the angle of incidence between nuclei collisions has
an impact on formation of crystals [51]. Impurities in the
water can reduce this, creating an easier surface for nuclei
to adsorb to which reduces the induction time of crystal for-
mation [29].

3.2.3. Growth

There are two main growth stages in inorganic scaling:

o Growth around the nuclei. As the nuclei becomes stable,
they start to attract other ionic pairs, these form micro-
crystals, which then combine with other micro-crystals in
the solution which form macro-crystals. Macro-crystals
have the tendency to adsorb to membrane surfaces,
which leads to the next stage of growth [29].

e Macro-crystal growth on membrane surface. This is the
growth of the foulant layer on the membrane surface.
After the crystal attaches to the membrane surface, the
macro-crystals grow laterally to more activation sites and
cover more surface area [29,35].

Inorganic fouling by metal oxides is discussed next.

3.3. Colloidal fouling — macromolecules and rigid inorganic matter

Colloids are defined as fine particles with dimensions
of 1-1,000 nm. These particles are too big to be removed by
diffusion, and too small to be removed by shear forces on
the membrane surface [56]. Attachment of colloids to the
membrane surface is described by the Derjaguin-Landau-
Verwey-Overbeek (DVLO) theory. This theory states that
the colloid-colloid interactions are a sum of the van der
Waals forces, and that the colloid-membrane surface inter-
action is governed by electrostatic interaction forces [57,58].
Once attached, these colloids block the membrane surface,
causing flux decline and pressure increase [59]. Colloids
are classified as two types [59-61]: rigid inorganic matter
and organic macromolecules [56]. Rigid inorganic matter
includes particles such as silica/silicate, a range of metal
oxides such as aluminium oxide, manganese oxide and ele-
mental sulphur/metal sulphides. These are typically found
in groundwater sources.

Organic macromolecules are larger organic molecules
present in a range of sources. Natural organic molecules,
such as proteins/transparent exopolymer particles (TEP),
can be found in seawater and groundwater sources [62],
while effluent organic matter in the form of humic acids is
typically found in water reclamation processes [31].

This section aimed to review literature available on
the types of fouling and how and why they may occur.
As the review shows, many factors in the RO process can
affect the type of fouling that will be present. This makes
fouling difficult to predict and is the reason why there is
constant research into fouling types and mechanisms. The
next section of this review aims to analyse common meth-
ods used to detect the type of foulant present during the
RO process.

4. Fouling detection methods
4.1. Flux decline

Decline in flux has been a method of fouling detection
since the late 1970’s. Early theories to interpret flux decline
focused on macromolecular fouling through physical mech-
anisms such as cake layer formations/pore blockage and
osmotic pressure changes [63-65].

Constant flux indicates no fouling; whereas a decline
in flux shows that fouling has taken place. However, this
method is not sensitive enough to detect early stages of foul-
ing, as once flux decreases, fouling is already under way
[27]. This is due to the nature of cross flow membranes. Most
scaling will start in the downstream area of the membrane
where the concentration polarisation is at its highest, then
spread upstream. However, the flux decline is not measured
locally on the membrane, instead it is an average of the total
flux decline, meaning a large proportion of the membrane
will be fouled before the flux decline is detected [47].

This theory was put into practice by Gilron and Hasson
[66], in an experimental study where the flux decline
caused by calcium sulphate fouling was analysed at all
points of the membrane surface by using the experimental
set up shown in Fig. 3. A flat sheet membrane flow cell with
permeate ports evenly distributed across the length of the
membrane.
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Fig. 3. Experimental set up created by Gilron and Hasson [66] for detecting the flux decline across the length of the membrane. The
rig consists of a feed tank with temperature control and recirculation to maintain saturation of calcium sulphate. This saturated
solution is then pressured across the flat sheet membrane the flow and pressure is regulated using control valves. The permeate
flows through one of the 6 ports across the membrane surface. The permeate from each port is measured allowing a localised
flux decline to be detected. The membrane scale coverage was calculated using scanning electron microscopy (SEM) images and
using resin moulds of the membrane surface. The results displayed that there was a clear linear relationship between the block-
age of the membrane surface area and the flux decline of a RO membrane. This finding contrasted with an earlier theory that
attributed flux decline to increase in the cake layer thickness and allowed a model to be produced to predict the flux decline [64].

4.2. In-situ membrane monitoring

Vast amounts of research have been conducted into
methods of non-destructive in-situ membrane monitoring
devices. In the late 90s, Flemming et al. [67] produced three
prototype methods of non-destructive membrane imaging
systems, firstly using a fibre optical device, secondly using
a differential turbidity device and finally using a Fourier-
transform infrared spectroscopy (FTIR) flow cell. The first
two methods (Fibre optical and Turbidity device) allow
physical particulates to be detected, but provide no way of
identifying the particulate substance. These methods can
also be influenced by other contaminants in the feedwater
which can make the results unreliable. The FTIR flow cell
addresses this problem to some extent; however, it cannot

be operated as a real time analysis method as the flow
cell has to be disconnected from the desalination unit and
connected to a FTIR spectrometer.

These methods were developed to produce direct visual
observation (DVO) methods, involving using high magni-
fication lenses with cameras to directly observe the cake
layer build up and particulate movement across the mem-
brane surface. These processes require a custom transpar-
ent module to house the membranes. Methods such as
direct observation through membranes (DOTM) have also
been developed. These use specially developed membranes
which have straight-through pores which, when wetted,
become transparent, thus allowing a camera to be mounted
on the permeate side of the membrane and view through the
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membrane. Nonetheless, this process only allows the first
layer of foulants to be observed [68-71].

