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• Root cause analysis for membrane system validation failure 
• Chemical oxidation resulted in membrane structure change 
• Inappropriate chemical enhanced backwash led to rapid membrane degradation. 
• Site investigation and field testing for full scale membrane plant  
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A B S T R A C T   

Ultrafiltration (UF) membranes can be used as a standalone process for the removal of enteric virus and are often 
combined with reverse osmosis (RO) processes for use as the pre-treatment to manage microbial risks. In this 
study, a water utility experienced multiple validation failures in one of its UF plants with virus log reduction 
values (LRV) as low as 0.79 reported. This resulted in the suspension of recycled water supply to customers and 
initiated a comprehensive root cause analysis to identify the reason for the unusually rapid membrane degra
dation and virus removal validation failure. Polyethersulfone (PES) membrane fibres were sampled from the used 
modules and a systematic autopsy was undertaken. The FTIR spectroscopic structural analysis revealed oxidative 
changes in the PES polymer structure. Thermal analysis by differential scanning calorimetry showed changes in 
the melting point of the PES and suggested a loss of the pore-forming polymer polyvinylpyrrolidone (PVP). 
Streaming potential analysis showed a decrease in the negativity of the surface charge from − 50 mV to − 30 mV 
at pH 7. Tensile testing revealed a 9% and 47% decrease in the breaking force and elongation at break of the used 
fibres respectively. The pore size evaluation challenge testing of the used fibres showed no rejection of nano
particles with 150 nm diameter and smaller. The autopsy investigation suggested that the unusually rapid 
membrane degradation was due to chemical oxidation resulting in changes in the PES structure and physical 
properties. Detailed on-site investigation was then undertaken and it was suggested that the failure to operate 
appropriate chemical enhance backwash (CEB) was the main cause for the unusually rapid virus LRV reduction. 
Finally, CEB water sampling and analysis were undertaken, which confirmed the recommendations from 
membrane autopsy and site investigation. A range of system improvements (system control, new inline static 
mixer, CEB water quality monitoring, etc.) were implemented. Based on the root cause analysis and system 
improvements, the maximum virus LRV of 4 has been maintained since then.   

1. Introduction 

Water scarcity has become a global concern due to the combined 
effects of climate change, population growth and water quality deteri
oration [1]. Although novel treatment technologies have been 

developed, such as UV-LED [2,3], photo catalytic oxidation [4,5], and 
algae-based water treatment [6–8], they are at the early stage of 
implementation. Membrane technology still plays an essential role in 
supplying high quality water for different purposes [9,10]. One of the 
main advantages for membrane technology is its high treatment 
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performance for pathogen removal, including virus, bacteria and pro
tozoa [11]. The size of enteric virus is between 20 and 160 nm [12], 
which is generally smaller than bacteria and protozoa [13], therefore, 
virus removal efficiency is used as an indicator to ensure the treatment 
performance of membrane systems based on size exclusion. The most 
common membrane technologies employed for water purification 
include high-pressure membranes (nanofiltration (NF) and reverse 
osmosis (RO)), and low-pressure membranes (ultrafiltration (UF) and 
microfiltration (MF)), and the main characteristics of these systems is 
presented in Table 1. 

It is generally accepted that a multi-barrier approach should be 
applied to manage water quality risks, especially for microbial con
taminants, because public health protection should not only rely on a 
single treatment process. Based on this consideration, UF is often com
bined with RO process and used as the pre-treatment to manage the 
microbial water quality risks. In addition, algae blooms can occur under 
different environmental conditions [20,21], which can cause serious 
operational issues for RO membranes. UF can also effectively remove 
algae and other physical contaminants from the raw water [22]. Wolf 
et al. [22] have analyzed different pre-treatment systems for RO process 
and suggested that UF is the most preferred choice, as it provides an 
effective barrier to not only particulates but also pathogens, and ensures 
a consistent and desired feed water quality to the RO system. Hong et al. 
[23] also investigated the treatment performance of an integrated UF- 
RO desalination plant located at the Arabian Gulf. Their results 
showed that a large portion of the microbial communities (60.5%) in the 
UF feedwater were removed by UF pre-treatment. 

