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ABSTRACT

This study presents the Natural Virus (NV) method, a novel approach for monitoring the integrity of ultrafiltration (UF) hollow fiber membranes by quantifying
naturally occurring viruses in surface water. The method was applied across laboratory, pilot, and full-scale UF systems to evaluate the impact of fiber integrity on
virus removal and provided critical maintenance input for operation. In a laboratory-scale test with a 120-fiber module, a single damaged fiber reduced the removal
efficiency from an intact value of LRV 5 to as low as LRV 1, depending on the nature of the damage (fiber breakage or fiber leak), which affected flow rates and
permeate concentrations. Pilot-scale tests with an 8” UF module demonstrated the potential for full integrity restoration by re-plugging damaged fibers. At full scale,
the NV method exhibited high sensitivity to module integrity, with log removal values (LRVs) ranging from 1.8 to 5. A predictive model, developed based on
permeability data and flow dynamics calculations, showed a strong correlation with experimental results, enabling estimation of the number of damaged fibers based
on observed LRV. Critical LRV thresholds for maintenance were established: compromised performance (2.9 > LRV >2.3) suggesting consideration of fiber re-
plugging, and critical performance (LRV <2.3) indicating the need for module replacement. The NV method demonstrated superior sensitivity compared to con-

ventional techniques like turbidity measurements, proving effective at all tested scales.

1. Introduction

With the increasing number of studies aimed at achieving global
sanitation and clean water goals, such as those outlined in the Sustain-
able Development Goals (SDG6) or the WASH initiative, there is a
growing emphasis on ensuring safe drinking water and the consequences
of failures in water treatment efficiency and distribution networks
[1-3]. Outbreaks of waterborne diseases continue to affect large pop-
ulations in developing countries, such as India and Bangladesh [4-6],
but even developed nations are not immune to these risks in recent years
[7,8]. For example, in 2019, Askoy, Norway, reported a gastroenteritis
outbreak caused by campylobacter contamination in the water supply,
which was traced back to an aging infrastructure [9]. Similarly, in
Muxia, Spain, in 2021, a norovirus GII.3 outbreak linked to chlorination
failure at a treatment plant, leading to the distribution of contaminated
drinking water [10]. These cases highlight the importance of
well-maintained water systems, robust operational and maintenance
practices, and reliable early warning monitoring to prevent contami-
nation. European legislation for water reuse and drinking water now
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emphasizes the implementation of a risk assessment approach related to
the performance of the installation [11].

Hollow fiber ultrafiltration (UF) membranes are increasingly used in
water production centers (WPCs) as a physical barrier for disinfection,
due to their ability to retain microbial contaminants, e.g. bacteria, and
viruses, through size exclusion mechanisms [12,13]. Despite their strong
mechanical properties [14], operational data and research show that
fiber breakage occurs in practice [15], leading to the passage of mi-
crobial contaminants resulting in compromising water quality. Fiber
failures can occur as a result of different reasons: a) improper installa-
tion [16], b) pressure spikes during operation or backwash leading to
excessive movement or fiber snapping but, also excessive movement can
be caused at the potting interface due to excess burst pressure [17], c)
membrane aging/degradation from cleaning chemicals [18,19] and, d)
scouring by particles from inadequate pretreatment [20,21]. Fiber
breakage has been estimated at an average rate of one fiber breakage per
module per year, out of 10,000-1,000,000 fibers [16].

Various techniques are used to monitor the integrity of UF mem-
branes in WPCs, categorized as direct and indirect methods. Direct
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methods, such as the pressure decay test (PDT) [22], diffusive air flow
test (DAF) [23], and bubble point test [24] assess the membrane module
directly but often require systems shutdowns. Indirect methods, such as
turbidity measurement and particle counting [25], analyze water qual-
ity before and after filtration. Despite being available as an online device
for real-time monitoring [26,27], indirect methods often lack sensitivity
to detect small defects, such as pinholes or direct fiber breaks, which
could permit the breakthrough of virus particles ([28]; J. [29]). Alter-
native monitoring techniques, such as spiking water with non-native
compounds like MS-2 phage, fluorescent compounds, or nanoprobes
[30-32], raise concerns about introducing contaminants into the water
supply. Other newer monitoring methods are constantly being devel-
oped and tested for UF membrane monitoring and can be found in the
literature [33-35].

While water treatment facilities opt for multibarrier systems for
effective risk management, from the monitoring perspective, a regula-
tory indicator coupled with online monitoring has not been agreed upon
for cases where turbidity measurements are insufficient. An overall LRV
for viruses and bacteria must be achieved by the treatment facilities
contributed by individual processes LRV. At least an LRV of 4 for virus
retention is expected for most individual treatments forming the multi-
barrier approach and thus, a failure in any one of them will affect the
overall LRV of the facility.