The next stage of development for membrane monitor-
ing was to produce a method of visualising the membrane
surface without need of substantial modification to the
standard components. According to Ngene [68], monitor-
ing is valid if the following criteria are met: (1) the device
must be representative of a spiral wound membrane, (2) all
data obtained from the device must be repeatable to gen-
erate a database of results and (3) the device must be able
to monitor operational parameters and visually inspect the
surface itself [72]. These criteria led to the first prototype
of an ex-situ membrane monitoring device known as the
flat sheet monitor (FSM). This consisted of a sheet mem-
brane with the same physical characteristics of a spiral
wound membrane enclosed between a steel frame with a
Perspex visual window, allowing the pressure drop across
the membrane to be detected. Thanks to the clear Perspex
lid, the membrane surface could be observed using a high
magnification camera. However, these devices were large
and heavy making them somewhat impractical. A study by
Vrouwenvelder et al. [73] focused on developing a smaller
scale membrane monitoring device known as the mem-
brane fouling simulator (MFS) as shown in Fig. 4.

These MFS devices are a similar construction to FSM
but a fraction of the size. An initial FSM measures 0.32 m x
1.03 m x 0.07 m with an effective membrane length of 0.9 m
whereas the MFS measures only 0.07 m x 0.30 m x 0.04 m
with an effective membrane of 0.20 m x 0.04 m. This reduc-
tion in size requires less water and chemicals to be used
in experiments. Various studies by Vrouwenvelder et al.
[73,75-77] have shown that the MFS devices are accurate
in representing a spiral wound membrane and capable of
detecting early signs of fouling. These devices are typically
installed downstream of the tail RO element and simulate the
conditions in that element.

There are currently no studies to the authors’” knowl-
edge that specifically focus on the integration of a mem-
brane monitoring device in-situ with batch RO. However,
a recent study by Sarker and Bilton [78] focussed on the
real-time computational imaging of scale formation under

intermittent RO operation. The intermittent process was
similar to the batch RO process, in the sense that the high
pressure was released between cycles and that the salinity
of the feed was reduced periodically. Sarker and Bilton [78]
used a small plate-and-frame imaging device that allowed a
sample of the membrane to be viewed. Contrary to expecta-
tion [79,80], they observed that intermittent operation actu-
ally reduced the scale formation and the formations were
more uniform in shape, suggesting that the osmotic back-
washing, which occurs when the pressure is released, also
has a positive effect on mitigating the scale formation [12,78].

4.3. Membrane autopsy

Membrane autopsies are common methods used in
industrial systems to determine the foulants present. As
the name suggests, the procedure takes place once the
membrane has become badly fouled and is no longer in
use. Many tools can be used during the autopsy to allow
analysis of the foulants. These tools include, but are not
exclusive to, visual observation (VO), laser ionisation mass
analysis (LIMA), salt density index, X-ray fluorescence
(XRF), and scanning electron microscopy (SEM) [81]. Each
tool has can detect different types of foulants. Butt et al.
[82] used a range of these tools to identify the foulants
present on membranes that were used in pilot experiment
which utilised RO unit with an antiscalant dosing unit.
The system was fed with brackish groundwater with a high
CO? and SO; scale potential and was therefore limited to
a 70% recovery so the brine was below the saturation level
of silica scaling. The XRF identified large amounts of cal-
cium and magnesium phosphates and the SEM identified
that most of the foulant layer was amorphous [82]. In a
more recent study by Fortunato et al. [83], the effects of
pre-treatment on seawater RO were analysed using a mem-
brane autopsy of a fouled membrane using the following
tools: liquid chromatography with organic caron detection
(LC-OCD), inductively coupled plasma mass spectrometry
(ICP-MS), scanning electron microscopy with energy dis-
persive spectroscopy (SEM-EDS), total suspended solids
(TSS) and adenosine triphosphate (ATP). The SEM-EDS and

Fig. 4. Shows 3 examples of membrane fouling simulators, (A) being a small compact simulator that allowed for a lower dosage
of chemicals to be used when running experiments [73], (B) was an early development by Vrouwenvelder et al. [73] and (C) is
a simulator developed by the authors based on a design by Siebdrath et al. [74] this system aimed to replicate the exact flow
characteristics within the spiral wound membrane over the full length of a typical membrane.
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ICP-MS methods identified a range of inorganic deposits
such as aluminium, iron and magnesium silicate, while the
LC-OCD process was used to identify the composition of
the organic foulants.

4.4. Ultrasound time domain reflectometry (UTDR)

A UTDR set up typically consist of a transducer, receiver
and a contact medium — in this case comprising the water,
foulant and membrane surface [27]. Differences in acous-
tic property cause the wave to be partially reflected at each
interface (e.g., the water-fouling interface), such that the
time taken for the wave to return measures the thickness
of each layer. UTDR is commonly used to detect salt crystal
formation and colloidal foulants, as their acoustic imped-
ance differs substantially to that of water. Most biofilm lay-
ers consist mainly of water, which means they have a very
similar acoustic impedance to that of water which makes
it difficult to detect the layer structure [84,85]. UTDR has
been found to be a reliable non-invasive method of identi-
fying early stages of crystal formation and organic-colloidal
fouling. It cannot, however, be used to identify the chemi-
cal nature of foulant layer which is a big drawback when
attempting to use UTDR as method of optimising the mem-
brane RO process [86,87].

4.5. Longitudinal pressure-drop

During the RO process, two types of pressure drop can
be seen: the transmembrane pressure drop (TMAP) and
the longitudinal pressure drop (LAP) as shown in Fig. 5
[67,88]. A fouling-detection method commonly used in RO
plants involves monitoring the increase in the longitudinal
pressure drop, while the flow characteristics (i.e., feed pres-
sure and flow rate) within the system are kept consistent.
Such increase tends to indicate fouling of the feed spacer.
Typically, biofouling occurs near the inlet of the membrane
element whereas scaling occurs near the exit [3,27,37,67].

