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Reverse ﬂexing as a physical/mechanical treatment to
mitigate fouling of ﬁne bubble diffusers
Victory O. Odize, John Novak, Haydee De Clippeleir, Ahmed Al-Omari,
Joshua D. Smeraldi, Sudhir Murthy and Diego Rosso

ABSTRACT
Achieving energy neutrality has shifted focus towards aeration system optimization, due to the high
energy consumption of aeration processes in modern advanced wastewater treatment plants.
A study on ﬁne bubble diffuser fouling and mitigation, quantiﬁed by dynamic wet pressure (DWP),
oxygen transfer efﬁciency and alpha was carried out in Blue Plains, Washington, DC. Four
polyurethane ﬁne bubble diffusers were installed in a pilot reactor column fed with high rate
activated sludge from a full scale system. A mechanical cleaning method, reverse ﬂexing (RF), was
used to treat two diffusers (RF1, RF2), while two diffusers were kept as a control (i.e., no reverse
ﬂexing). There was a 45% increase in DWP of the control diffuser after 17 months of operation, an
indication of fouling. RF treated diffusers (RF1 and RF2) did not show signiﬁcant increase in DWP, and
in comparison to the control diffuser prevented about 35% increase in DWP. Hence, reverse ﬂexing
potentially saves blower energy, by reducing the pressure burden on the air blower which increases
blower energy requirement. However, no signiﬁcant impact of the RF treatment in preventing a
decrease in alpha-fouling (αF) of the ﬁne pore diffusers, over time in operation was observed.
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INTRODUCTION
Energy consumption of aeration processes in modern
advanced wastewater treatment plants comprises 45 to
75% of the plant total energy requirement, making aeration the most energy intensive aspect of wastewater
treatment (Houck & Boon ; Rosso & Stenstrom
). Fine bubble diffusers compared to coarse bubble
and other mechanical aeration diffusers, have grown to
become the most popular aeration technology employed
in municipal activated sludge processes. This is because
ﬁne bubble diffusers produce bubbles which are less
than 5 mm in diameter and therefore have a higher surface to volume ratio and longer travel time. This leads
to higher oxygen transfer and standard aeration efﬁciency
(SAE) than other diffuser types. An SAE of 0.7–1.0 kgO2
kWh1 for ﬁne bubble diffusers compared to 0.3–0.7 for
coarse bubble diffusers at a low dissolved oxygen (DO)
of 2 mg/L) have been previously reported (IWA ).
However, application of ﬁne pore diffusers in wastewater
treatments plants to save energy and operating cost has
doi: 10.2166/wst.2017.171
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been limited by fouling. This has led to numerous
research studies on causes of ﬁne bubble diffuser fouling,
different fouling mitigation techniques, their impact on
oxygen transfer efﬁciency (OTE) and alpha fouling
factor. Alpha fouling factor is a parameter that indicates
the fouling impact on OTE.
Diffuser fouling as reported by the different researchers
(Boyle & Redmon ; Kim & Boyle ; Rosso et al. )
normally occurs over time and at an increased inﬂuent loading. It also increases the dynamic wet pressure (DWP)
across the membrane diffuser, with an adverse blower
effect and large bubble production, which results in a
decrease in OTE (%) and alpha factor (Cheng et al. ;
Rosso et al. ; Wagner & von Hoessle ).
Other studies have established that ﬁne bubble diffusers
experiences fouling, and consequent DWP increase and
OTE decrease within the ﬁrst 12 to 24 months of installation
or after cleaning (USEPA ; Rosso & Stenstrom a,
b; IWA ; EPRI ). According to these studies,
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the fouling process is dependent on the materials they are
made of, their interaction with wastewater characteristics,
plant operating conditions and time in operation. In order
to mitigate ﬁne bubbles diffuser fouling and its effect on
plant energy and operational costs, routine cleaning or treatment is therefore a necessity.
Le-Clech et al. () did a comprehensive review on
sludge characteristics, operational parameters and membrane
materials as factors responsible for ﬁne bubble diffuser fouling. The review concluded that no known single parameter
can predict or model fouling of ﬁne bubble diffusers, due to
changes in biomass characteristics from plant to plant. However, an understanding of foulants and their interaction with
diffuser polymeric material may provide a new direction for
their cleaning and mitigation strategy.
Surfactants and other wastewater characteristic such as
chemical oxygen demand (COD) has also been reported to
have adverse effect on OTE and alpha (Rosso et al. ;
Leu et al. ; Hebrard et al. ).
Fine pore diffuser fouling was grouped into three categories of bio, organic and inorganic fouling in a previous
study (Meng et al. ). They deﬁned biofouling as the
deposition, growth and metabolism of bacteria’s cells or
ﬂocs on diffuser membranes. Other studies reported that
selected bacteria with higher hydrophobicity than suspended sludge selectively adhere and grow on diffuser
surfaces, making their fouling difﬁcult to remove (Jinhua
et al. ; Miura et al. ). Organic fouling was deﬁned
as the deposition of biopolymers (i.e., proteins and polysaccharides) on membrane surfaces. The deposited biopolymers
were found to be composed of three different layers, a
loosely bound cake layer similar to the sludge ﬂoc which
causes reversible fouling, an intermediate layer with a high
polysaccharide content, bacteria aggregates and soluble
microbial products (SMP) which causes reversible fouling,
and, ﬁnally, a lower layer with high concentration of SMP
and proteins which causes irreversible fouling (Metzger
et al. ). Inorganic fouling, which is the last category
type of fouling, was deﬁned as the chemical and biological
precipitation of numerous cations and anions. Biopolymers
2
3
with ionisable groups (i.e., COO , CO2
3 SO4 , PO4 , and