This study introduces for the first time the application of natural
viruses (NV) as indicators for UF membrane integrity monitoring. By
quantifying NV concentrations before and after UF treatment using
quantitative polymerase chain reaction (qQPCR), the method can detect
virus concentrations in the range of 107-10% gene copies/ml in surface
water. A detailed description of the method is provided in our previous
research [36]. While our previous research focused on reverse osmosis
(RO) membranes, this research extends the NV method to UF hollow
fiber membranes. We present a comprehensive experimental approach
at laboratory, pilot, and full-scale scale to establish the method’s
sensitivity. Data collected over a year from full-scale plants, combined
with lab-scale experiments and predictive modeling, are used to guide
pilot-scale experiments and determine fiber breakage on full-scale based
on LRV measurements.

In addition, we explore the possibility of extending the service life of
UF modules, by re-plugging broken fibers. While polymeric membranes
have a theoretical lifespan beyond the recommended 7-10 years [37]
ensuring water quality after fiber repairs is a challenge. Using the NV
method, we evaluate the integrity of UF modules with broken fibers,
repaired, and intact fibers across laboratory, pilot, and full-scale sys-
tems. This systematic approach aims to answer where the lifecycle for
UF modules can be extended while maintaining high water quality
standards.

2. Methods and materials
2.1. Isolation and quantification of viruses from surface water

Isolation and sequencing of viruses from surface water was carried
out in our previous work [38]. For this method, 200L of surface water
was collected from Lek Canal (Nieuwegein, NL) and concentrated to
0.27 L using cross-flow ultrafiltration with a 10 nm pore size. Sequential
filtration with 0.7 pm and 0.22 pm filters was used to remove algae,
bacteria, and protozoa. The viruses were further concentrated via ul-
tracentrifugation (Centricon 100 kDa filter) and resuspended in 500 pL
of sterile water. Prior to DNA and RNA extraction, the virus suspension
was treated with DNAse (2 U pl’l, Invitrogen) at 37 °C for 45 min to
degrade any free DNA present. RNA and DNA were then extracted using
the Purelink™ Viral RNA/DNA kit. Virus sequencing was performed
using the Illumina HiSeq 2500 platform, with data analysis carried out
by BaseClear. Four high-coverage scaffolds from DNA virus sequences
were chosen for qPCR primer development to detect these viruses in the
sample.
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In this study, raw surface water samples were collected from three
locations - Lek Canal (Niewegein, NL), Twentekanaal (Elsbeekweg,
Enschede, NL), and the Kortrijk-Bossuit Canal (dosed with FeCls,
DeGavers WPC facility, BE) - to quantify naturally present virus strains.
Two 500 mL samples were collected from each location and concen-
trated by centrifugation at 3000g for 10 min using ultrafiltration filters
(Centricon 100 kDa filter). DNA was extracted using the PowerBiofilm™
kit (Qiagen 24,000-50) and eluted in 220 pL of elution buffer. An in-
ternal standard was added to assess the efficiency of the extraction
process. qPCR was conducted with 5 pL of DNA, 12.5 pL of SYBR-Green
mix (Bio-Rad), and primers at a final concentration of 10 uM, following
the PCR conditions described by Ref. [38]. Melting curve analysis
confirmed the amplification of the correct virus strains, with negative
controls (sterile ultrapure water) ensuring the accuracy of the results.
Viruses labeled NV2247 and NV2310, based on the primer set used,
were the most abundant strains found in all three surface water samples.

2.2. Surface water quality

Three types of surface water were used in this study, based on the
location of the planned experiments. The first source was surface water
from the Lek Canal (Nieuwegein, NL) collected for the laboratory-scale
tests in May 2021. This water was stored at 4 °C, and its quality was
tested for the most abundant natural virus strains (NV) and turbidity. NV
concentration ranged from 1 x 107 to 5 x 10° gene copies/L, with a
turbidity of 13.6 + 1.7 FNU.

The second source was surface water from the Twentekanaal (Els-
beekweg, Enschede, NL), where the pilot setup was located (October
2021). NV marker concentration ranged from 1 x 108 to 9 x 10® gene
copies/L, and the turbidity was measured at 1.57 FNU.

The third source was the surface water from the Kortrijk-Bossuit
Canal (De Gavers WPC facility, BE) where full-scale studies were con-
ducted between July 2020 and December 2021. NV concentrations were
measured quarterly, ranging from 1 x 10° to 4 x 10® gene copies/mL.,
with the lower NV concentrations recorded in December 2020. Turbidity
measurements for this source were not recorded.

