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Abstract Experiments to determine the removal of
viruses in different types of water (surface water from two
reservoirs for drinking water treatment, treated ground-
water and groundwater contaminated with either 5 or 30 %
of wastewater) by ultrafiltration were performed with a
semi-technical ultrafiltration unit. Concentrations of human
adenoviruses (HAdVs), murine norovirus (MNV), and the
bacteriophages MS2, ®X174 and PRD1 were measured in
the feed water and the filtrate, and log removal values were
calculated. Bacteria added to the feed water were not de-
tected in the filtrates. In contrast, in most cases viruses and
bacteriophages were still present in the filtrates: log re-
moval values were in the range of 1.4-6.3 depending on
virus sizes and water qualities. Best removals were ob-
served with bacteriophage PRD1 and HAdVs, followed by
MNV and phages MS2 and ®X174. Virus size, however,
was not the only criterion for efficient removal. In diluted
wastewater as compared to drinking water and uncon-
taminated environmental waters, virus removal was clearly
higher for all viruses, most likely due to higher membrane
fouling. For quality assessment purposes of membrane
filtration efficiencies with regard to the elimination of hu-
man viruses the small bacteriophages MS2 and ®X174
should be used as conservative viral indicators.
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Introduction

One goal of drinking water treatment is to provide water
that does not contain pathogens in numbers or concentra-
tions that constitute a potential danger to human health.
Because of their small size and their high risk for human
health viruses are probably the most challenging particles
to eliminate. With regard to membrane filtration tech-
nologies, only ultrafiltration membranes have pore sizes
small enough to remove free viruses from water by the
sieving effect without further pretreatment. Different
methods, like molecular weight cut-off, fluorescent mi-
crospheres or nanoparticles can be applied to determine the
pore sizes of ultrafiltration membranes (Arkhangelsky et al.
2012; Pontius et al. 2009). Other spherical particles with
sizes similar to virus particles are labelled phages or silica
particles coated with DNA and protein (Farkas et al. 2014;
Guo and Hu 2014; Soussan et al. 2011). With regard to the
use of bacteriophages, especially small icosahedral phages
like MS2 and ®X174 are often used as surrogates for hu-
man and animal viruses (Boudaud et al. 2012; ElHadidy
et al. 2014; Kreilel et al. 2012; Langlet et al. 2009).
However, specific virus properties as well as properties of
applied materials or the composition of the water matrix
can significantly influence virus removal efficiency (Bou-
daud et al. 2012; Kreif3el et al. 2012). So far, few studies
have included the use of human viruses or viruses infecting
warm-blooded animals.

Human adenoviruses have been suggested to be good
indicators for monitoring of contaminated waters
(Haramoto et al. 2010; Hundesa et al. 2006). Adenoviruses
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cause different illnesses in humans like infections of the
gastrointestinal tract or the respiratory tract and conjunc-
tivitis, respectively, and are second to rotaviruses in caus-
ing gastroenteritis in children. Up to 50 % of adenovirus
gastroenteritis remains asymptomatic, but all serotypes can
be shed with faeces (Mena and Gerba 2009). This may be
the reason why adenoviruses are found more frequently and
at higher concentrations than enteroviruses or noroviruses
in sewage affected surface water and can be found
throughout the year (Hamza et al. 2009; Mena and Gerba
2009). In addition to their indicator function in faecally
contaminated waters, adenoviruses may also be useful to
determine removal of human viruses in treatment
processes.

Noroviruses can also cause severe illness in the human
gastrointestinal tract. These viruses have been detected in
European surface waters less frequently than adenoviruses
but more frequently than enteroviruses (Hamza et al. 2009;
Lodder and de Roda Husman 2005; Wyn-Jones et al.
2011). Due to their structural similarity to human
noroviruses, murine norovirus (MNV) may be applied as
non-pathogenic surrogate for human noroviruses.