OH ) are easily captured by metal ions (i.e., Ca, Fe, and
Mg) present in wastewater. They can form dense cake
layers with deposited microbial cells and biopolymers on
membrane surface, to cause irreversible fouling (You et al.
; Costa et al. ; Wang et al. ). Reversible fouling
as described by Meng et al. () is caused by loosely
bound foulants on membrane surfaces, and can be removed
by physical cleaning like backwashing. Irreversible fouling is
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caused by ﬁne pore clogging and strongly attached foulant to
the membrane surface, due to their afﬁnity for the
membrane, and can only be removed through chemical
cleaning.
Both physical and chemical cleaning methods have been
applied as fouling mitigation technique to ﬁne pore diffusers.
Some of the physical cleaning methods applied in previous
studies include gas or air sparging, membrane relaxation,
pressure and backwashing or ﬂushing (Schiewer & Psoch
, ; Le-Clech et al. ; Meng et al. ; USEPA
). Most manufacturers propose chemical cleaning for
ﬁne pore diffuser fouling mitigation, which normally differ in
chemical compounds used, concentration, and application frequency. In general, the choice of cleaning chemicals depends
on wastewater feed characteristics, as acidic cleaning
chemicals are most suitable for removing precipitated salt
while alkaline cleaning chemicals are suitable for adsorbed
organic removal (Van der Bruggen & Vandecasteele ).
There is also insufﬁcient information on the effectiveness of
the different types of fouling mitigation technique with respect
to DWP escalation and OTE decrease, respectively.
This study investigates the long-term use of a physical/
mechanical cleaning method called reverse ﬂexing (RF), in
the mitigation treatment of ﬁne bubble membrane diffusers
fouling, its impact on DWP, OTE and alpha factor over a
17 month period. Reverse ﬂexing (RF) is the interruption
of air feed and release of pressure from the air feeding line
through a constructed vent channel, causing the rapid collapse of the membrane onto the diffuser frame under the
action of hydrostatic pressure. Re-inﬂating the membrane
diffuser by opening the air feed aims to scour fouling bioﬁlm,
particulates and colloids from the diffuser surface and pores
as illustrated in Figure 1.
It is therefore hypothesized that the RF treatment
method will help to remove both reversible and irreversible
fouling, thereby preventing DWP escalation and decrease in
OTE and alpha factor. This treatment method is unique and
novel because the reactor can be running while the treatment process is going, thereby eliminating the bottle neck
of plant shut down and down time as done in other treatment methods.