Although an integrated UF-RO system can provide effective removal 
of enteric virus, membrane integrity can be compromised and its per
formance degraded over time due to various reasons, including mem
brane material degradation, membrane fouling and scaling or 
mechanical/membrane surface damage. To actively monitor membrane 
integrity and its treatment performance, different methods can be uti
lized. Filtrate quality monitoring is one of the most widely used ap
proaches to measure membrane integrity, and the monitored water 
quality parameters include turbidity for MF and UF, and conductivity 
and total organic carbon for RO. Pressure decay and vacuum decay tests 
are also often utilized as part of the daily operational program to verify 
the membrane integrity of low-pressure membranes. However, the 
above methods are considered as indirect approaches, and correlations 
have to be established between the measured parameters and the 
membrane virus removal performance with conservative estimates of 
log removal value (LRV) credited to the systems [19]. 

To satisfy the sensitivity, accuracy and resolution requirements of 
monitoring, a direct integrity test is required to verify the membrane 
condition and ensure high virus removal efficiency. Challenge testing 
with MS2 bacteriophage is currently the most popular validation 
method, which is relatively simple to perform although the tested 
membrane skid must be offline during the test. During the challenge test, 
a high concentration of MS2 bacteriophage is dosed into the membrane 
feed, the corresponding filtrate is then sampled and the residual MS2 
bacteriophage concentration in the filtrate is analyzed. The validation 
result is quantified by the LRV, which is calculated based on the loga
rithm of the ratio of pathogen concentration in the influent and effluent 
of the membrane process (Eq. (1)) [24]. 

LRV = log10

(
Cin

Ceff

)

(1) 

Here, Cin and Ceff are the pathogen concentrations for the influent 
and effluent, respectively. 

Different countries have established regulatory requirements to un
dertake challenge testing to validate membrane performance for virus 
removal. The United States Environmental Protection Agency (U.S. EPA) 
has promulgated the Long Term 2 Enhanced Surface Water Treatment 
Rule and Stage 2 Disinfectants and Disinfection By-product Rule, which 
include detailed requirements for membrane challenge testing [25]. In 
Australia, the Victorian Department of Health and Human Services has 
issued Guidelines for Validating Treatment Processes for Pathogen 
Reduction in 2013 [26]. It requires that an annual challenge test to be 
undertaken using either seeded MS2 bacteriophage or indigenous FRNA 
bacteriophage to confirm the extent of virus removal by membrane 
processes. If a membrane system fails to meet the previously credited 
LRV in the challenge test, remedial action has to be undertaken. Water 
supply can only resume after compliance of the credited LRV is 
validated. 

Australian Guidelines for Water Recycling: Managing Health and 
Environmental Risks [27] has established different health-based per
formance targets for the microbial quality of recycled water sourced 
from wastewater (Table 2). 

In this study, a water utility experienced multiple validation failures 
in one of its UF plants with virus log reduction values (LRV) as low as 
0.79 reported. This resulted in the suspension of recycled water supply 
to customers and initiated a comprehensive root cause analysis to 
identify the reason for the unusually rapid membrane degradation and 
virus removal validation failure. As a result of the root cause analysis, 
several system improvements were implemented including system 
control, new inline static mixer, CEB water quality monitoring, etc. The 
remediation procedures have been successful in maintaining the 
maximum virus LRV of 4 for the UF system. 

This root cause analysis highlights the critical role of operation in 
maintaining the effective virus removal of membrane system. It also 
provides key insight into the different technologies used for membrane 
integrity monitoring. When UF is used as the pre-treatment for RO 
process in a desalination plant or as a standalone process for virus 
removal, the steps outlined in this study could facilitate the identifica
tion of key operational issues or opportunities for improvement and 
optimisation of membrane plants. 