As well as being used to visualise membranes, MFS can
be used to detect pressure drop along the length of a mem-
brane [72,73,75-77,89]. The effects of linear fluid velocity
on membrane pressure drop was studied by Siebdrath et
al. [74]. A MFS was used to detect the pressure drop over
Im of membrane. It was found that an unfouled mem-
brane gave a pressure drop from 0.1 to 1.75 bar at a linear
flow velocity from 0.1 to 0.6 ms™. In the presence of bio-
fouling, pressure drop increased from 0.2-2 bar over a

period of 6 d at a fixed velocity. The longitudinal pressure
drop was measured in a separate study by Vrouwenvelder
et al. [77] to determine what effect the feed spacer has on
the biofouling process. Membranes with a feed spacer
present experienced an increased pressure drop of 120 mbar.
Typical pressure drop increases in these biofouling
experiments varied from 40-250 mbar (10%-50% increase)
depending on the fluid velocity, feed pressure, temperature
and feed spacer designs [72-75,77,90]. In large scale plants,
a cleaning process will take place once the longitudinal
pressure drop has increased by 10%—-15% [38,68,91].

5. Typical fouling mitigation methods

All RO plants use pre-treatment methods to remove
foulants from the feed water and to prolong the life of the
RO membrane, the pre-treatment methods can range from
chemical methods such as antiscalant-dosing to physical
methods such as membrane filtration [92]. Fig. 6 shows an
overview of the main pre-treatment methods. Further pro-
cesses will be described in this section.

In industrial RO plants, the pre-treatment process typi-
cally comprises settlement/screening to remove larger sus-
pended solids, coagulation to remove smaller solids and
most organic foulants, followed by media filtration. Chemical
dosing can also be performed along the way.

5.1. Physical pre-treatment
5.1.1. Settlement tanks

Settlement tanks or ponds can be used to remove large
suspended solids (>1 mm) in the feed water such as gravel
and sand. This method uses a natural separation processes
where heavier particles naturally settle to the bottom of the
tank. This method relies on a settling time. For silt particles,
settling time is in the region of 3 h, making it a practical
solution. However, for smaller colloidal particles the settling
time could be in excess of 3 years [92,93].

5.1.2. Coagulation

Once the large, suspended solids have been removed,
the next stage is to remove smaller suspended solids. This
is achieved via coagulation. Coagulation is the processes of
adding chemicals to the water to cause an amalgamation of
particles in the stream, which can then be removed by floc-
culation [94,95]. The most common coagulants are either
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iron-based (ferric chloride and ferric sulphate) or alumini-
um-based (alum and aluminium chloride) [94,96,97].

The suspended solids present are usually negatively
charged, while the added metal salts precipitate and form
positively charged metal hydroxide particles. These parti-
cles can then remove suspended solids form the water via
a precipitation process or an adsorption process. The choice
of process depends on the physiochemical make-up of the
water [94,96,98,99].

The type of feedwater can play a role in selection of
coagulant used. For feedwater with a typically lower pH,
such as ground water, alum-based coagulants can be used.
Alum-based coagulants are still insoluble at lower pH values.
However, in the case of seawater desalination, where the raw
feed has a pH typically higher than 8, the alum-based coag-
ulants will become highly soluble and may cause problems
downstream [94].

Iron-based coagulants have proven to be better in reduc-
ing dissolved organic carbon (DOC), colour and increasing
the ultraviolet transmittance than the aluminium-based
counterparts, over a range of pH values and dosage quan-
tities [97]. In addition, ferric chloride is relatively insoluble
meaning that minimal Fe will be present after the pre-treat-
ment process, thus avoiding and precipitative scaling in
processes downstream [94]. For these reasons, iron-based
coagulants are usually preferred in seawater desalination.

5.1.3. Media/membrane filtration

A common practice is to use a media filter upstream of
a membrane filtration process. Many plants, however, use
only media filters. Media filters can have multiple layers
depending on the design of the system and the feed water
quality. The feed stream is passes downward through the
media filter, in which each layer has a progressively smaller
pore size to remove smaller particles. Common media to
include sand, anthracite, carbon and garnet [100]. Specially
for removing biological matter from the water biological acti-
vated carbon reactors (BAC), rapid sand filtration (RSF) and
slow sand filtration (SSF) can be used [101-103].

Initially the only pre-treatment method using mem-
brane filtration was microfiltration (pore sizes between
100-5000 nm); however, further research has gone into the
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use of finer membranes (nanofiltration (NF) and ultrafil-
tration (UF)) [104-112]. The consensus from these studies
is that having NF/UF pre-treatment will; allow for higher
designed flux and recovery of the RO system, less regular
replacements of the RO membrane, less chemicals needed in
the pre-treatment process and the capital cost of these meth-
ods are generally more than the more conventional methods.
These positive findings have led to finer membrane pre-
treatment processes being adopted into industrial use [105].

SSF is one of the oldest water treatment methods. It typ-
ically runs continuously with minimal cleaning procedures.
Sand filters have particles 0.1-0.35 mm in diameter and
have relatively low hydraulic load resulting in contact times
of 3-12 h. Due to the small particle size and large contact
time, the effluent of the SSF tends to have a low turbidity
and may not require a previous coagulation step [113].