MATERIALS AND METHOD
Pilot reactor installation
This study was performed at the Blue Plains advanced
wastewater treatment plant, Washington, DC, USA. An
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Description of the reverse ﬂexing process and the resultant effect.

aeration tank of 60 m3 volume was constructed in which
both clean and process water testing occurred. Four 1 m2
polyurethane panel diffusers were installed separately in
each quadrant of the four quadrants partitioned inside aeration tank with height of 7.62 m and a 3.96 m internal
diameter. Clean water test and off gas testing with activated
sludge were performed on all four membrane diffuser panels
at water depth of 4.88 m inside the aeration tank. Standard
oxygen transfer efﬁciency (SOTE, %) in clean water was
measured for all diffusers according to the ASCE standard
(2007) protocols. High rate activated sludge (HRAS)
pushed through the pilot reactor, was pumped from the
ﬁrst pass of the west secondary reactor in blue plains, one
of the largest wastewater treatment facility in the world
with a treatment capacity of 1,419,529.7 m3/day (375
MGD). The west secondary reactor treats about
23,091 m3/day (6.1 MGD) of wastewater, and operates at
a low DO of 0.1 to 1 mg/L, sludge retention time of 1.5 to
2 days with a targeted average total suspended solid of
2,500 mg/L. Low DO in secondary reactors has been proposed by Mueller & Stensel () to favor oxygen
transfer. The HRAS from the full scale reactor was recycled
to maintain an average hydraulic retention time (HRT) and
volumetric ﬂow rate of 20 min and 3,028 L/min, respectively. Air was supplied to the diffusers by a positive
displacement blower (Aerzen Blower Model GM 3S). The
blower air to the diffusers was regulated at an optimum airﬂow of 10 m3/h per 1 m2 diffuser, by valved acrylic
ﬂowmeters (5–20 m3/h range) supplied by Cole-Parmer.
An YSI Pro Plus DO meter with probe placed at 50% of
the water depth was used to measure DO concentration,
while the pilot reactor was operated at an airﬂow rate of
10 m3/h. Since there are no existing guidelines or protocols
on the number of times reverse ﬂexing should be done on
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any diffuser, two of the ﬁne bubble diffusers (RF1 and
RF2) were reverse ﬂexed ﬁve times daily, intermittently at
2–3 min interval, as suggested by the manufacturer and
kept constant throughout the 17 months of this study.
Dynamic wet pressure measurement
DWP, also known as the diffuser headloss or pressure drop,
is the pressure differential of a submerged diffusion material
normally measured and expressed in inches of water at a
speciﬁc air ﬂow rate. DWP was measured for the reverse
ﬂexed and control diffusers twice a week, using a calibrated
Dwyer mercury differential pressure gauge in the range of
0 to 100 in H2O (0 to 24 kPa). The differential pressure
gauge is designed to measure the difference between two
pressure points around the diffuser (i.e., the water head
(static pressure exerted on the diffuser by the reactor water
height) and the blower air inlet pressure to the diffuser),
which automatically is the pressure drop across the diffuser.
This was to monitor the potential headloss variations caused
by fouling over time.
Oxygen transfer and alpha fouling factor measurements
The volumetric mass transfer coefﬁcient (kLa, h1) and
oxygen transfer efﬁciency (αSOTE, %) in process water corrected to standard conditions were evaluated for all diffusers
according to the ASCE standard 1997 protocols twice a
month on all four diffusers, using the off-gas technique
(Redmon et al. ) and real-time self-calibrating Off-Gas
analyzer (Leu et al. ). The alpha fouling factor was evaluated as the ratio of process water SOTE over time to clean
water OTE, to determine the effect of wastewater contaminants and fouling on the ﬁne bubble diffuser transfer
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efﬁciency over time (Equation (1)).
αF ¼