2. Materials and methods 

2.1. Study site 

2.1.1. Recycled water treatment plant (RWTP) 
The studied RWTP is located in the south eastern region of Mel

bourne, Australia. The plant was commissioned in 2009 with a mean 
daily flowrate of 12,000 m3/d. The UF process comprises part of the 
treatment train for production of recycled water as shown in Fig. 1. 
Wastewater is first processed through an activated sludge-based treat
ment plant and the resulting secondary effluent is further pre-treated by 
straining. To improve virus removal by UF membrane, coagulant 
(aluminium chlorohydrate (ACH)) can also be dosed into the influent to 

Table 1 
Characteristics of membrane processes.  

Membrane Pore size Virus removal characteristics 

MF >0.1 μm Low virus removal [14,15] 
UF 10–100 nm High enteric virus removal [16,17] 
NF/RO <10 nm  

[11,18] 
High virus removal, cake layer/fouling can improve 
virus removal [19]  

Table 2 
Targeted LRVs for different uses of recycled water sourced from wastewater.  

Use of recycled water LRVs 

Protozoa Virus Bacteria 

Commercial food crops  4.8  6.1  5.0 
Garden irrigation  4.4  5.8  4.6 
Municipal irrigation  3.7  5.2  4.0 
Fire fighting  5.1  6.5  5.3  
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the UF membrane. Following coagulation, the effluent is filtered 
through the UF train prior to UV disinfection and chlorination prior to 
storage. The final effluent is predominantly used for farm irrigation of 
fruits, vegetables and flowers. 

Based on the Victorian Guidelines for Validating Treatment Pro
cesses for Pathogen Reduction [26], the maximum virus LRV credited to 
a single treatment process is 4. The highest virus LRV credits for acti
vated sludge process, UF process, and chlorination are 0.5, 4, and 4, 
respectively. 

Australian Guidelines for Water Recycling: Managing Health and 
Environmental Risks [27] establishes the virus LRV requirement of 6.1, 
when the recycled water is used for commercial food crop irrigation. As 
the effluent from the studied RWTP is used for farm irrigation of fruits, 
vegetables and flowers, the minimum threshold virus LRV for UF process 
is 1.6, if activated sludge process and chlorination are operated within 
their optimal conditions and their maximum LRVs are maintained. 

2.1.2. Membrane properties 
The UF plant was built and commissioned in 2009, and the system 

was validated to have 4 LRV for virus. Detailed characteristics of the UF 
process are shown in Table 3. 

2.2. Membrane autopsy methods 

2.2.1. Sampling 
Two poor performing membrane modules were removed from ser

vice and a new membrane module was provided as a control. The 
membranes were cut open with an oscillating cast saw, visually 
inspected and photographed. The membrane module configuration is 
such that there are 12 segments containing individual fibres separated 
by spacers around a central permeate collection tube. For the new 
membrane, 1 fibre bundle was collected for analysis and benchmark 
testing. For the used membranes, 3 fibre bundles from non-adjacent 
segments were collected for testing. The fibres from the modules were 
designated as top, middle and bottom with reference to the capping 
(top) and samples were taken from different locations as shown in Fig. 2. 

Membrane fibres were subjected to structural analysis (Fourier-trans
form infrared (FTIR) spectroscopy), thermal analysis (differential scan
ning calorimetry, DSC), surface charge (streaming potential, SP), high 
resolution imaging with elemental analysis (scanning electron micro
scopy, SEM with energy dispersive spectroscopy, EDS), tensile testing, 
and qualitative pore size (QPS) evaluation. Samples for FTIR and SEM/ 
EDS were further prepared by cutting sample fibres open to enable 
analysis of the inner skin layer. For some of the analyses, fibre samples 
were rinsed and dried overnight in an air-circulating oven at 40 ◦C. The 
new membrane fibres were packed with a preservative which was 
washed from the surfaces prior to testing. 

2.2.2. Structural analysis 
FTIR spectroscopic analysis was used to determine the possible 

changes in the membrane chemical structures of the membrane surfaces. 
A Perkin Elmer Frontier FTIR spectrophotometer (Perkin Elmer, Wal
tham, USA) with a diamond crystal attenuated total reflectance (ATR) 
attachment was used to scan the surface of the membranes. Cleaned and 
dried membrane samples were clamped onto the ATR crystal and the 
wavelength range 4000–700 cm− 1 was scanned with a minimum of 8 
scans accumulated per sample. Both the inner and outer surfaces were 
scanned with the inner surfaces exposed by cutting the fibres with a 
scalpel blade and samples from each location were averaged. 