The long-term performance of SSF as a means of con-
trolling biofouling in a seawater RO system was studied
by Oliveira and Schneider [114], who found that after the
initial filter maturation period (2-3 months) the micro-
bial growth potential reduced by 90%. SSF has an advan-
tage over other membrane pre-treatment such as NF/UF,
in that SSF systems are comparatively simple in design
and do not require periodic replacement like membranes.
A disadvantage of SSF, however, is the large footprint
associated with the low hydraulic loading [115]. Scientific
advances have been made in SSF to increase the hydrau-
lic load. This led to development of RSF systems which
typically have a flow rate 300 times that of SSF [113]. RSF
systems are widely used in most seawater reverse osmo-
sis (SWRO) plants globally due to their cost and effec-
tiveness at removing particulates greater than 0.35 mm.
Unlike SSF, RSF is not effective at removing biofouling
contaminants, so require some form of coagulation process
prior as well as needing regular backwashing [102,113].
However, a study by Bar-Zeev et al. [102] has shown the
potential of RSF for removing some bio contaminants
with adequate system design and bed maturation.

In a comparison between SSF and MF pre-treatment
for inland RO, Corral et al. [116], found that MF was sig-
nificantly better at reducing membrane fouling. They also
found MF to be cheaper at $0.21/m? compared to $0.25/m?
for SSFE. For continued use, SSF would require more regular
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cleaning processes which could further increase the cost of
operation; however, it was recently discovered that in a SSF
all beneficial effects were experienced in just the first 30 cm
of the filter, meaning the depth of the SSF can be drastically
reduced compared to common designs (insert depth), this
discovery could significantly reduce the cost of SSF making
SSF a more viable option of pre-treatment [114].

5.1.4. Ultraviolet (UV) radiation

UV pre-treatment is a process where the feed water is
exposed to UV radiation which alters the physico-chem-
ical and biological characteristics of natural organic matter
within the feed water, ultimately killing microorganisms
[117]. UV can be used as an alternative to biocides and oxi-
dants [118]. Typically, there are two types of UV lamps used
low pressure (LP) and medium pressure (MP) [119-121]. LP
lamps tend to produce radiation at wavelengths of approx-
imately 250 nm and are used for controlling microorgan-
isms, whereas MP lamps tend to have a shorter wavelength
(185 nm) and are used to control the total organic carbons in
the water [119,120].

It was found that LP lamps were able to reduce active
bacteria counts by a factor of 2, as determined in an experi-
ment performed by Di Martino Patrick et al. [122] where two
simultaneous NF systems were operated with the same feed
water, one with pre-treated by a LP UV lamp. The UV-treated
feed water showed no change in dissolved organic carbons
and biodegradable organic carbon, but it did show a reduc-
tion in active bacteria.

The effects of UV as a means of pre-treatment for ultra-
pure water production via RO were investigated by Jin et al.
[118] who found that UV pre-treatment, though effective at
removing biofoulants, increased the chances of silica foul-
ing due to the UV’s effect on aggregating colloidal particles
which potentially can form a cake layer on the membrane
surface.

5.2. Chemical pre-treatment
5.2.1. Acidification/antiscalant

Acidification is the process of adding an acid solution to
the feed water to reduce the pH. It is used to reduce calcium
carbonate scale formation. Common acids used are hydro-
chloric and sulphuric acid, the latter being more common
and can be used at a wider range of concentrations between
(20%-90%), whereas hydrochloric acid is typically used
at concentrations <40%. Both acids have drawbacks [123].
Sulphuric acid increases the concentration of sulphate ions in
the feed solution which can increase the chances of sulphate
fouling; and the hydrochloric acid increases the concentra-
tion of chloride ions which are less effectively rejected by RO
membranes than sulphate ions [35].

Acid dosing is a cheap and effective method of remov-
ing CaCO, scaling but does have downsides. For example,
commercially available acids tend to be contaminated with
some form of metals which can encourage other mechanisms
of fouling. Because of these secondary effects, most indus-
trial systems opt for dosing of antiscalants. Antiscalants have
been in use since the latter half of the 20th Century. The first

commercially used antiscalants were sodium hexametaphos-
phate, an inexpensive antiscalant that is still used in some
plants today. However, more modern polymeric organic
scale inhibitors are more stable and are more effective than
sodium hexametaphosphate [124]. Scale inhibitors function
by three different mechanisms:

e Threshold effect: This prevents the early stages of crystal
formation. Using a sufficiently large dose of antiscalant,
soluble salts that have exceeded their solubility limits
will not precipitate.

e Crystal distortion effect is where the inhibitor affects the
structure of the crystal formation. The crystals become
irregular in shape, creating a poor surface for other crys-
tals to attach.

e Dispersancy effect: The scale inhibitor causes a surface
charge in the crystals which causes the crystals to repel
each other [124,125].

Developments have been made in novel scale inhibi-
tors. A study by Li et al. [126] compared the performance of
a newly developed non-phosphorous copolymer to readily
available scale inhibitors, Flocon-135 and Flocon-100, on the
inhibition CaSO,. It was found that the new novel inhibi-
tor was cheaper, more effective over a wider range of pH,
required a smaller dosage, withstood higher supersaturation
limits and was less affected by iron ions [126]. Additionally, a
study by Shahid et al. [127] reviewed the performance of CO,
as a scale inhibitor. The idea of using CO, as a scale inhibi-
tor follows the same method as acidification, that is, the CO,
will reduce the pH of the feed stream which will reduce the
chances of inorganic scale formation. The performance of
CO, was compared to a readily available anticalants to show
that the CO, performed adequately and was less than half the
cost of commercial antiscalant. However, CO, is only capable
of removing CaCQO, from the solution, meaning that a CO,
injection process will need to be used in combination with
another pre-treatment method [127].

