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ABSTRACT

Over the last 10 years, there have been significant developments in new devices for energy
recovery, new membrane materials and new sizes and orientations of reverse osmosis (RO)
plants, all designed to reduce costs and improve efficiency. The fundamental issue of keep-
ing membrane surfaces clean to ensure efficient RO plant operation has seen relatively few
recent developments. This is surprising as any fouling of the membrane surface will have a
dramatic effect on energy consumption and plant efficiency. Many researchers have focused
on identifying and studying the foulants in great detail, but there have been few studies in
how to remove it. Commodity acid and alkali compounds are still widely used due to the
perceived lower application costs. Specially blended cleaning chemicals incorporating deter-
gents, surfactants and chelants are also in wide use and are increasingly accepted by the
market to be economically and environmentally viable. “Strategically pairing chemical
agents that have complementary cleaning mechanisms so a higher cleaning efficiency can
be attained” has been described by Wui. The authors have established a research project to
explore in detail the use of novel physical and chemical cleaning methods. These included
effervescent chemicals, physically generated bubbles and high ionic strength cleaners
designed to agitate the cake layer on the membrane surface, assisting deposit removal. A
series of experiments using flat sheet test rigs and pilot plant have been completed and the
results presented in papers at IDA Tianjin 2013. This paper explains how the multiple clean-
ing mechanisms remove foulants and presents new data from a food processing plant
which recycles wastewater through an RO plant is presented. Historically, cleans were con-
ducted every one to two weeks due to the very high fouling rate. An air inductor and spe-
cially formulated cleaning compound cleaners A & B incorporating effervescent and high
ionic strength demonstrated that the plant could be cleaned more efficiently and in a shorter
timescale than using conventional cleaners. The presence of microbubbles has a dramatic
effect on cleaning efficiency as a result of agitation of deposits on the membrane surface.
The differential pressure of the first-stage plant was reduced for 4.5 bar to consistently less
than 1 bar. The quantity of permeate produced increased from 15 to 24m3/h. The underly-
ing fouling rate was dramatically reduced so cleans are now conducted on a 6–8 week cycle
rather than a 10-day cycle. These improvements occurred because cleaning using microbub-
bles has been more effective and the membrane surface much cleaner than previously. A
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clean membrane surface does not foul as quickly as a dirty membrane surface due to
surface roughness. The potential for enhanced membrane cleaning by combining different
chemical and physical mechanisms is an exciting area of research.

Keywords: RO membrane cleaning; Microbubbles; Air sparging; Antiscalant; Fouling
removal; Innovations; Chemical cleaning

1. Introduction

The use of products formulated with multiple
cleaning mechanisms offers enhanced cleaning perfor-
mance. “Strategically pairing chemical agents that
have complementary cleaning mechanisms so a higher
cleaning efficiency can be attained” has been described
by Ang et al. [1]. Conducting an effective clean rather
than multiple partial cleans is a gentler and more effi-
cient process to help extend membrane lifespan and
reduce operational costs. The authors have formulated
membrane cleaners A (acidic) & B (alkaline) which
incorporate effervescent reagents that produce very
small mini, midi and microbubbles which agitate
deposits at the membrane surface assisting their
removal. The new cleaners are powder high ionic
strength compounds which, when used during an off-
line clean causes normal osmosis to occur during peri-
ods of soaking. Permeate water passes through the
membrane surface to the feed-side breaking up lay-
ered deposits. This allows the cleaning chemicals
improved penetration to dislodge deposits. These
powdered products have proven particularly effective
against clay, biofilm and organic removal which make
up 85% of the foulants in lead elements. The amount
of generated microbubbles is further increased using a
specially designed microbubble generator which
inducts air into the cleaning solution being circulated
through the reverse osmosis (RO) plant. If a pump
forces a fluid flowing into the microbubble generator
tube an increase in velocity occurs in the constricted
part simultaneously with the decrease in pressure
which leads to air being sucked in through the tube.
Pressure recovery takes place further downstream and
the air drawn in collapses forming bubbles which then
have a tendency to coalesce into larger bubbles around
the microbubble generator. In order to optimise clean-
ing, it is preferable to have micro- and macro-sized
bubbles. The authors discovered that using specially
formulated cleaning agents (cleaner A or B) the coa-
lescing of micro, mini and midibubbles into larger
bubbles can be minimised. The cleaning reagents cre-
ate a suspension of bubbles and cleaning solution
which distributes evenly over the membrane surface
in a pulsed fashion giving an enhanced cleaning effect.
Extensive lab-scale experiments utilising cleaners A &