2.2.3. Thermal analysis 
Differential scanning calorimetry was used to assess macromolecular 

changes in the PES polymer by measuring the glass transition temper
ature (Tg). A Mettler Toledo DSC1 instrument (Mettler Toledo, Grei
fensee, Switzerland) was used with samples of the PES scraped from the 
inner surfaces of the membrane samples with a scalpel blade. Samples of 
approx. 10 mg were sealed in aluminium crucibles and were heated over 
the temperature range 50–250 ◦C at a rate of 10 ◦C/min under a nitrogen 
atmosphere. Sample results from fibres in each set were averaged. 

2.2.4. Streaming potential analysis 
Streaming potential analysis was performed to determine the surface 

charge of the fibres using an Anton Paar SurPASS2 electrokinetic 
analyzer (Anton Paar, Graz, Austria). Fibres of 5 cm lengths were 
inserted into an adapter to enable the measurement of the inner surface 
using the cylindrical cell settings. The streaming potential measure
ments were performed over the pH range ca. 9–3 in 0.001 M KCl solution 
and the results are the average of 4 measurements at each pH. Sample 
results of the fibres from each set were averaged. 

2.2.5. Surface and cross-section imaging 
Fibre imaging of the surfaces from the middle section of fibre sam

ples were performed using a ZEISS Merlin Gemini 2 Field Emission SEM 
(Zeiss International, Oberkochen, Germany) in high-resolution column 
mode with images recorded at 3 kV and at magnifications of up to 

Fig. 1. Process flow diagram for the RWTP.  

Table 3 
Characteristics of the UF process.  

Process design Description 

Skids 4 
Vessels per skid 24 
Modules per vessel 4 
Membrane area per skid 3840 m2 

Membrane material PES/PVP blenda 

Nominal pore size 20 nm 
Designed flux 59 L/m2.h 
Flow mode Dead-end 
Flow configuration Inside-out  

a PES: polyethersulfone, PVP: polyvinylpyrrolidone. 
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1000×. Prior to imaging, all samples were sputter-coated with iridium 
using a Polaron SC5750 sputter coater (Quorum Technologies, Laugh
ton, UK). To observe the inner surfaces, samples were cut using ultra- 
sharp blades. 

2.2.6. Tensile testing 
Tensile tests were performed using a Model 4301 Instron Universal 

Testing Machine (Instron, Norwood, MA, USA) with a load cell of 5 kN 
using a cross-head speed of 10 mm min− 1. A minimum of 15 fibre 
samples of 100 mm length from each of the new and used membrane 
were tested. The average load at break (tensile strength) and percentage 
extension at break were measured using Instron BlueHill Series IX 
software (Instron, Norwood, MA, USA). The average and standard de
viation between the samples was determined. 

2.2.7. Qualitative pore size evaluation 
A series of challenge tests were performed to evaluate the apparent 

porosity of the membrane fibres utilizing four sets of fluorescent nano
particles (NPs) of average sizes 50, 110, 150 and 185 nm with a narrow 
size distribution. A series of up to 9 fibres of 40 cm length were potted in 
epoxy and connected to a peristaltic pump attached to a feed vessel 
containing the nanoparticles (up to 10 mg/L). The challenge tests were 
performed by pumping the feedwater through the membranes, collect
ing and testing the permeate for the presence of the particles by fluo
rescence detection using a Horiba Aqualog fluorescence 
spectrofluorometer (Horiba, Kyoto, Japan). Between tests, the mem
branes were back-flushed with MilliQ water to remove any particles 
from inside of the fibres. 

3. Results and discussion 

3.1. Membrane system validation failures in virus removal 

Fig. 3 shows the history of UF membrane challenge test results be
tween 2011 and 2016. The black line indicates that the maximum virus 
LRV of 4 can be credited to UF process, although challenge tests could 
show higher LRV. The red line indicates the minimum threshold virus 
LRV of 1.6, which is the minimum virus removal requirement for the UF 
process to ensure the RWTP is able to meet the required LRV of 6.1 for 
the total process. The black dot line indicates the time when the reme
dial actions have been completed. Only the results for skids with the 
worst virus removal performance are shown in Fig. 3. 