5.2.2. Ion exchange softening

The aim of this pre-treatment process is to remove scal-
ing ions such as Ca* and Mg?. This is important for gypsum
(CaSO,-2H,0) which is not sensitive to pH therefor can-
not be solubilised by acidification as stated previously. Ion
exchange systems are typically situated at the last stage of
the pre-treatment process, where feed water with high Ca*
and Mg* level is passed through a column of resin material
selected for its ability to attract the positive ions to its sur-
face [128]. Vermeulen et al. [129-131] studied a novel process
of using the brine from the RO system as the ion exchange
medium. To make this a viable process, however, additional
salts needed to be added to the brine. This process utilises
an ion exchange unit with a cation exchanger that allows
the Ca* and Mg?* to be replaced with Na* ions which has a
much lower scaling potential than the other cations [129-
131]. However, these studies were not seen as a viable solu-
tion when they were conducted, due to the low salinity of
the brine outlet, poor modelling of ion exchange units and
the lack of importance given to brine management during
the 1970s when the studies were conducted [129-131].
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In recent years, a study conducted by Venkatesan and
Wankat [132] focused on the shortcomings of the earlier
research conducted by Vermeulen et al. [129-131]. Since the
earlier research, three areas have evolved. Firstly, advances
in membrane technology have reduced the need for addi-
tional salts to be added to the brine outlet of the modules
to regenerate the ion exchange column. Secondly, advances
in the modelling and simulation of ion exchange systems
have become a lot more accurate, enabling better system
design. Finally, brine disposal costs have escalated such that
they now account for 80% of the running costs of RO [133].

Only one study could be found that integrates an ion
exchange softening process with a semi-batch RO system
[134]. This study aimed to investigate which would be more
viable as an off-grid desalination system: plug-flow RO
or a semi-batch RO, both with an ion exchange pre-treat-
ment stage. The study concluded that the semi-batch RO
system allowed for a higher recovery (92%-95%) and less
fouling than the plug-flow system (86%).

5.2.3. Biocides and chlorination

Biocides are chemical disinfectants that can be added
to the feed solution to prevent the growth of microorgan-
isms. The most common biocides used are free chlorine
(HOCL,-OCL"), monochloramine (NH,CI), chlorine dioxide
(CIO,) and ozone [135] and a lesser used 2,2-dibromo-3-ni-
triloproprionamide (DBNPA) [136]. DBNPA is seen as less
harmful chemicals for the membrane element [135-137].

The chlorine-based biocides introduce additional chlo-
rine into the feed solution. This is usually achieved by add-
ing chlorine gas or sodium hypochlorite. The issue with the
addition of free chlorine is the oxidisation potential and
attacking of the polyamide membrane; therefore, at the end
of the pre-treatment process, the water must be dechlori-
nated typically using sodium bisulphite or granular acti-
vated carbon [135].

Due to the added complexity of chlorination and
dichlorination of the water, advancements were made in

non-chlorine based biocides such as DBNPA. The lab based
study by Siddiqui et al. [89] found that a continuous small
dosage of DBNPA (1 mg/L) was effective at preventing bio-
fouling from forming and higher doses (20 mg/L) on already
fouled membranes was shown to prevent the growth of
further biofilm and stabilised the pressure drop. These lab
results were supported with large scale implementation
by Boorsma et al. [138] and Caron et al. [139].

Biocides cannot remove 100% of living bacteria in the
feed water and any residual bacteria can attach to the mem-
brane and multiply over time as nutrients reach the mem-
brane. This is why biofouling is the most common form
of fouling in RO systems [140]. A downfall of biocides is
that they contaminate the brine and must be disposed of
in an effective manner. In a study about the environmen-
tal impacts of seawater brine disposal, Lattemann and
Hopner [141] assessed the impact of left-over pre-treatment
chemicals on marine life. The study found that the free
and combined chlorine residual from most seawater RO
plants greatly exceeded WHO recommendations. This has
prompted vast amounts of research into novel pre-treat-
ment methods to reduce chemical residues and disinfection
by-products. However, none has been widely accepted as a
replacement for chlorine [137,142-149].

Current methods of pre-treatment still have negative
effects on the RO process and in many cases can account
for a large proportion of the CAPEX of the RO plant. Some
advances have been made in using less harsh chemicals, less
energy intensive and less wasteful processes however there
is still vast room for improvement. This will be expanded
on in section 6 in which we review the potential of batch
RO to avoid or reduce pre-treatment.

6. Hydrodynamic effects in batch RO

The BRO process is an unsteady desalination process,
meaning that the flow over the membrane does not fol-
low the same characteristics as in standard continuous RO
systems, such as unidirectional flow, varying salinity and
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pressure with time and points of excessive crossflow veloc-
ity [9-12]. Due to the unsteady nature of the process, the
following flow characteristics have been observed in the
BRO operation process. This section aims to summarise each
characteristic and relate them to the BRO process specifically.
These unusual characteristics are likely to influence fouling.
Very few studies have investigated directly the potential ben-
efits of BRO as a method of fouling mitigation, but prelimi-
nary data from Wei et al. [22] suggest that the salinity cycling
of the batch process reduces the chances of scale formation.
In addition, a study conducted by Riley et al. [16] suggests
that the semi-batch closed circuit desalination process has
a beneficial effect in mitigating biofouling during the recla-
mation of oil and gas waste streams. The study proved that
the effects of fouling were minimal over 440 h of operation.

6.1. Osmotic backwash

Osmotic backwashing is a proposed chemical free clean-
ing process where water is drawn back through the RO
membrane by forward osmosis [150,151]. This has been
demonstrated in lab studies where a hypersaline solution
has been periodically passed through the feed side of the
RO membrane causing permeate to pass back through the
membrane and subsequently remove a fouling layer. This
was found to remove 70%-79% biovolume, 78% total organic
carbon and 66% of proteins from the membrane surface [152].