B with air have been carried out over 18months using
a flat sheet test rig with polycarbonate viewing win-
dow. Cleans were then carried out on full 8´´ spiral
wound polyamide membrane elements in a single and
triple element pressure vessel RO pilot plant. These
lab and pilot plant results indicated promising results.
Flux rates were improved when compared with using
conventional and commodity cleaners and subsequent
autopsies confirmed improved cleanliness. Autopsies
on virgin membranes subjected to cleaning using clea-
ner A or B and inducted air confirmed that there was
no damage to the polyamide layer. This laboratory
and pilot plant work was published in papers pre-
sented at IDA Tianjin 2013 [2,3,4]. This paper presents
the results of membrane cleans using multiple clean-
ing mechanisms and microbubbles conducted on a
wastewater treatment RO plant at a salad washing fac-
tory in the UK which had a very high fouling rate.

2. Cleaning mechanisms

The use of microbubbles, effervescents and high
ionic strength cleaners tested in our research facility
has resulted in enhanced cleaning of membranes. This
is due to increased agitation of deposits on the mem-
brane surface by the combined effect of different
chemical and physical mechanisms. These mechanisms
can be summarised as follows.

2.1. Microbubble cleaning

Agitation of deposits at the membrane surface using a
high concentration and wide distribution of bubble sizes
which are well known for cleaning a variety of deposits in
different industries. The cleaning effect occurs “when
bubbles expand and collapse close to boundaries, a shear
flow is generated which is able to remove particles from
the surface, thus locally cleaning it” [5]. This phenomenon
has been tested by numerous researchers notably Agarwal
et al. “investigated the potential of air microbubbles for
biofilm detachment from a nylon membrane surface in
comparison to chemical cleaning by sodium hypochlorite
(NaOCl). About 88% of fixed biomass detachment was
observed after 1 h air microbubbling, while only 10% of
biofilm detachment was achieved in the control experi-
ment without microbubbles [6]. Compressed, injected air
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[7,8] is used in cleaning and backwashing membrane
bioreactors, microfiltration and ultrafiltration membranes
but has not been applied successfully to RO membrane
elements. The 2-μm polyamide surface of an RO
membrane is at a molecular level and very easily
damaged by scouring and use of compressed air and so
air scouring has traditionally not been used on RO or NF
membranes. Research by Willems into using a single-
source compressed air as a possible method of increasing
RO membrane efficiency noted considerable drawbacks
due to problems associated with velocity of the
introduced bubbles, too low and resultant stagnant bub-
bles blocked flow through the membrane, too high and
the bubbles passed straight from inlet to outlet. Both
effects reduce the area coverage of the bubbles [9]. Experi-
ments have shown that when cleaning tests are performed
using only air and water with the microbubble generator,
the bubbles produced are large (Fig. 1) and inconsistent.
The use of commodity chemicals did not reduce the
bubble size. Using specially formulated cleaners A & B in
combination with the microbubble generator produced
much smaller and more refined bubbles (Fig. 2).