2.3. Membrane material

Various UF hollow fiber membranes with a 150 kDa molecular
weight cutoff were evaluated in laboratory, pilot, and full-scale settings,
as summarized in Table 1. For the lab-scale study, the UF RX300
membrane, containing 120 fibers, was used. In the pilot-scale study, the
X-Flow Aquaflex 64 membrane, with 18360 fibers in 8” modules, was
used. Over twelve months at the WPC De Gavers facility, measurements
were carried out on three UF blocks equipped with Pentair X-Flow
Aquaflex 40 membranes. During this testing period, two of the three
blocks had their UF membranes replaced with new X-Flow Aquaflex 64
after ten years of operation.

Table 1
Membrane specifications.

Name UF RX300 X-Flow Aquaflex X-Flow Aquaflex
40 64
Material Polyethersulfone Polyethersulfone Polyethersulfone
Molecular Weight 150 kDa 150 kDa 150 kDa
Cutoff
No. of fibers 120 11000 18360
Membrane area 0.08 m? 40 m? 64 m>
Max. temperature 60 °C 40 °C 40 °C
Max. 200 kPa (at 300 kPa 300 kPa
transmembrane 30-60 °C)
pressure
Mode Inside-out Inside-out Inside-out
Testing Lab-scale Full-scale Pilot-scale/Full-
scale
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2.4. Membrane damage and repair

The membrane damage protocol varied depending on the type of
experiments, as shown in Fig. 1. For lab-scale experiments, two invasive
methods were used to damage the UF fibers. In the first method, a 0.5
mm drill hole was made in an intact fiber, referred to as “leaky fibers”, to
simulate material disintegration. In the second method, fibers were
manually shortened using a 1 mm thick scalpel and then potted into
custom-made TRX modules to simulate a broken fiber, referred to as
“short fibers”. In each test, 1 and 3 fibers were damaged separately.

In the pilot-scale setup, individual fibers were cut through access
holes engineered into the pressure vessel, referred to as “outlets” to
simulate damage. To restore the damaged fibers in the pilot-scale sys-
tem, a systematic re-plugging method was employed using an insertion
tool with ribbed pespin (details of which are not included in this study
due to non-disclosure). The experimental schematic, following the
sequence of fiber damage, repair, and subsequent fiber re-damage is
illustrated in Figure S-1. The damaging tests incrementally damaged
fibers in sets of 1, 3, 5, 10, and 50, while the repair process reverse this
order. Initially, 40 fibers were repaired, filtration tests were conducted,
and samples were taken, followed by the repair of the last 10 fibers. The
test set 3 involved repeating the fiber damage procedure, incrementally
damaging 2 and 4 fibers.

2.5. Lab scale experimental set-up

Fiber breakage tests were performed on a lab-scale TRX test unit TRX
(Pentair, NL) (Figure S-2) with an RX300 membrane module. The
characteristics of the RX300 module are listed in Table 1. The test setup
facilitates a horizontal installation of the module. The procedure begins
by flushing the RX300 module with MilliQ water for at least 20 min in
dead-end mode to remove any preservatives from the membranes. For
permeability measurements, the RX300 modules are installed in the TRX
unit, and the tanks are filled with 5 L of MilliQ water. The pump is
turned on to flush the system in cross-flow mode at a feed pressure of
approximately 0.5 bar. After about 10 s, the retentate valve is closed,
switching the setup to a dead-end module, and the permeate is drained
by adjusting the 3-way valve to the drain position. Once the pressure
stabilizes, the permeate is collected for 1 min, and its weight is recorded.
This data is used to calculate mass flux, and the procedure is repeated for
duplicate measurements.

For filtration measurements, the setup is filled with 5L of the surface
water, and the same procedure is followed. Once the feed pressure sta-
bilizes at 0.5 bar, the permeate is collected. A total of 4 L of feed is
filtered through the module, and a permeate sample is collected. The
samples are then processed as previously described and stored for
further analysis.

/Noa
346.1 pm
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2.6. Pilot-scale experimental setup

The pilot-scale setup, constructed by Pentair X-Flow, operated with
an 8-inch Aquaflex 64 module at a flux of 80 Lm 2 h™! and 0.1-0.2 bar.
Three filtration cycles were performed in a dead-end configuration, with
each cycle consisting of 20 min of filtration followed by 30 s of hydraulic
cleaning to remove any contamination. Forward flushes (15s) and
backward flushes (30s) were carried out using feed water. Grab sam-
pling of feed and permeate were collected between the second and third
filtration cycles. The tests were carried out with both an intact module
and a module with 1, 3, 5, 10, and 50 cut fibers. The grab samples were
analyzed for turbidity and stored for later NV sampling.