αSOTE
SOTE

Table 1

(1)

The decrease of aeration performance/efﬁciency due to
fouling of ﬁne pore diffuser was quantiﬁed by evaluating the
fouling factor (F), which was deﬁned as the ratio of SOTE of
the diffuser at any time (t) to SOTE at the initial time (t0)
(Equation (2)).
F ¼

αFSOTE
αSOTE

(2)

Both DWP and off gas measurements were performed
on each diffuser, one at a time, shutting the air supply to
the diffusers not being measured in the other quadrants, to
prevent any form of air intrusion or interference.
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Summary of pilot operational and process condition over the test period

Parameters

Unit

Average values

Total inﬂuent COD

mg/L

7,925 ± 1,349

Organic loading rate

kgCOD/m3 day

217 ± 40

MLSS

mg/L

6,247 ± 1,676

MLVSS

mg/L

5,236 ± 1,453

NH3

mg/L

17 ± 3

NO2

mg/L

0.026 ± 0.003

NO3

mg/L

0.45 ± 0.1

DO

mg/L

0.11 ± 0.08

pH

–

6.78

HRT

min

20 ± 0.4

3

Standardized air ﬂow

m /hr

5, 10, 13

Average volumetric ﬂow

L/min

3,028 ± 110

Temperature

W

Duration

months

C

21 ± 4
17

Sample analysis
Mixed liquor samples were obtained and analyzed for COD,
mixed liquor suspended solids (MLSS) and mixed liquor
volatile suspended solids (MLVSS) after each DWP and off
gas measurements using the Hach kits method. Other operating parameters, i.e., DO, inﬂuent volumetric ﬂow, blower
temperature and pressure were also measured. A summary
of the pilot reactor operating conditions and average wastewater characteristics, based on samples analysis during
each off gas and DWP measurement is reported in (Table 1).

RESULTS AND DISCUSSION

Quantiﬁcation of fouling via DWP measurements
The DWP of both the reverse ﬂexed and control diffusers
did not show any signiﬁcant change in the ﬁrst 7 months
in operation as shown in Figure 2. Only one out of the
two control diffusers installed was studied as the one was
damaged during installation. An increase in DWP of the
control diffuser after 7 months of operation was observed,
indicating that fouling of the ﬁne bubble diffuser has started.
Previous studies indicated fouling occurrence when no treatment was applied after 12–24 months of installation (Rosso
& Stenstrom a, b). Given the high risk of fouling in
a high rate secondary treatment system, the period indicated