Preliminary data from prototype testing of batch RO
show that some osmotic backwashing is experienced at the
start of the purge-and-refill cycle because of the salinity
difference across the membrane (supersaturated batch and
fresh permeate) [10,19]. This phenomenon was reported
in lab studies conducted by Wei et al. [10] on the bladder
batch RO system. The osmotic backwash phenomena can be
accentuated by using a supersaturated feed solution of a sol-
uble salt (NaCl, Na,SO,, MgSO,) causing the backwash pro-
cess to take place for longer than in normal batch RO. The
type of salt and concentration was studied in detail by Dana
et al. [151]. It was found that NaCl was a better draw solu-
tion for cleaning seawater RO membranes, whereas brack-
ish water RO membranes reacted better to sulphate-based
cleaning salts. Another method of forcing osmotic back-
wash can be achieved by pressurising the permeate line,
a spiral wound membrane for accommodating this was
invented by Ando et al. [153,154]. This module allowed a
back pressure between 0.5-3 bar. This back pressure will
allow fresh water to permeate back through the membrane
thus having the same effect [153,154].

The use of osmotic backwashing as a cleaning mech-
anism for organic fouling was first suggested in a study
by Spiegler and Macleish [155]. Membrane channels were
pressurised up to 41 bar, then reducing to 0.3-2 bar so that
osmotic backwash occurred. The system experienced a
flux decline of 14.5% in 20 h of operation and the osmotic
backwash restored 50% of this decline [155].

Since then, considerable amount of research has been
conducted on the ability to remove or reduce the need for
chemicals in the cleaning process of RO membranes [156—
158]. Further studies were carried out for a range of differ-
ent feed water types and osmotic backwashing cycle times.
In a study by Bar-Zeev and Elimelech [152], the effects of

osmotic backwash on removal of biofilm were assessed,
with osmotic backwash cycles of between 50-60s at a main-
tained feed pressure of 13.8 bar. It was found that a 63% rec-
lamation of flux decline was achieved, as well as reducing
the volume of biofilm by up to 79% [152].

Similar results were found in a study by Ramon et
al. [150] in which the effects of osmotic backwash were
compared to the effects of chemical cleaning. This study
highlighted the importance of integrating osmotic back-
wash with an additional cleaning mechanism. The osmotic
backwash stage lasted 10 min and was coupled with a
physical cleaning method such as recirculating de-ion-
ized water after loosening the biofilm. This was compared
with just physical cleaning, chemical cleaning and osmotic
backwash without the additional physical cleaning. The
flux recovery was 22%, 100%, 83%, respectively, and the
osmotic backwash with physical cleaning achieved a
93% flux recovery [150].

This theory was further tested in a study conducted by
Yip et al. [159] on the effects of osmotic backwash on nat-
ural organic matter fouling in pressure retarded RO. It
was found that osmotic backwashing at a normalised rate
of 5 1/m? (approximately 2% of permeate produced during
the cycle) could remove most fouling in the support layer,
but was unsuccessful in removing foulants from the active
layer of the membrane. The results showed a flux recovery
of 61.3% after a quick osmotic backwash cleaning [159].

Besides such studies on organic fouling, studies have
been conducted on the ability to remove inorganic scal-
ing. For example, Cai and Schifer [160] set up a bench
top experiment using CaCO, and CaSO, as the fouling
agent. A small membrane monitoring system was used so
the scale formation could be inspected, and it was found
that the effectiveness of osmotic backwashing of the mem-
brane in operation was highly dependent on the mecha-
nism of scaling, the scale agent, the membrane properties
and general operating conditions. Thus, flux recovery
varied over a wide range of 30%-96%. This is due to the
nature of the scale formation. The scale loosely forms
a cake layer on the membrane surface, when the perme-
ate passes back through the membrane this loose scale
is lifted and the concentrate stream flushes it away from
the membrane. The results of this experiment were con-
firmed by visual inspection of the osmotically backwashed
membrane in comparison to a virgin membrane [160].

6.2. Feed flow reversal

During the purge and refill cycle, the feed flow direc-
tion is reversed, allowing fresh feed water to replace the
supersaturated solution near the outlet of the membrane
element. Initial studies into the use of feed flow rever-
sal (FFR) for scale removal were conducted by Gilron
and Korin [161]. The idea of FFR was to allow for higher
recovery ratios of feed solutions of sparingly soluble salts
to be achieved without increasing the amount of chemi-
cals needed in the pre-treatment process. This method
proposes reversing the feed direction of the saline solu-
tion, making the previous tail end module the new lead
module. This means that the super concentrated solution
that had formed around the tail element will be replaced
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with fresh feed solution reversing the axial concentra-
tion polarisation, effectively resetting the induction time
clock for nucleation of salts on the tail element as well
dissolves any salt crystals that may have already formed
[162,163]. It was found that FFR every 30 min allowed
for a continuous RO system to run at 80% recovery for
18h without any calcium sulphate precipitating on the
membrane; whereas in the same conditions continuous
RO without FFR experienced scaling within 1.5 h [163].

This phenomenon was visualised in a study by Uchymiak
et al. [164], in which a brackish water reverse osmosis plant
(BWRO) was operated with a solution of calcium, sodium
and chloride ions to encourage gypsum salt crystals to
form on the membrane. Three pressure vessels containing
6 elements were placed in series with a membrane moni-
toring device (EXSOD) downstream of the tail element as
shown in Fig. 7. The EXSOD allowed live monitoring of
the membrane condition and could be used to trigger the
FFR process. The study concluded that FFR was effective
at reducing crystal formation; however, the optimisation
of the system proved difficult, this is due to difficulties in
making the EXSOD replicate the exact conditions of the
tail element of the process, which resulted in the feed flow
reversal happening either too often or not often enough [164].