It is clearly shown that the UF membrane could effectively remove 
virus when the plant was commissioned in 2009. In September 2011, the 
virus LRV reduced to 2.83, it was still higher than the threshold virus 
LRV of 1.6. In October 2012, the online membrane integrity monitoring 
(diffusive air-flow test) did not detect membrane integrity issue. How
ever, the MS2 challenge test identified that the virus LRV further 
reduced to 1.4, and the minimum virus LRV of 1.6 could not be met. 

The operations team commenced dosing ACH to improve virus 
removal, and the challenge test results showed that the LRV of 6.37 
could be obtained with ACH dosing, so skid 2 was then operated with 
ACH dosing. It was identified that the virus LRV further reduced to 0.86 
for skid 2 in November 2013 if ACH was not used. The UF membrane 
was subsequently replaced after only 4 years operation. 

The challenge test in September 2014 showed that the virus LRV 
could be maintained above 4 for 1 year following membrane replace
ment. However, a challenge test in December 2015 showed that the 
virus LRVs for skids 2 and 4 were only 0.79 and 1.84, respectively, even 
with ACH dosing. Skid 2 was then taken offline. Skid 4 could still be used 
since the minimum virus LRV of 1.6 was met. In July 2016, another 
challenge test was organised for skid 4 and the results showed that virus 
LRV of 1.28 could only be achieved. 

The rapid decline in membrane virus LRV was highly unusual, and 
the entire UF membrane process was taken offline and a comprehensive 
investigation was performed to identify the root cause for the observed 
change in LRV. New membranes were installed in December 2017 after 
remedial actions were implemented and the virus LRV has been main
tained above 4 since then. Although the challenge test result from May 
2020 showed a slightly decline of the virus LRV, it was still higher than 4 
and no ACH was used during the MS2 challenge test. 

3.2. Membrane autopsy evaluation results 

3.2.1. Visual inspection 
Fig. 4 shows photographs of one used element in various stages of the 

autopsy, which was representative of the condition of both used ele
ments. The ends of the element showed evidence of pinning and 
discoloration (Fig. 4(a)). In addition, there was evidence of rust deposits 
on the outer PVC shell on one end of the element (Fig. 4(b)). A section of 
the PVC casing was removed to reveal the membrane fibres (Fig. 4(c)) 

Fig. 2. Fibre sampling locations (shaded) and minimum number of samples tested.  

Fig. 3. UF membrane multiple validation failures for virus LRV credit.  
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which were intact and secured in the various channels (Fig. 4(d)). The 
outer surfaces of the membrane fibres showed the evidence of dis
colouration although no visible foulants or deposits were observed 
(Fig. 4(e)). There was no evidence of blocked pores on either end of the 
element and no evidence of broken fibres. The new element was similar 
in appearance but was not discoloured (photographs not shown). 

3.2.2. FTIR analysis 
The membrane fibres were constructed of PES (diphenylenesulfone 

and aromatic ether repeating units [28]) and PVP (amide and C––O 
functional groups [29]) and these polymers are readily identifiable by 
FTIR spectroscopy. The FTIR spectrum of the inner surface of the new 
membrane sample is shown in Fig. 5 highlighting the characteristic 
peaks of PES (sulfur, ester and aromatic groups) and PVP (amide and 
carbonyl groups) [29–34]. There is a peak at 1743 cm− 1 on the outer 
surface and a peak at 1671 cm− 1 on the inner surface which are both 
absent on the opposite sides (see inset in Fig. 5). These peaks are 
consistent with PVP suggesting different levels of this polymer are 

(a) Membrane end (b) Outer casing

(c) Whole membrane element, casing removed

(d) Used fibres secured in channels (e) Used fibres extracted for tes�ng

Fig. 4. Photographs of used membrane element during autopsy.  
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present on the outer and inner surfaces. 
Fig. 6 shows the spectra of the new and used membrane inner sur

faces in selected regions highlighting some key differences between the 
membrane samples. The intensities of the broad -OH peaks are higher in 
the used membrane spectrum, which is not uncommon in aged mem
branes (Fig. 6(a)). The peaks that are characteristic of PVP (Fig. 6(b)) 
have changed in intensity and wavenumber which suggests changes in 
the PVP concentration and/or composition on the surface [31,33]. There 
is a new peak at 1031 cm− 1 on the used membrane sample (Fig. 6(c)), 
which suggested the presence of sulfonic acid due to chlorine oxidation 
of the membrane surface [33]. 