2.7. Full-scale setup

The water production center (WPC) operated by De Watergroep in
Harelbeke, Belgium (Fig. 2) was studied for over a year. The WPC
sources surface water from the Bossuit-Kortrijk canal, and its pre-
treatment process involves five nitrification reactors that oxidize NHZ
to NO3 by bacterial activity. Additionally, three flocculators in series,
using FeCls, are used for phosphate removal. After pre-treatment, the
water is stored in an artificial pond “De Gavers”, which has a storage
capacity of 3.2 Mm?®. In the post-treatment step, the water is divided into
two fractions: the larger fraction undergoes flocculation to remove
suspended solids and reduce turbidity, while the second fraction is
sieved (100 pm) and filtered through ultrafiltration skids. Both fractions
subsequently mix and pass through activated carbon filters, chlorination
step, and then pressurization to be directed to the drinking water mains.

The UF system comprises four skids, each equipped with 40 verti-
cally placed modules, operational since 2011. The skids are designed to
accommodate modules from several manufacturers with only minor
piping adjustments. In this study, three skids containing single-bore UF
membranes (Pentair Aquaflex40), with an internal diameter of 0.8 mm
and a total membrane surface of 1600 m? per skid are presented. The
membranes are operated in an inside-out configuration, with each
module having two feed/retentate connectors and one permeate
connector. To minimize fouling, measures like chemically enhanced
backwash with sodium hydroxide or sulfuric acid (optionally combined
with hydrogen peroxide) and cleaning-in-place (CIP) procedures are
implemented. The CIP system includes a 5 m® tank with a recirculation
pump. A detailed description of the WPC installation can be found in a
separate study [39].

Throughout the study, permeate samples were collected quarterly
from each UF skid’s permeate collector. Since feed samples could not be
taken directly from the UF skid inlets, pre-treated water from the De
Gavers pond was used. In November 2021, after 10 years of operation,
the Pentair Aquaflex40 membranes in two skids were replaced with new
membrane Pentair Aquaflex64 modules. The impact of this membrane

Fig. 1. Fiber damage, left: leaky UF fibers with 0.5 mm drill hole, middle: access outlets in the pressure vessel, left: short UF fiber through cutting.
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Fig. 2. Water production center at De Gavers, I: De Gavers raw water, II: Permeate after UF skids, A: 3 skids with Pentair membrane, B: skid with Suez membranes.

replacement on NV measurements was analyzed in the study. Only the
results from the first three UF skids are presented here.

2.8. Model description for LRV prediction

When a fiber is structurally intact, a significant portion of fluid flow
through the fiber can be modeled using conventional methods to either
laminar (Re < 2000) or turbulent flow conditions (Re > 4000). For
laminar flow, the Hagen-Poiseuille equation [40] is typically used, while
the Darcy-Weisbach equation [41] applies to turbulent flow. For laminar
flow through an intact fiber, the pressure drop (Ap, bar) across a fiber, as
governed by the energy equation, is expressed as:

 32uLyV

Ap dﬁ

(€Y

Where u (kg.m’l.s’l) is the dynamic viscosity, Legr (m) is the effective
length of the fiber, V (m/s) is the mean velocity (calculated from
experimentally obtained average flow rates), and dy, (m) is the hydraulic
diameter of the fiber.

After fiber breakage occurs at a distance s (m) downstream from the
inflow, the flow through the fiber may transition to a turbulent or
transitional regime. In such cases, for a given pressure drop, the energy
equation Eq (1) changes. For laminar flow, the velocity V can be
expressed as:

32,
v =29
apd,

apd;

1
+ 5124252

Ap—1 (2)

Where p (kg/ms)is the density of water, g (m/s?) is the acceleration due
to gravity and « is a correction coefficient for the kinetic energy and is 2
for laminar flow.

For transitional and turbulent flow (¢ = 2), the energy equation
changes to:

|2 Ap
a3 ©)

a+ =

dy

Where, the friction factor f is a function of the Reynolds number, Re
[42]. The energy equation must be solved iteratively since f is dependent
on V through Re:

For turbulent flow, the relationship is given by:

1 _ o684 In(Re \/f ) - 0.8 )

Vi

Where Re = Vdy, p/ u
For the transitional region, the friction factor is described by:

f =0.0115In(Re) — 0.0557 (5)

The virus retention of an intact fiber is represented by the log
reduction value (LRV;):

LRV, = —log,, (CP—) 6)
Cf

Where, Cr and C, are the concentrations of the retained species on the
feed and permeate side, respectively.

When the fiber is damaged, the concentration of retained species on
the permeate side is significantly affected by changes in the flow rate
through the fiber. In such cases, the total flow rate through the fiber
affects the species retention. The permeate flow through each fiber
(intact or broken) can be expressed by

Q = Afiper *Permeability*P (2]
Apper = mdp*Legs (€)]

Where Afiper (m?) is the surface area of the fiber, P (bar) is the average
pressure. Permeability values for both intact and damaged fibers were
obtained experimentally using a lab-scale setup.