In this study, we investigated the removal of viruses from
water by ultrafiltration using various viruses and different
types of waters. Up to five viruses, the bacteriophages MS2,
®X174 and PRD1, human adenovirus (HAdV) and MNV
were spiked simultaneously into different waters and filtered
with a pilot-scale ultrafiltration device using a polymeric
membrane with a nominal pore size of 20 nm. All viruses
tested in this study were unenveloped and had capsids with
icosahedral geometry. Bacteriophage ®X174 contains its
genetic information in the form of ssDNA. The capsid di-
ameter is 25 nm with spike proteins rising 3 nm from the
surface of the capsid. The isoelectric point of this phage is
6.6. Bacteriophage MS2 with a ssSRNA(+) genome with an
isoelectric point of 3.9 is enclosed in a capsid of 26 nm di-
ameter (King et al. 2011; Michen and Graule 2010). Bacte-
riophage PRD1 contains a dsDNA genome. The capsid has a
diameter of 66 nm, and 20 nm long spikes are present on the
surface (Kingetal. 2011). The isoelectric point is in the range
of 4.0-4.5 (Mesquita et al. 2010; Michen and Graule 2010).
This virus was chosen due to its structural similarity to
HAdVs (Belnap and Steven 2000; Benson et al. 1999; King
et al. 2011). HAdVs are dsDNA viruses. Their icosahedral
capsids are about 70-90 nm in diameter (depending on the
strain). In addition, adenoviruses have fibres connected to the
penton capsomeres varying in length (9-77.5 nm) depend-
ing on the serotype (King et al. 2011). MNVs are ssRNA
viruses with icosahedral capsids of 35-40 nm in diameter
(King et al. 2011). MNV was used as surrogate for human
noroviruses. By comparing the log removal values (LRV) we
evaluated the applicability of common surrogate viruses in
the testing of ultrafiltration membranes.
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Materials and Methods
Bacteriophages

Bacteriophages MS2 (DSM 13767), ®X174 (DSM 4497)
and PRD1 (DSM 19107) were quantified by double layer
agar methods according to ISO 10705-1 (1995) and ISO
10705-2 (2000) using the host bacteria Escherichia coli
K12 Hfr (NCTC 12486), E. coli CN (WGS5; ATCC 700078)
and Salmonella Typhimurium (WG49; NCTC 12484), re-
spectively. Media MSA/MSB were used for ®X174 and
TYGA/TYGB for MS2 and PRDI. Salmonella
Typhimurium can be infected by both, MS2 and PRDI.
Since RNase can inhibit the infection process of the RNA
phage MS2 (ISO 10705-1 1995), the semisolid agar was
supplemented with RNase (40 pg/ml) in case of PRDI
quantification. Plates were incubated at (36 £ 2) °C for
(18 £ 2) h. For MS2 and PRDI plates with 10-300 pla-
ques were counted and used for calculation/quantification.
Because of their larger plaque sizes ®X174 phages were
counted only in the range of 10-150 plaques per plate.
Detection limits were 1 pfu/ml for 1 ml sample volume and
0.1 pfu/ml for 10 ml volumes. Somatic and F specific
phages were measured the same way as their representative
strains ®X174 and MS2 using the hosts E. coli CN and
Salmonella Typhimurium.

Human Adenoviruses and Murine Norovirus

Wastewater after primary treatment containing HAdV type
41 as the most prevalent type (Hartmann et al. 2013) was
used as a natural source of HAdVs. For monitoring ade-
novirus concentrations in diluted wastewater and in the
filtrates viruses were enriched by means of glass wool fil-
tration as described by Wyn-Jones et al. (2011). In brief,
10 1 water samples were adjusted to pH 3.5 and passed
through a glass wool filter. After elution with an alkaline
buffer (3 % w/v beef extract, 0.05 mol/l glycine, pH 9.5),
flocculation at pH 3 and subsequent centrifugation the virus
containing precipitate was redissolved in phosphate buf-
fered saline.

MNYV isolate S99 (Miiller et al. 2007; GenBank acces-
sion number EF531291) was propagated on RAW 264.7
cells (ATCC TIB-71) and used in spike experiments
(concentrations of 3 x 10°-4 x 10° copies/ml) as surro-
gate for human noroviruses.