In later studies [165,166], another method of scale detec-
tion was used to trigger the FFR process. A plate and frame
cell was fitted with ultrasonic reflectometry sensors to detect
early-stage scale formation, which was proven to be a lot
more accurate than visually inspecting crystal formation
density on the frame and cell membrane, the ultrasonic
reflectometry sensors allowed for early-stage formation
to be detected before salt crystals were formed in the RO
module.

In a recent study conducted by Tang et al. [167], the
application of FFR for nanofiltration (FFR-NF) of indus-
trial wastewater was analysed. The aim of many industries
now is to move to zero liquid discharge (ZLD) for which
membrane methods have potential for great energy savings
compared to traditional thermal methods of concentration.
This study provides a model and experimental data for the
feasibility of using FFR to allow higher recoveries via mem-
brane technology to somewhere close to near-ZLD, after
which the final stage can be a conventional thermal process.
The results show that using FFR-NF can be a feasible option
as a pre-treatment for further ZLD technologies.

During the standard operation cycle of the free moving
piston batch RO system, the feed flow direction is reversed
at the end of every pressurisation cycle when the purge-
and-refill cycle commences [6,11,20,23]. During this cycle, a
pressure can be maintained in the module by an adjustable
diaphragm valve (V ), this will allow a fresh feed solution to
pass over the membrane at a set pressure, this process takes
place until a conductivity sensor on the outlet of the module
(c2) reaches a set level relevant to the supply conductivity
(c1) - Fig. 8.

An alternative system was designed and fabricated by
Davies et al. [7], coined as the double-acting free moving pis-
ton batch RO system. Instead of following a two-stage cycle
of pressurisation followed by purge-and-refill, the double
acting system entered a second pressurisation cycle which
introduced fresh water into the tail end of the membrane

module. This essentially reversed the feed flow between
every batch. Further work has been conducted by Cordoba
et al. [17] on the development of a double acting system
BRO system; however, no research has been reported on the
potential fouling benefits due to the feed flow reversal in the
double-acting system.

6.3. Reduced time under supersaturation and salinity cycling

A common theory for scale formation is based around
the induction time (the time taken for a stable crystal to form
under supersaturated conditions) of specific salt ions pres-
ent. This theory assumes that the feed water has no other con-
taminants, so the induction time is determined by the super-
saturation and the temperature which determine factors such
as critical nuclei radius, contact angle and crystal geometry
[54,168,169].

The induction time of calcium sulphate at a range of
supersaturation limits was studied by Alimi et al. [170]
who found that the induction time decreased from 9,600
to 60 s over the range of 2.6-11 supersaturation index, in
BRO the solution only becomes supersaturated towards the
end of the batch cycle (depending on the feed water con-
centration) therefore the supersaturated solution will only
have a small amount of contact time with the membrane
before the purge and refill cycle is activated [11]. Another
study by Dhakal [35] focused on experimentally proving
the predicted induction time of calcium carbonate scaling,
with and without anti-scaling dosing at a range of pH val-
ues and a range of recoveries. The predicted induction time
was proven to be accurate. It was in the region of 47-81 min
at recovery of 75% and a pH between 8.06 and 7.98. The
induction times in this experiment was determined by
a change in pH as this indicates salts have precipitated;
however, the solutions used in this experiment contained
no other contaminants so were not a true representation of
scale formation in RO systems [35,52]. As stated previously,
this induction time can be drastically reduced by the addi-
tion of other impurities/surfaces in the water, because of
the decrease in activation energy required to form stable
nuclei [171].

In a recent study by Warsinger et al. [12], the fouling
resistance of batch and semi-batch reverse osmosis (SBRO)
systems were compared. The study aimed to produce a
model for scale prediction in BRO focusing specifically on
the salinity cycling process. It has been observed that in
all batch and semi-batch RO processes that the residence
time is very low in comparison to standard continuous RO
systems; the residence time in SBRO and BRO is between
minutes and hours as the fluid becomes supersaturated
towards the end of the batch before being expelled from
the system, whereas the residence time in continuous RO is
defined as the time between cleaning processes, which can
vary from weeks to months. The constant changing salinity
from supersaturated to undersaturated is coined as salinity
cycling process, which effectively resets the induction time
clock at the start of each cycle — provided that all precipi-
tated salts and supersaturated solution are purged out the
system. This essentially allows the system to be exposed to
supersaturated solutions for a longer period of time [12].
However, little experimental data have been published to
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Fig. 8. Schematic diagram of the free moving piston batch RO rig displaying the sensors and valves required to operate

with pressurised FFR [11].

validate the claims of this research, and the induction time
calculations considered only homogenous crystal formation.

This theory was further expanded in research by Lee
et al. [15], where a comparative study of the gypsum scal-
ing propensity of SBRO and steady state RO with partial
recycle (SSRO-PR) was conducted. A SBRO and SSRO-PR
systems were run with similar operating conditions (recov-
ery ratio and temperature) and the same average feed
water characteristics. Scale formation was detected using
the membrane monitoring system (EXSOD) as explained
in Fig. 4. It was found in the study that SBRO developed
scale over a period of cycles, due to inefficient flushing
and the scale formation being a stochastic process meaning
there is a distribution of induction times. Thus nuclei may
form under shorter average induction times than expected
[65,162]. In the experiments of this study, the scale forma-
tion was detected using the membrane imaging system
described earlier in this paper. Due to the method of detec-
tion, only fully formed crystal nuclei could be detected. The
study suggested that early-stage nuclei are not efficiently
washed from the batch during the purge cycle, such that
the induction time is not completely reset, thus resulting in
scale formation in the SBRO process being more prominent
than in the SSRO-PR process. Increased flushing could be
used for better removal of nuclei, but at the expense of sys-
tem recovery [15].