In case of a complete fiber breakage, the total flowrate Q; (m3/h)
through the broken fiber becomes a sum of filtered and unfiltered flow:

Q= Qi(Nt - Nd) + Qa4Ny4 (C))

Where Q;j is the flow rate through the intact, Qq is the flow rate through
the damaged fibers. N; and Ny represent the total number of fibers and
the number of broken fibers, respectively. The predicted LRV after fiber
breakage can be calculated as follows [43]:

Qs
10
Qi(N; — Nq)Cpi + QaN4Cpa ) (10)

LRV, = log,, <

Using Eq (6) for Cp, ; and Cp g:
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i(Ny — Nq)C N4C
LRV, = *10810 ((Q( 1tOLRVid) f+ ?%L:vdf>/(Qth))

Where LRV; and LRVy are the log reduction values of intact fiber and
that of damaged fiber, respectively. This LRV, following fiber breakage,
indicates the impact of the LRV of an intact UF module on the reduction
in LRV. For large modules with a high number of fibers (N; > Ng), Eq
(10) can be simplified for Ni-Ng = N¢.

1D

3. Results and discussions
3.1. Impact of fiber damage on a lab-scale module

The module consisted of 120 fibers placed vertically, each fiber with
an inner diameter (d) of 0.8 mm. The effective length of an individual
fiber (Legr) was 0.27 m and the pressure drop over the fiber was 0.01 bar.
As water flowed through the fiber, the total flow on the permeate side
was 25.3 L/h, resulting in a flow rate of 0.22 L/h through a single intact
fiber. The corresponding mean velocity was calculated to be 0.12 m/s
and the Reynolds number (Re) = pVd/p = was calculated to be 100,
where p and p were the viscosity and density of surface water at 20 °C.
This confirmed that the flow was laminar, which supports the use of the
Hagen-Poiseuille model for calculating the pressure drop. The calculated
pressure drop of 0.01 bar aligned with the experimentally recorded
pressure drop, further validating the assumption of laminar flow.

During the rejection test (Fig. 3), the intact module demonstrated a
high LRV of approximately 5.5 for both NV2247 and NV2310. The
turbidity rejection was comparatively lower, achieving an LRV of 2.2,
which can be attributed to the lower sensitivity of the quantifying
method used. Additionally, the intact module demonstrated a water
permeability of 750 L m~2 h~L.bar™! at 0.5 bar.

The introduction of fiber damage significantly affected both
permeability and virus rejection values. When a single intact fiber was
replaced with a leaky fiber (containing a 0.5 mm hole), water perme-
ability increased by 8-10 %, reaching 811.1 L m~2 h™L.bar~!. This in-
crease was accompanied by a substantial drop in virus rejection, with
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LRVpy2247 to 0.33 log, LRVyy2310 to 0.28 log, and LRVTurbidity to 0.37.
Such a significant decline in performance indicates that fiber damage
allowed unfiltered feed to enter the permeate.

When fiber damage occurs, either a portion or the entire feed flow
can discharge directly to the permeate side. The tested and calculated
values are summarized in Table 2. For a leaky fiber with a 0.5 mm hole,
the mean velocity increased to 1.33 m/s, more than ten times higher
than that of the intact fiber. Despite the increased flow, the flow
remained laminar (Re = 1058.9), allowing for interaction time between
the intact part of the fiber and the feed water. A friction factor dropping
to 0.06 indicated reduced resistance within the fiber, allowing water
bypass and increasing the permeate concentration.

For the short fiber, assuming half the length of the fiber was cut off,
the flow rate increased 25-fold compared to the intact fiber. The mean
velocity was 3.26 m/s, pushing the flow into a transitional regime (Re =
2603.1), signifying the onset of turbulent flow. This allowed for a near
unimpeded flow of unfiltered water through the fiber. This single-fiber
performance underscores the critical importance of maintaining the
integrity of each fiber within the entire module.

3.2. Impact of fiber damage and replugging in pilot-scale UF module

In this pilot study, an 8” UF membrane module containing 18360
fibers (X-Flow Aquaflex 64) was investigated. The membrane perfor-
mance was assessed by the retention of two NV markers and reduced
turbidity. As shown in Fig. 4, the results show a high sensitivity of virus
rejection to the number of damaged fibers.

Statistical analysis of the data revealed a strong negative correlation
between the number of broken fibers and LRV for both NV2247 and
NV2310 (Pearson correlation coefficient r = —0.9215, p = 0.0009),
confirming the significant impact of fiber integrity on virus rejection.
The p-value <0.05 indicates a statistically significant correlation, while

Table 2
Flow through fibers under different integrity conditions measured for 1 fiber.