When pictured on the membrane flat sheet test rig,
the air bubbles with water and commodity caustic
chemicals tend to become lodged into the feed spacer
diamond shape around 1–2mm in size. This reduces
contact between the cleaning solution and the mem-
brane, and spacer surfaces, thus reducing the chemical
affect the cleaning solution could have. The bubble
size was measured using an endoscope and is shown
in Fig. 3. Using the specially formulated cleaning
reagents, A or B created a suspension of very small
bubbles and cleaning solution which was distributed

evenly over the membrane surface in a pulsed fashion.
This phenomenon alleviated the problems discovered
by Willems et al. who could not get even distribution
of bubbles across the membrane surface [9]. This cre-
ated a more turbulent cleaning solution, agitating the
foulant on the membrane surface for ease of removal.
The bubble sizes measured with the endoscope pic-
tured on a flat sheet test rig were between 5 and
500 μm (Fig. 4).

Fig. 1. Large bubbles created with air and water.

Fig. 2. Small refined bubbles with air and cleaner A.

Fig. 3. NaOH cleaning solution and air creates large bub-
bles stuck in feed spacer.
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2.2. Natural osmosis

During periods of soaking in the cleaning protocol,
the high ionic strength of the cleaning solution causes
movement of permeate across the membrane surface
through natural osmosis. This low flow of permeate is
sufficient to agitate and dislodge difficult-to-remove
foulants in particular layers of biofilm or colloidal
clay. This then enables the cleaning compounds to fur-
ther break up, disrupt and remove fouling particles.
This, in turn, would allow greater access to the surfac-
tant cleaning chemicals to remove deposits. The
removal of deposits away from the membrane into the
concentrate stream is likely to help minimise mem-
brane abrasion.

2.3. Effervescent reagents

When a powder-based formulated cleaner, includ-
ing an effervescent reagent, is dissolved in permeate
water to make up the cleaning solution, the efferves-
cent reagents evolve gas as bubbles which physically
agitate the foulant during cleaning circulation. This
has a dual effect of physically removing the foulant
and increasing surface area of the cleaning reagents to
the foulant surface. The effervescent creates a wide
distribution of mini, midi and microbubbles sizes from
5 to 500 μm.

2.4. Chemical

cleaning agents can remove deposits from the
membrane surface through a number of reactions

notably: hydrolysis, peptisation, saponification, solu-
bilisation, dispersion (suspension) and chelation.
Cleaners A & B are specially formulated high and low
pH-powdered cleaning reagents containing detergents,
chelants, effervescent, surfactants and ionic strength
builder. The high pH cleaner B is used to remove clay,
biofilm and organics. Cleaner B mode of action can be
described as follows: the first stage of attack occurs at
the water/surface interphase of the clay deposit and is
due to the synergistic mode of operation of the com-
bined speciality chemicals. This process works by
reducing the surface tension of the deposit allowing
the surfactant to become more effective in overcoming
the impermeability of the material; this allows the
cleaning solution to penetrate to the interlayer space
of the clay structure. The clay then becomes more por-
ous increasing the permeability to water and conse-
quently increasing the surface area of the deposit
allowing more active chemical to penetrate and dis-
rupt the “body” of the deposit. Cleaner B provides a
secondary physical action which increases cleaning
efficiency at the membrane surface allowing a “double
edged” approach to deposit removal. This action
removes blockages from the membrane pores caused
by the swelling effect of the hydrated clay particles.
Low pH is used to remove some mineral scales and
metal deposits. The ratio of these reagents in the prod-
ucts is vital to the cleaning process as they incorporate
multiple cleaning mechanisms. During our experi-
ments, we found that the cleaning reagents A & B
when used at a 1–2% solution in conjunction with the
microbubble generator had a profound effect on the
bubble size distribution and also imparted a pulsing
phenomenon on the cleaning solution after exit from
the physical generator device. An even distribution of
the cleaning and microbubble suspension across the
whole membrane surface was observed under the flat
sheet test rig.