As in the case of FFR, further work is needed in this field
to determine whether ideal flushing can be achieved, with-
out sacrificing the performance of the BRO or SBRO system.
This may be achieved, for example, by using other detection
methods for early-stage nuclei formation such as pH detec-
tion (for calcium carbonate scaling) [52]. Alternatively,
other BRO and SBRO system designs may reduce the resi-
dence time even further. Note that, in the above study, the
cycle time ranged from 11 to 20 min [10,19,22], whereas
the BRO process proposed by Park et al. [11] has a cycle

time of 8-10 min with a flushing cycle of 1-3 min [11],
meaning that the membrane is exposed to super saturated
solutions for a shorter period.

6.4. Water hammer/pulse flow?

Pulse Flow RO is a method where the feed flow is pul-
sated. The aim of this method is to allow high flux and
high recovery without the addition of chloramine, which
results in a chemical free brine [172]. The pulsating flow
was patented as a method of cleaning, where the feed flow
is pulsated to create a water hammer like effect on the
membrane this water hammer effect can effectively remove
biofilm already formed on the membrane surface [173,174].

In a study conducted by Liberman et al. [175], the effects
of Pulse Flow RO on the reduction of scale and biofouling
of membranes were predicted and tested in a 330 d long
experiment'. The experiment was conducted using a pilot
rig installed in California, consisting of one 8" pressure ves-
sel with seven Dow FILMTEC ECO PRO-400 membranes
inside. The feed water used was secondary effluent from
a municipal wastewater treatment plant that was treated
with a micro filtration process. Additionally, the feed water
was pre-treated with anti-scalant to remove the variable of
scaling.

The experiment concluded that PFRO removes the
need of chloramine as a means of pre-treatment. The pul-
sating operation (opening and closing the brine valve rap-
idly) allows a water hammer to be created, which applies
a high shearing velocity to the membrane; additionally, the

! Total experiment time was 330 d, however the first 130 d were
used to optimise the machine performance, and during the last
42 d the 1st and 7th membranes were removed from the rig to be
sent for an autopsy and replaced with new membranes.
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frequent changes in gauge and osmotic pressure create a less
than ideal environment for biofouling to form. The shear
velocity required to remove the chance of biofouling is the
critical velocity. There is no exact method to calculate the
critical shear velocity, but conventional RO systems run at
approximately 0.1-0.15 m/s and the PFRO system ejects brine
at 1.5 m/s so it can be concluded that the critical velocity is
somewhere between this range [175].

The free-piston BRO systems described in studies by
Davies et al. [7,23] were designed to operate with a solenoid
actuated valve on the brine outlet. It was found that during
experimentation the rapid actuation of this solenoid valve
was caused a surge in flow velocity across the membrane,
however this surge has never been quantified. Additionally,
at the end of the purge and refill phase, the solenoid valve
was closed suddenly this created a water hammer effect at
the start of the pressurisation phase. This shows the possi-
bility of introducing pulsating flushing to the BRO process,
which has the potential advantage of further mitigating the
fouling process. Further work needs to be conducted on
quantifying flow characteristics and the effects they have on
the fouling potential of BRO.

As this section shows, much research has been directed
to reducing the use of chemicals in the operation of RO
systems. Such chemical free/reduced approaches are typi-
cally based around specific flow characteristics within the
system. In laboratory-based testing these flow characteris-
tics have been found to happen naturally within the BRO
process. Further research is needed in the field of BRO
to quantify the effects of these flow characteristics on the
fouling potential of BRO.

7. Conclusion

BRO is a new emerging method of RO that allows high
water recovery as well as low energy consumption. The aim
of this paper has been to review recent developments in BRO
technology, fouling mechanisms, fouling detection meth-
ods and fouling mitigation methods—and finally to describe
specific flow characteristics within the BRO process that
may have benefits as regards fouling.

Amajorissue in achieving high recovery is the increased
chances of fouling due to the increased concentration of sol-
uble salts and nutrients in the solution. In industrial plants,
substantial pre-treatment is used to reduce the chances of
fouling. BRO is very promising for off-grid decentralised
water treatment where chemicals are hard to source, and
where any additional chemicals added to the water may
have a negative effect on the surrounding environment
— such that chemical pre-treatment methods should be
minimised or avoided. It was found in some recent stud-
ies on BRO that certain flow characteristics experienced
during the standard operation may have a positive effect
on the fouling propensity of process. These characteristics
have been highlighted to show how and why they occur
during the BRO process; therefore, it can be concluded that
BRO may reduce the amount of pre-treatment required for
desalination.

Lastly, a range of methods has been identified through-
out this paper for detecting the type and stage of fouling
on the membrane surface. Very few of these are typically

used in industrial plants, where simple flux decline and
pressure drop are the common methods used to detect
fouling. However, once such changes are experienced, it is
already too late to avoid the fouling and the system must be
switched off for cleaning. Again, this is not ideal for off-grid
decentralised applications as it means that essential water
supply will be interrupted. In addition, if the fouling is not
reversible, then replacement membranes will be needed.

Future developments for this work would be to imple-
ment a BRO system with a custom MFS in-situ that allows
for the identified flow characteristics to be quantified and
ultimately determine whether BRO does have mitigating
effects against fouling.
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