LRVnv2247 decreasing to 0.89, LRVnya310 to 0.90, and LRVryrbidity to Parameter E:a“t ﬁe?k)y fiber (0.5 mm ls‘h"rtthi;iber (half-
0.95. In cases where an intact fiber was substituted with short fiber, a °r oe ng
more significant increase in water permeability — approximately 20 % - Flow rate (L/h) 0.22 2.40 5.90
was observed, rising to 900.4 L m 2 h~lbar !, while LRV, Mean Velocity (m/s) 0.12 1.33 326
> g : : 2 Nv2247 Reynolds number 99.08 1058.91 2603.16
decreased to 0.52 and LRVyy2310 to 0.47, with the LRVrymidity (Re)
decreasing to 0.78. Frictional coefficient ~ 0.65 0.06 0.03
When three intact fibers were replaced with short fibers, perme- ®
ability increased further to 1201.3 L m~2h~!.bar ™}, representing a 60 % Prgss‘)”e drop (Ap, 0.01 0.18 031
. . . . . . ar
increase. This was accompanied by a corresponding decline in
7 1400
6 1200 ~
[
®
L2
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£
=
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g :
-
3 600 g
o
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2 400 ©
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©
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Fig. 3. Experimental data for NV marker and turbidity retention with the TRX module using the RX300 module under various integrity conditions, along with

predicted LRV decline estimates from the model.
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Fig. 4. Pilot study data for NV marker and turbidity retention for UF module with 18630 fibers under various integrity conditions.

the Pearson correlation coefficient, ranging from —1 to 1, reflects a
negative relationship.

The presence of a single broken fiber caused a significant decrease in
virus retention, with LRVyy2247 decreasing from 5.08 to 3.88 (a 16-fold
increase in passage), and LRVyy2310 from 5.10 to 3.87 (a 17-fold in-
crease in passage). In contrast, turbidity rejection remained relatively
stable, decreasing only from 1.56 to 1.49.

As the number of damaged fibers increased, the LRV continued to
decrease substantially. For instance, with three additional broken fibers,
LRVyy2247 decreased to 3.47 (a 16-fold increase in the passage from the
intact fiber value), and LRVyy2310 decreased to 3.88 (a 17-fold increase
in the passage). Turbidity was less affected, decreasing from 1.55 to
1.34. In cases of more extensive damage, such as with 50 broken fibers,
the LRVyy2247 decreased to 1.98, and LRVyy23109 decreased to 1.96,
representing an overall increase in the passage by 128-fold and 139-fold.
Turbidity rejection decreased from 0.55 to 0.97, a 1.6-fold increase in
passage.

Following fiber replugging, a full recovery in membrane perfor-
mance was observed. Replugging 50 damaged fibers restored approxi-
mately 46 % of the initial LRV for both the NV markers and complete
recovery was achieved after further replugging. A controlled second
cycle of fiber damage confirmed that damage involving 5-10 broken
fibers critically impacted virus rejection, underscoring the importance of
early intervention.

The results also show that turbidity measurements were less sensitive
to fiber damage compared to the NV markers, particularly when the
number of broken fibers was low. However, turbidity proved effective in
detecting significant membrane breaches (>50 damaged fibers) sug-
gesting it should not be relied upon as the sole indicator of virus
rejection.

3.3. LRV prediction versus LRV experimental

The permeability data collected from the pilot-scale study was used
to predict LRV calculations based on Eq (6) for the number of damaged
fibers (Ng) ranging from O to 50. It was assumed that LRV = 0 applied to
a broken fiber and LRV = 5 to an intact fiber (based on experimental
data), leading to a total flow through the module that was a combination
of flow from the damaged fiber and the intact fibers.

Fig. 5 shows the relationship between the number of damaged fibers
and the predicted LRV according to the model, with an NLS fit (Root
Mean Square Error (RMSE) of 0.0892) applied to the data points. The
graph shows a steep decline in LRV as the number of damaged fibers
increases, particularly in the range of 0-10 damaged fibers. After this
initial sharp decline, the curve levels off, indicating a more gradual
decrease in LRV. This nonlinear fit effectively demonstrates how even a
small number of damaged fibers can significantly impact the overall
LRV. Consequently, this model serves as a quantitative tool to predict
the number of damaged fibers when the LRV of a full-scale system is

NLS Model Fit: Number of Damaged Fibers vs LRV

oo Looeon

Number of Damaged Fibers

Log Reduction Value (LRV)

Fig. 5. Relationship between the number of damaged fibers and predicted LRV.
The red line is the NLS fit made to the predicted data point. (For interpretation
of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

known.

Additionally, the prediction model was compared to the experiment
model, as shown in Fig. 6. An exponential fit line was plotted through
the data points, indicating a strong correlation between the predicted
and experimental values. The model proved to be fairly accurate in
estimating the decline in LRV for the damaged fibers, closely aligning
with the experimental data. To validate the choice of an exponential
model over a linear fit, a residual analysis was performed (see Figure S-
4).