3. Case study

An RO plant having a history of rapid and consis-
tent fouling was chosen to trial the new microbubble
multi-mechanism RO membrane cleaning approach.
The site is a major salads producer in the UK. The
salad wash water is recycled and contains bacteria,
soil and clay. All the factory process water is also
recycled and is contaminated with bacteria and deter-
gents and cleaners were used in the wash-down and
factory cleaning-in-place systems. The wastewater
treatment and reuse plant incorporates an advanced
membrane bioreactor ultra-filtration and RO plant to
treat and purify the water for reuse and discharge.

Fig. 4. Cleaner A and air creates evenly distributed micro-
bubbles.
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3.1. System description

The treatment plant is based on pre-treatment and
aerated flow balancing followed by an advanced
membrane bioreactor (AMBR), RO and ultraviolet
(UV) disinfection. (Fig. 5) A total of 1,400m3/d of
wastewater to be treated can be produced by the fac-
tory all of which is pumped to the AMBR. After RO
and UV disinfection, up to 450m3/d of treated water
is fed to the incoming mains water tank for blending
prior to entering the factory for salad washing and
process water.

The plant treats an influent COD total to the bal-
ancing tank of up to 480 kg/d depending on factory
production. In order to effectively separate biomass,
three banks of ultra-filtration modules are used, fed
by a recirculation system from a single bioreactor
tank. An intensive aerobic environment is created in
the AMBR using a JETOX aeration system allowing a
high quality final effluent to be achieved in a small
footprint.

3.2. System operation

The RO plant was commissioned in 2004 and has
been prone to fouling under periods of peak produc-
tion. The results of autopsies on membrane elements
and cartridge filters indicated that foulant is mainly
organic and microbiological in origin. There is also
aluminium silicate present as clay and soil from the
salad washing process and calcium phosphate

deposits. In 2006, there were three incidences of the
plant tripping out on high pressure due to calcium
phosphate scale formation. Membrane cleaning was
conducted using a biocide followed by cleaner C and
cleaner D. The biocide and cleaner C, an alkaline
blend of detergent chelant and surfactant, were used
to remove biofilm and clay. Cleaner D is a mild acidic
cleaner which, when used at a pH of 3.0–3.5, is very
effective at removing calcium phosphate scale. The
high phosphate events were due to increased use of a
phosphoric acid-based cleaning formulation by the
hygiene department in the factory, which affected the
phosphate balance in the feed water to the RO plant.
Over the preceding years, better control of these inci-
dents was achieved but there remains an underlying
high fouling rate and a need to conduct cleans every
7–14 d as the pressure required to maintain water pro-
duction continually increased. A basic programme of
cleaning using Cleaner C and D has been imple-
mented for seven years. The frequency of cleaning
resulted in membrane elements being changed every
18–24months. In 2013, two new effervescing products
with high ionic strength were introduced—Cleaner A
mildly acidic and cleaner B alkaline. From October
2013, only cleaner B and inducted air to create micro-
bubbles was used.

3.3. Cleaning products

The following cleaning products have been used in
2013 to clean the RO plant.

Fig. 5. Process flow diagram.
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Product Description Mode of use

Cleaner
A

Powder acidic high ionic
strength detergent chelant
surfactant cleaner with
effervescents

1–2% solution
20–25˚C
pH 2.5–4

Cleaner
B

Powder alkaline high ionic
strength detergent chelant
surfactant cleaner with
effervescents

1–2% solution
35–40˚C
pH 11–13

Cleaner
C

Liquid mild acid cleaner 2–3% solution
20–25˚C
pH 2.5–4

Cleaner
D

Liquid alkaline cleaner 2–3% solution
35–40˚C
pH 11–13

3.4. Methodology

The cleaning process using conventional cleaners C
& D is outlined followed by cleaning process using new
cleaners A & B and finally the installation of the air
induction system and methodology for microbubble
cleaning.