Choice of HRAS system for study
The choice of a high rate system as feed sludge for this study was
to establish the effectiveness of the RF cleaning method in the
worst fouling systems. High rate systems are expected to have
high mixed liquor suspended solids concentration which inhibits oxygen transfer at the gas to liquid interface. There is also
the presence of high concentration of COD and surfactants
that also have adverse effect on OTE in high rate systems
(Wagner & Von Hoessle ; Rosso et al. ). The pilot
feed point in this study was from the ﬁrst pass in the HRAS reactor where return activated sludge from the secondary clariﬁers,
are fed back into the HRAS reactor to improve treatment and
maintain optimum efﬁciency. The total suspended solid concentration in this section of the HRAS reactor is increased
and always higher than the other section of the reactor.
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Figure 2
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Impact of reverse ﬂexing (RF) on weighted dynamic wet pressure (DWP) of
polyurethane Messner panel diffusers over time in operation.
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to reach fouling in this study was in the expected range
(USEPA ; Rosso & Stenstrom a, b; IWA
; EPRI ). Rosso & Stenstrom (a, b)
reported that foul diffusers can double their initial DWP
over time due to the accumulation of foulants on the surface
and pores of the diffusers. The foulant on the diffuser surface
thickens over time, reducing its permeability and subsequently increasing its pressure drop. In another
investigation of a treated highly alkaline wastewater, the
DWP of one of the diffusers increased by 39% of the initial
pressure after 3 months and 10 days of operation (Eusebi &
Battistoni ). In this study, about 45 ± 2% increase in
DWP of the control diffuser initial pressure was measured
at the end of the 17 month study, which correlates with previous studies (Rosso & Stenstrom a, b). The high
increase in DWP of the control diffuser was expected due
to high concentration of COD, MLSS and surfactant presence in the HRAS feed used in this study.
However, no apparent or signiﬁcant change of DWP was
observed between the two RF diffusers during and after the 17
month period in operation as shown in Figure 2. A supplementary ﬁgure (Figure S1) is provided in the appendix
section (available with the online version of this paper).
This suggested the effectiveness of the RF treatment method
in scouring deposited bioﬁlms, colloids and particulates
potentially responsible for fouling from the diffuser surface
and blocked pores. The RF treatment method was estimated
to have prevented an increase of 35 ± 3% in DWP for the treated diffusers with respect to the control diffuser. This is a
potential pressure burden savings on the blower as described
by Rosso et al. (), where a pressure factor P was used to
quantify the pressure burden on the blower. When there is
excessive pressure burden on the blower as a result of

Figure 3

|

Water Science & Technology

|

76.7

|

2017

increased DWP caused by fouling, there is a possible air
blower compressor surge which inhibits its performance and
subsequently damages it, as most air blowers have a designed
discharge output pressure which must not be exceeded.
Impact of reverse ﬂexing on αF and F
A signiﬁcant decrease in the evaluated α F of both the control
and RF treated membrane diffusers was observed after the
ﬁrst 5 months in operation Figure 3(a). The decline in α F continued over the remaining 12 months in operation but at a
slower rate. Rosso & Stenstrom (a) reported a high rate
of decline in α F (0.5 to 0.33) in the ﬁrst 24 months of operation, and a slower decline after the 24 months in their
study. A result similar to that obtained in this study where α
F decrease of 0.55 to 0.35 was observed in the after the ﬁrst
5 months in operation. Leu et al. () in his study also
reported an 18.3% to 16.3% decrease in OTE of their installed
diffusers after 5 months in operation, which can also be
directly correlated to the result obtained in this study. The
result in Figure 3(a) did not show any impact of RF in preventing the decrease in α F observed in reverse ﬂexed (RF 1 & RF
2) diffusers, as no apparent difference was observed between
the declining α F of the control and RF diffusers over the
period of time in operation.
Potential reverse ﬂexing impact limitations on α F and F
The ineffectiveness of reverse ﬂexing on α F for both RF 1
and RF 2 did not correlate with the DWP measurement
observed in Figure 2, as one expects a prevention of the continuous decrease in α F for both RF 1 and RF 2, since their
DWP increase caused by fouling was shown to be mitigated