Fig. 7(a) shows the spectra of the new and used membrane fibres 
(outer surface) in the region 4000–2600 cm− 1 with some distinct dif
ferences between samples. There are new peaks in the used sample at 
3700 and 3620 cm− 1 that are associated with –OH vibrations. The –CH 
peaks have reduced in intensity which may suggest a loss of PVP on the 
outer surface, however, a loss of PVP from membranes is not uncommon 
and does not necessarily result in integrity issues. Changes in composi
tion are also observed in the region 1150–650 cm− 1 (Fig. 7(b)) including 
a new peak on the used membrane spectrum at 1034 cm− 1 which may be 
due to the presence of sulfonic acid [33] and/or the presence of an ortho- 
phenol substitution on the PES structure [29]. A new peak is also present 
at 913 cm− 1 on the used membrane surface which may be due carboxylic 
acid as a result of chlorine oxidation of the PES. It has been shown that 
PES membranes can rapidly oxidize when exposed to hypochlorite [35]. 

3.2.3. Thermal properties 
Polyethersulfone is a relatively linear polymer with aromatic groups 

spaced between SO2 groups and ether linkages. The polymer is unable to 
readily form crystals and is, therefore, primarily amorphous in structure 
[28] with a high glass transition temperature (Tg > 230 ◦C) [28,29]. 
Similarly, PVP is an amorphous polymer with a high Tg (180–190 ◦C) 
[36]. As shown in Table 4, thermal analysis of the new membrane 
samples using DSC showed two phase transitions consistent with PVP 
and PES respectively. The used membrane samples showed only a single 
Tg consistent with PES and no evidence of a Tg for PVP. The PES Tg values 
and associated ΔH values were lower for the used membranes suggest
ing some changes in the PES. This is consistent with the FTIR analyses 
(Fig. 6) and may be due to changes in the O––S––O bonds and/or the loss 
of PVP. Changes in the PES structures may alter the conformation of the 
bond linkages facilitating bending and reducing stiffness. 

3.2.4. Streaming potential (SP) 
The SP as a function of pH for the new and used membrane fibres is 

shown in Fig. 8. The surface charges of both new and used membranes 
increased from high to low pH with a significant difference between the 
negativity of the surfaces. The used membrane samples were less 
negative over the entire pH range and this was more significant over the 
alkaline pH range. The SP of membranes generally increases when 
surfaces are fouled [37] and chemical changes in polymer structures 
such as oxidation can also influence surface charge [38]. 

3.2.5. Fibre imaging 
Imaging was performed on surfaces of the membrane fibre samples 

using SEM/EDS as shown in Fig. 9. Imaging and EDS analysis of the new 
membrane (Fig. 9(a)) showed only C, O, and S which are present in PES 
and this was also observed for the inner surface (data not shown). The 
used membrane outer surface (Fig. 9(b)) shows some evidence of par
ticulates which were comprised of Si, Al, Fe, Cl, and other trace elements 
that are consistent with silicate fouling. This is also consistent with the 
presence of the new peak observed in the FTIR spectra which may be due 
to silicates [39]. 

Fig. 9(c) shows the inner surface of the used membrane samples with 
evidence of more extensive particulate fouling. In this case, the EDS 
analysis showed the selected particulates were comprised of Cl, K, Na, 
Al, with some trace Ca and Si suggesting the presence of salts and trace 

Fig. 5. FTIR spectra of new membrane inner surface.  

Fig. 6. Inner surface FTIR spectra of new and used membranes.  