3.4.1. Conventional cleaning

An alkaline clean using Cleaner D is conducted
first to remove clay, organics and biofilm. This is then
followed by an acidic clean using cleaner C to remove
calcium carbonate and phosphate scale and metal oxi-
des and hydroxides. The total CIP volume recom-
mended by membrane manufacturers is 40 L per 8´´
membrane element for each individual skid being
cleaned. In order to prepare membranes for most effi-
cient cleaning, heat CIP tank with just permeate to
35˚C and circulate around membranes for 10–15min
to heat up the membrane elements. Prepare CIP solu-
tion with 3% Cleaner D and stabilise pH to 11.5 and
heat to 35–40˚C. Circulate the mixed, preheated clean-
ing solution to the vessel at low flow (3–4.5 m3/h per
pressure vessel) and low pressure (2–2.5 bar low
enough to prevent permeate being produced) to dis-
place the process water. Measure pH and adjust if
necessary, maintain temperature and recycle around
the system for 20–30min. If the solution shows any
sign of significant discolouration, then discard and
prepare fresh as per above to prevent possible mem-
brane abrasion. Once the pH, temperature and colour
have stabilised, allow to soak for as long as possible:
ideally 4–6 h. For difficult fouling, an extended soak-
ing period may be required—overnight; for example,
high-flow pumping. Feed the cleaning solution at high

flow rates (9 m3/h at 3.5–4.0 bar) for 30–60min. The
high flow rate flushes out the foulants removed from
the membrane surface by the cleaning. Finally, flush
with good quality permeate to natural pH levels. The
above process is the repeated with the acidic CIP solu-
tion prepared using 3% of Cleaner C, stabilising pH to
3.5–3.7, and heating cleaning solution to 25–30˚C (at
higher temperatures, calcium carbonate saturation will
decrease causing potential deposition). The rest of the
process is identical to that above. The whole proce-
dure would normally take 6–8 h.

3.4.2. New cleaners A & B

The same process as described above was used
when applying new cleaners A acidic and B alkaline.
These cleaners are high ionic strength powders contain-
ing detergents, surfactants and chelants combined with
effervescing agents to give multiple mechanisms for
cleaning as explained earlier. Because they are powders,
only 1% solution is required and they operate at the
same pH as described for cleaners C & D. The cleaning
process using the new cleaners took the same amount
of time as previously 6–8 h. After some time, it was
noted that the major fouling was in the first stage of the
plant and due to organics, biofilm and clay, cleans were
done only using alkaline cleaner B with very similar
results. This cut the cleaning time down to 4–5 h.

3.4.3. New cleaner B plus microbubbles

In order to further enhance the cleaning effect,
speed up the process and increase the periods
between cleans, an air induction device was
installed, which, in combination with the cleaning
product B, produces a suspension of very small
mini, midi and microbubbles between 5 and 500 μm
in size. The microbubble generator device is installed
on a bypass loop of the CIP system after the recircu-
lating pump and cartridge filters on the inlet to the
pressure vessels as shown in Fig. 6. Initially, a simi-
lar cleaning procedure was followed to that
described above but the timescales for recirculation
and soaking were reduced substantially following
findings in the laboratory and on our test plant. The
procedure has been fine tuned to a 20-min warm
water flush, 20min recirculation of 1% cleaning solu-
tion warmed to 35–40˚C followed by a 20-min soak-
ing period during which permeate flows back across
the membrane due to normal osmosis lifting deposits
from the feed-side membrane surface. The microbub-
ble generator is then put online by partially opening
valves 2, 3 and 4 and partially opening valve 1. The
cleaning solution is then circulated for 20min with
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microbubbles to dislodge the cake layer on the mem-
brane surface. The recirculation, soaking and micro-
bubble stages are repeated twice maintaining the
cleaning solution temperature at 35–40˚C and pH
between 11.5 and 12.0, followed by flushing with
permeate. This procedure is carried out using alka-
line Cleaner B only, and the whole cleaning process
now only takes 2 h and 40min.