Impact of reverse ﬂexing (RF) on the evaluated weighted; (a) alpha fouling (α F) and (b) fouling factor (F) of the polyurethane Messner panel diffusers over time in operation.
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by the RF process. Diffuser fouling and the consequent
increase in DWP as observed in this study impacts most
aeration systems with insufﬁcient blower discharge pressure.
They bear additional pressure burden (due to DWP
increase) caused by fouling, which also produces large
bubbles with OTE and α F limitation, because they can
only discharge air through diffuser pores with lower head
loss (Palm et al. ; Rosso et al. ). Other studies also
reported reduction in diffuser pore permeability caused by
blocked pores, leading to an increased pressure drop
across the membrane diffuser and large bubble production.
This is due to fewer pressurized pore openings which produce large bubbles that decrease OTE and α F (Boyle &
Redmond ; Kim & Boyle ; Leu et al. ). Another
important factor, is the fact that, over time in operation, the
diffuser membrane polymeric properties deteriorate by
either hardening or softening due to their constant contact
with wastewater contaminants and bacteria. This causes
an expansion of the diffuser pore size when blocked by bioﬁlms, colloids and particles which, even after treatment,
remain unchanged due to their inability to recover from
RF stretching. They thereby produce large bubbles with
poor OTE and lower α F (Rosso et al. ).
Moreover, reverse ﬂexing is a physical cleaning method
which has also been reported by past studies to remove only
reversible fouling caused by loosely bound foulants on ﬁne
bubble diffuser surfaces and pores. While irreversible fouling caused by strongly attached inorganic and biofoulant
to diffuser surfaces and pores, can only be removed through
chemical cleaning (Kim & Boyle ; Le-Clech et al. ;
Meng et al. ).
Therefore, the non-beneﬁcial impact of RF in preventing
the decrease in both α F and F, as observed in Figure 3(a) and
3(b), suggests the impact of some level of irreversible fouling
of the diffusers. It is also possible that the positive impact of
the fouling mitigation in RF1 and RF2, as indicated in
Figure 2, was not signiﬁcant enough to offset the wastewater
characteristics (MLSS and COD) effect on alpha. As wastewater characteristics and contaminants have been reported
by previous studies to have adverse effect on alpha (Rosso
et al. ; Leu et al. ; Hebrard et al. ). The pilot reactor in this study was fed with MLSS from the plants secondary
system, which operated with variable MLSS concentration
throughout the testing period. There was no evolution trend
in MLSS rather a normal variability over time was observed
(see Figure S2 in appendix section for additional information,
available with the online version of this paper). However,
measured MLSS and inﬂuent variability throughout the
study period did not explain evolution of α F with time (see
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Comparing evaluated oxygen transfer efﬁciency (αSOTE) standardized to process conditions at three different standardized airﬂow of 5 m3/h, 6 m3/h and
8 m3/h.

Figures S3 and S4 in appendix section for additional information, available with the online version of this paper).
Impact of airﬂow on SOTE
The impact of varying the airﬂow rates on the αSOTE of
both the control and RF treated diffusers is shown in
Figure 4. The result showed no effect of increasing air ﬂow
on αSOTE for both the control and RF treated diffusers.
The observed result agrees with the Stephenson et al.
() report of no change in alpha or αSOTE with increasing air ﬂux. Although other studies have reported
contradictory results that show an increase in air ﬂux
decreases alpha in fouled diffusers due to fewer pores and
slit openings. However, in this study, increasing the air
ﬂow did not show any impact on the αSOTE for either the
controlled or RF treated diffusers. This is an important information in saving some energy with respect to increasing
airﬂow which increases blower power requirement.

CONCLUSIONS
Measured DWP indicated the fouling dynamics of ﬁne pore
diffusers over time in operation. The applied diffuser fouling
physical treatment (RF) method was able to prevent the
increase in DWP normally observed in fouling ﬁne pore diffusers over time in operation, saving about 35% of increase
in DWP. The increase in DWP observed in the control diffuser is a potential pressure burden on the blower, which
increases the blower energy requirement. However, the RF
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treatment method did not show any signiﬁcant impact in
preventing the decrease in α F of the ﬁne pore diffusers.
Most probably because the RF treatment method could
maintain pore openings, remove reversible fouling better
but could not fully remove irreversible fouling. There
could also have been a dominant impact of other wastewater characteristics on OTE and alpha. Further
investigation is therefore needed to evaluate the impact of
chemical cleaning method that removes reversible and irreversible fouling; this future study will also accommodate
oxygen transfer measurements of the foul diffusers in
clean water conditions at the end of the study to give an
insight on the impact of fouling in alpha fouling decrease.
Other future studies include the impact of wastewater
characteristics (i.e., surfactants and particulate COD) and
operating conditions on OTE and α F, to have a clear understanding on the role of different wastewater characteristics’
impact on alpha.
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