Fig. 7. Outer surface FTIR spectra of new and used membranes.  

Table 4 
DSC analysis of new and used membrane fibres.  

Sample Component Tg (◦C) ΔH (J g− 1) 

New PVP 191.9 ± 5.8 41.97 ± 2.02 
PES 231.1 ± 0.2 0.98 ± 0.05 

Used PVP Not detected Not detected 
PES 228.1 ± 1.4 0.77 ± 0.12  
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silicates. 

3.2.6. Tensile properties 
Tensile testing was performed to evaluate physicomechanical 

changes in the membrane fibres and the results are shown in Fig. 10. The 
force required to break the used fibre is ca. 9% lower than the new fibre 
suggesting some changes in the PES material. The elongation at break of 
the used fibre was ca. 47% lower than the new fibre suggesting signif
icantly reduced elasticity. These results are consistent with ageing of the 
membrane material and may contribute to the reduced LRV observed. 

3.2.7. Qualitative porosity 
The apparent porosity of the membranes was qualitatively measured 

by subjecting the fibres to fluorescent nanoparticle challenge tests 
(Table 5). The new membrane fibres were able to reject all the challenge 
particles and this is consistent with the nominal pore size of 20 nm for 
this membrane element. In contrast, the used membranes failed to reject 
most challenge particles suggesting that there are a significant number 
of pores that are greater than ca. 20 nm, which could allow virus to be 
passed. This confirms the previously determined MS2 challenge test 
results with low LRVs. 

3.3. Root cause analysis and remedial actions 

The used membranes were visually similar in appearance to the new 
membranes with no visible deposits observed on the outer surface 
(permeate side). However, some discoloration (yellowing) of the outer 
surfaces of the used fibres was observed. Both the inner and outer sur
faces showed some differences in the FTIR spectra suggesting some 
changes in the PES and PVP structures. The changes included some new 
unidentified peaks on the outer surface of the used fibres and overall, the 
results indicated the high possibility of oxidative damage of the fibres. 

The DSC analyses showed changes in the Tg of PES and the absence of 
a Tg for PVP in the used membrane which suggested changes in the 
polymer structures and morphology. The lower Tg of PES and the 
chemical changes observed in the FTIR results also suggested changes in 
the polymer backbone resulting in greater flexibility of the polymer 
chains. Increased surface charge of the used fibres was observed which 
was probably due to the oxidative damage and/or surface fouling. The 
SEM/EDS analysis of particles on inner and outer surfaces revealed the 
presence of silicate compounds (Al, trace Fe) and salts, and this was 
probably introduced by the backwash and/or chemical enhanced 
backwash (CEB) processes. The tensile results showed a decline in the 
mechanical integrity of the fibres and challenge testing revealed a loss of 
integrity allowing the passage nanoparticles larger than the MS2 
bacteriophage. 

The above results suggested that the unusually rapid membrane 
degradation was probably due to chemical oxidation of the PES fibres. A 
detailed on-site investigation was then undertaken and it was identified 
that the failure to operate the appropriate CEB was the main cause for 
the unusually rapid virus LRV reduction. 

There are two CEB cycles for the membrane installation and stored 
membrane permeate is used for backwashing. Hypochlorite is added 
into the permeate prior to its storage. For the first CEB cycle, combined 
sodium hydroxide and sodium hypochlorite are dosed into the backwash 
line to chemically clean the membrane. For the second CEB cycle, 
combined sulphuric acid and sodium metabisulphite (SMBS) are dosed 
to neutralize the free chlorine present in the permeate backwash water 
and execute an acid backwash. 

A static mixer is usually installed in the backwash inlet line down
stream of the chemical dosing points, which ensures the sufficient 
mixing of different chemicals during the CEB. Site investigation identi
fied that the inline static mixer was not installed. This could lead to 
highly concentrated chemicals entering the membranes subsequently 
causing the damage observed. It was also identified that there were no 
backpressure or anti-siphoning valve installed in the CEB chemical 
dosing lines, which could result in chemical dosing at a higher rate than 
the designated pumping rate due to the siphoning effect. 