4. Results

The graph in Fig. 7 shows the reduction in norma-
lised differential pressure on stage 1 of the RO plant.
From January 2013 to 1 June 2013, conventional cleans
using cleaner C & D were carried out. Permeate pro-
duction and normalised differential pressure (ndP)
were temporarily restored but rapid refouling
occurred. Cleans were conducted every 10.5 d on

Fig. 6. Installation schematic for the CIP microbubble generator.

Fig. 7. Graph of normalised differential pressure over time using different cleaning methods.
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average over this period. On the 2 March, all 30 of the
membrane elements, in five pressure vessels, were
replaced. The ndP was initially recorded at 1.5 bar but
rose rapidly to 2.5 bar the next day, and then to over
4 bar on the 22 March when a clean was conducted.
The clean was not very successful as the plant had not
been cleaned for 20 d, so cleans were repeated on the
26 March and 31 March. Regular 10-day cleans were
reinstated but only after three months, the ndP was
above 4 bar, so it was decided to install a new set of
membrane elements and change the cleaning reagent
to Cleaners A & B. The first clean was conducted 7 d
after installation and because ndP was low, the period
between cleans was extended to 13 d. After one month
of operation with new membranes, the ndP had
increased but stabilised at 2.5 bar using cleaners A &
B with additional effervescent and high ionic strength.
This was a significant improvement on using the con-
ventional cleaners C & D; however, fouling was still
rapid and cleans were conducted every 11–13 d. On
the 3 October, the air induction combined with Clea-
ner B to produce microbubbles was started. After
three cleans, a significant improvement in ndP was
observed with a cleaning frequency of 12.5 d on aver-
age. After three months and six cleans, the ndP had
been reduced from 4.5 bar at the beginning of the year
to consistently less than 1 bar on the first stage and on
the whole plant. From January to April 2014, the fre-
quency of cleans has been extended from every
10.5–31.6 d and latterly, the period between cleans has
increased to over 50 d. The reason for the sudden
increases in dP is thought to be due to the presence of
biofilm and clay, which was only partially removed
using conventional cleaners C & D. Cleaners A & B
worked more effectively getting the membrane surface
cleaner. When inducted air and cleaner B, to create
microbubbles, were used, the membranes were signifi-
cantly cleaner, reducing surface roughness, and hence
the underlying fouling rate is much slower. Further-
more, it is thought that biofilm removal and disrup-
tion will significantly reduce the surviving microbial
population which will not then replicate at the same
rate despite the on-going nutrient source. The initial
results are very encouraging showing a distinct
improvement in the ability to clean these rapidly foul-
ing membranes in a significantly shorter timescale. No
loss of salt rejection has been detected and permeate
flow has improved from 15m3/h at the beginning of
2013 to 24m3/h from January to April 2014.

5. Conclusions

The results of this study show encouraging results
that, by combining multiple new cleaning mechanisms,

enhanced membrane deposit removal can be
achieved offline thus prolonging membrane life and
improving operational efficiency. A summary of our
findings are:

� Cleaning is improved in the first stage of a rap-
idly fouling RO plant using a high ionic strength
formulated cleaner with an effervescent reagent
Cleaner B.

� Cleaning is further improved using microbub-
bles generated by a venturi air injector.

� The combined effect of cleaning with high ionic
strength, effervescent cleaning reagents and
microbubbles can significantly improve cleaning
performance over conventional methods.

� The microbubble generator used in conjunction
with Cleaner B produces a pulsed stream of very
small bubbles which are more effective at clean-
ing than larger bubbles.

� Cleaning time can be reduced using this
method.

� This concept can be easily and cost effectively
applied to any RO/NF cleaning system.

� Reduction in feed pressure and differential
pressure can give considerable pumping cost
savings.

The work conducted in our laboratory and pilot
plant is now being applied to operational plants, and
subsequent case studies will be presented demonstrat-
ing the cost savings associated with this new cleaning
technique.
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