To further support the relationship between the number of broken
fibers and LRV, a change—point analysis was carried out with the LRV
values obtained from the prediction model (Figure S-5). This method
identified two key breakpoints where the slope of the graph changes: at
1-2 broken fiber and the second at 10 broken. Based on the statistical
analysis and experimental data, we propose a threshold system for
membrane modules with 18360 fibers.

Optimal Performance (0 broken fibers): LRV >5.0

Transition Zone (1-2 broken fibers): 3.3 > LRV >2.9
Compromised Performance (2-10 broken fibers): 2.9 > LRV >2.3
Critical Performance (>>10 broken fibers): LRV <2.3

An LRV of 2.3 emerged as a Critical Performance threshold, below
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Fig. 6. Comparison of predicted LRV with experimentally obtained LRV for lab
and pilot scale(n = 0,1,3,5,10,50).

which virus rejection was reduced by 55 % or more from Optimal Per-
formance. This threshold was reached for this module with approxi-
mately 10 broken fibers, marking the transition to Critical Performance
and indicating potential intervention to maintain membrane integrity
through repair or replugging. When LRV decreased to below 2, observed
with 50 broken fibers, an overall reduction of about 66 % in virus
rejection was noted, indicating that membrane replacement might
become necessary.

These thresholds have important implications for UF membrane
operation and maintenance of UF membranes in full-scale scenarios.
They highlight the need for advanced monitoring techniques beyond
conventional methods such as turbidity measurements, particularly in
the compromised performance range. The results suggest that a timely
replugging strategy could potentially extend membrane lifespan by
achieving full performance recovery, especially when intervention oc-
curs before reaching the Critical Performance Stage.

3.4. Full-scale plant

The full-scale study evaluated the virus removal efficiency of UF
modules across three skids, with sampling conducted from December
2020 to December 2021, focusing on the rejection of the NV2310
marker. The initial LRVyy2310 were 3.7 (skid 1), 3.2 logs (skid 2), and 4.1
(skid 3), establishing a baseline for evaluating skid performance
throughout the study (see Fig. 7).

LRV NV2310
w

[y

Skid 1

IIA

m12/14/2020 3/15/2021 6/14/2021
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During the second sampling period in March 2021, skid 1 and skid 3
experienced a significant decline in virus retention, dropping to
approximately LRV 2, while skid 2 maintained an LRVyy2319 of 3.3. By
June 2021, the LRVyy2310 in skid 1 and skid 3 improved, reaching values
between 3 and 3.5, whereas skid 2’s performance worsened, falling
below 2 logs. From June 2021 to December 2021, skid 3 consistently
achieved LRVyy2310 values between 3 and 4 logs. In contrast, skids 1 and
2 continued to show unusually low virus retention, with values as low as
LRVny2310 1.8. By the end of December 2021, UF modules in skids 1 and
2 were sporadically replaced with new modules, resulting in a signifi-
cant recovery, boosting LRVyy2310 to 5.

Since all skids used the same X-flow Aquaflex 40 membranes, similar
rejection values were anticipated during the sampling period under
normal operational conditions. However, the deviations observed in the
study, along with the data following membrane replacement, suggested
that additional factors were influencing virus rejection beyond mem-
brane pore size. The performance of the first two skids was atypical,
exhibiting lower virus rejection than expected, with no signs of recovery
throughout the sampling period. According to the size exclusion mech-
anism, high virus rejection would typically be expected in UF mem-
branes due to their pore size concerning virus size (20 nm vs 100 nm).
While the variation in skid 3 retention could be attributed to reversible
fouling addressed through operational cleaning protocols, the persistent
underperformance of skids 1 and 2 highlighted the complexity of factors
contributing to variations in skid performance.

Water quality can significantly influence virus-membrane interac-
tion through mechanisms such as fouling or pore blockage, while the
concentration of viruses in the feed can impact virus-virus aggregation.
Variations in virus concentration often occur based on geographic
location and seasonal factors, leading to fluctuations in the observed
LRVs of the membranes. Jacquet et al. [44] highlighted the profound
effect of virus concentration on virus retention, noting that higher virus
concentrations in feedwater can lead to larger viral aggregates,
enhancing the size exclusion mechanism.

For example, during the first sampling in December 2020, the
NV2310 feed concentration was 10° gene copies/mL, which increased to
107 gene copies/mL in the second sampling in March 2021. Despite this
increase, skid 1’s LRV decreased from 3.7 to 2. Increased virus con-
centrations often require more frequent backwashing and membrane
cleaning, both of which can affect membrane structure and perfor-
mance. This includes potential material degradation from cleaning
chemicals or structural damage from operation conditions, leading to
increased fiber movement and frictional breakage.