Further investigations identified that the amount of CEB chemicals 
were calculated based on the backwash flowrate, and there was no 
monitoring or feedback to control the chemical dosing amounts. For the 
first CEB cycle, if sodium hydroxide is not dosed proportionally to so
dium hypochlorite, this may lead to a lower pH and subsequently 
membrane chemical oxidation. For the second CEB cycle, if SMBS is not 
adequately dosed to neutralize the free chlorine, this could also 
contribute to the oxidation observed on the membrane surface. It was 
recommended that flow meters should be installed on all chemical 
dosing lines with output connected to the supervisory control and data 
acquisition (SCADA) system. The measured values should be automati
cally compared to pre-set values with alarms indicating any deviation. 
Furthermore, no pH or oxidation-reduction potential (ORP) meter was 
installed in the backwash inlet line and therefore high or low pH/ORP 
values cannot be alarmed, which could lead to excessive oxidation of the 
membranes. 

The actual CEB water sampling and analysis were performed, which 
confirmed that free chlorine was considerably higher than the manu
facturer's suggested chlorine concentration for both first and second CEB 
cycles. 

Supported by the membrane autopsy study, desktop/site investiga
tion, and actual CEB water sampling and analysis, system improvements 
(system control, new inline static mixer, CEB water quality monitoring, 
etc.) were implemented in December 2017 based on the root cause 
analysis, and the virus LRV has been maintained above 4 since then. 

4. Conclusions 

A UF membrane integrity issue was encountered at a water utility 
which resulted in the suspension of recycled water supply to customers. 
Multiple validation failures in annual MS2 challenge tests were not 
identified using the more frequent online diffusive air-flow test. To 
investigate the virus removal validation failure, a comprehensive root 
cause analysis was performed in order to remediate the issue and restore 
the plant to capacity. 

A membrane autopsy was performed and involved removal and 
sampling of poor performing elements. Following visual inspection, 
membrane fibres were sampled from the modules and the autopsy an
alyses identified changes in the membrane chemistry, morphology, and 
mechanical strength. In addition, the membranes were unable to reject 
the fluorescent nanoparticles that were smaller than 150 nm. The overall 
results suggested that the observed rapid membrane degradation was 
probably due to the chemical oxidation. 

A detailed on-site investigation at the plant identified that an inline 

Fig. 8. Streaming potential of membrane fibre surfaces.  
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(a) Outer surface, new fibre EDS Composi�on

Overall Area
C 66.8%
O 22.5%
S 10.4%

(b) Outer surface, used fibre EDS Composi�on

Par�cle 1 Par�cle 2 Overall
C 57.2 50.2 57.2
O 58.4 28.9 28.4
S 11.5 3.8 11.5
Si 1.0 7.7 1.0
Al 0.8 7.1 0.8
Cl 0.5 0.2 0.5
Fe 0.4 2.0 0.4
K 0.1 - 0.1

(c) Inner surface, used fibre EDS Composi�on

Par�cle 1 Par�cle 2 Overall
C 71.7 67.7 68.2
O 15.3 18.4 20.8
S 9.2 9.7 9.5
Cl 1.8 1.8 0.6
K 1.6 1.3 0.3
Na 0.2 0.6 0.2
Al 0.2 0.4 0.2
Si 0.1 - 0.1
Ca - - 0.1

Fig. 9. SEM images of membrane surfaces.  
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static mixer was not installed in the backwash inlet line downstream of 
the chemical dosing points. In addition, there were no backpressure or 
anti-siphoning valves installed in the CEB chemical dosing lines and 
there was no control or feedback to control the chemical dosing 
amounts. These issues may have contributed to the higher chemical 
dosing resulting in the oxidation observed on the membrane surface and 
the subsequent decline in membrane integrity. Sampling and analysis of 
the CEB water were performed and confirmed that free chlorine was 
considerably higher than the manufacturer's suggested chlorine con
centration for the CEB cycles. 

As a result of the root cause analysis, several system improvements 
were implemented including system control, new inline static mixer, 
CEB water quality monitoring, etc. The remediation procedures have 
been successful in maintaining the maximum virus LRV of 4 for the UF 
system. 
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