Several studies have indicated that water components can dictate the
dominant interactions near the membrane surface, whether through size
exclusion or electrostatic repulsion [45,46]. Characteristics of the feed
water, such as ionic composition, high turbidity, and organic matter, can
contribute to membrane fouling through pore clogging, pore size

Skid 2 Skid 3
1B
W9/13/2021 m®11/22/2021 m@12/14/2021

Fig. 7. LRV NV2310 of UF-unit II installation at the De Gavers WPC. The unit is split into two sections IIA, containing 3 skids with Pentair modules, and IIB with one

skid of Suez modules. The checkered bars represent newly replaced modules.
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diminution, or cake layer formation, thereby increasing the virus
retention [47-49]. However, the feedwater in this study was not of
particularly low quality, unlike raw groundwater and operational
maintenance ensured regular membrane cleaning. Thus, it is likely that
the decline in skid 2’s performance decline was primarily due to loss of
membrane integrity rather than water quality alone.

Membrane aging emerged as a key factor in the declining LRV values
observed in skids 1 and 2. As membranes age, the risk of fiber breakage
increases, leading to the dominance of convective transport of viruses,
which bypasses static or size-related interactions with the membrane
surface. This seems to be the case for skid 1 and skid 2, where the
modules had already experienced a loss of integrity before the sampling
period began and further deteriorated during the subsequent year of
operation. The predictive model from the study indicated that one to
three fibers were broken in both skids 1 and 2. The subsequent
replacement of these modules with newer X-Flow Aquaflex 64 mem-
branes resulted in a significant recovery of LRV, further supporting the
hypothesis that fiber breakage was a key cause of performance decline.

Given that the WPC had been in operation for 10 years before this
study, these findings align with research by Gijsbertsen-Abrahamse et al.
[16], which reported that, on average, 1 out of 100,000 fibers break
annually, often going undetected. These results emphasize the risk of
compromised permeate water quality due to undetected fiber breakage.
Unfortunately, conducting an autopsy of the modules was not feasible,
which could have further substantiated the connection between per-
formance deterioration and broken fibers as a primary factor.

Comparing these full-scale results with the thresholds established
validates the system. Skid 3’s performance predominantly remained
within the Transition Zone to near-optimal Performance range (LRV
2.9-4.1). Skids 1 and 2 showed more variable performance, with LRV
values fluctuating between 2.0 and 3.7, periodically dropping into the
*Critical Performance’ range (LRV <2.3), suggesting significant fiber
damage. The recovery to LRV 5 after module replacement in Skids 1 and
2 corroborates the thresholds established in Section 3.3.

It is important to note that while new UF membranes initially exhibit
high LRVs (LRVyvas10 of 5), they are expected to stabilize at around 4
due to irreversible fouling representing a complex interplay of factors.
While fouling can potentially enhance virus rejection through pore
constriction and cake-enhanced concentration polarization layer for-
mation, it may also create heterogeneities in the membrane structure
and alter flow patterns [50] (F. [51]). The balance of these effects
typically results in a slight decrease from the initial high LRV of new
membranes but still maintains a high level of virus rejection.

4. Conclusions

This study identified fiber damage as a critical factor significantly
impacting membrane performance, particularly regarding virus rejec-
tion and water permeability. The NV method demonstrated that even a
small number of damaged fibers could lead to a substantial decrease in
LRV, while under intact conditions, LRV 5 was observed across all
measurement scales. Turbidity measurements were found to be less
sensitive to fiber damage compared to virus markers, especially when
only a low number of fibers were broken.

A predictive model, developed and validated against experimental
data, effectively estimated the decline in LRV due to the number of
damaged fibers. Both laboratory and pilot scale experiments confirmed
that a single broken fiber could result in dominant convective transport
of viruses, consistent with model predictions and observation from full-
scale plants. This model offers a valuable tool for assessing membrane
performance in real-world applications.

In full-scale operations, membrane aging and fiber breakage
emerged as key factors to declining LRV values, with as few as one to
three broken fibers significantly performing deterioration. These find-
ings underscore the importance of regular monitoring and maintenance
of UF membranes, as undetected fiber breakage can compromise
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permeate water quality. The study established threshold LRV values for
decision-making in membrane maintenance: when LRV falls between
2.9 and 2.3 (Compromised Performance), fiber replugging should be
considered. An LRV below 2.3 (Critical Performance) indicates the need
for membrane module replacement, as demonstrated by the significant
performance recovery observed after module replacement in under-
performing skids during the full-scale study.

Overall, these results emphasize the necessity of implementing
advanced monitoring techniques. Ultimately, the findings highlight that
timely intervention — whether through repair, replugging, or replacing
damaged fibers - can help maintain membrane integrity and extend the
lifespan of UF systems in water treatment plants, thereby ensuring more
effective and reliable water purification processes.
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