Nucleic Acid Extraction and Quantitative PCR

After nucleic acid extraction using the NucliSENS®
method (bioMérieux) HAdVs were measured by quantita-
tive PCR (qPCR) and MNV by one-step reverse
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transcription qPCR (RT-qPCR). In brief, 5 ml samples
were mixed with lysis buffer, incubated for 10 min, 50 pl
magnetic silica dispersion were added and incubated for
another 10 min. Magnetic silica particles were washed and
separated from the liquid. The silica particles were eluted
in 100 pl buffer (for 5 min at 60 °C) to release the nucleic
acids. Until use aliquots were frozen at (—20 % 5) °C.

In all PCR assays, 10 pl of undiluted, 1/10 diluted and
1/100 diluted nucleic acid samples were tested. Dilutions of
plasmid DNA of the corresponding amplified sequences
were used to generate standard curves in the range of 10'—
10° copies per well, each in triplicates. Diethylpyrocar-
bonate (DEPC)-treated, deionized water served as non-
template control, while three parallels of 0.5 x 10* copies
of the respective PCR standards were used as positive
controls. MicroAmp® optical 96-well reaction plates were
run on an Applied Biosystems 7500 Real-Time PCR Sys-
tem with software version 1.4. Results of the three dilution
steps were compared to each other to exclude inhibitory
effects. If values of the dilution steps gave comparable
results, the concentration in the sample was calculated
from values of all dilutions. If diluted samples gave higher
results, only dilutions without obvious inhibitory effects
were used for calculations. Amplification efficiencies were
in the range of 90-110 %.

Quantification of HAdVs was performed according to
(Hernroth et al. 2002), using primers 5'-CWT ACA TGC
ACA TCK CSG G-3' and 5-CRC GGG CRA AYT GCA
CCA G-3' (each 0.9 puM) and probe 5’-6FAM-CCG GGC
TCA GGT ACT CCG AGG CGT CCT-5TAMRA-3/
(0.225 uM), labelled with 6-carboxyfluorescein (6FAM)
and  S-carboxytetramethylrhodamine (STAMRA) in
2 x Universal Mastermix (Applied Biosystems) at tem-
peratures 50 °C (2 min), 95 °C (10 min), and 45 cycles of
95 °C (15 ), 60 °C (60 s). Quantification of MNV was
performed according to (Miiller et al. 2007), using, primers
5’-AGA GGA ATC TAT GCG CCT GG-3' and 5'-GAA
GGC GGC CAG AGA CCA C-3' (each 0.25 uM) and
probe 5'-6FAM-CGC CAC TCC GCA CAA ACA GCC
C-Db-3' (0.1 uM), labelled with 6-carboxyfluorescein
(6FAM) and Dabcyl (Db) in 2 x Mastermix (Quan-
tiTect™ Probe RT-PCR Master Mix, Qiagen) and 0.25 pl
QuantiTect RT Mix (Qiagen). Reverse transcription to
cDNA (30 min at 50 °C) and amplification (15 min at
95 °C, 15 s at 95 °C, 45 s at 55 °C, 45 cycles) took place
in one tube.

Bacteria

In order to rule out that the membrane exhibits any larger
damages, filtration tests with bacteria were performed. The
environmental strains E. coli A3 and Enterococcus faecium
Teltowll were cultivated in liquid media for spike

experiments. E. coli A3 was grown in a medium containing
casein peptone (17 g/1), soy peptone (3 g/l), lactose (10 g/1)
and NaCl (5 g/l) and E. faecium Teltowl1 was grown in a
medium containing casein peptone (15 g/l), beef extract
(4,8 g/1), D(+)glucose (7,5 g/l) and NaCl (7,5 g/l). They
were incubated shaking over night at (36 &+ 1) °C, cen-
trifuged at 6000 min~' for 15 min and resuspended in
autoclaved tap water. Both strains as well as indicator
bacteria present in the wastewater were quantified using the
miniaturised most probable number (MPN) methods ac-
cording to ISO 7899-1 (1998) and ISO 9308-3 (1998) with
fluorogenic substrates and a limit of detection of
0.15 MPN/ml.

Membrane Device

A transportable semi-technical device (width 0.8 m, length
1.2 m) was built by the DVGW-Technologiezentrum
Wasser (Fig. 1). All piping was made of stainless steel. The
storage tank was connected by flexible tubing to the feed
pump, which delivered the water through the device. A
membrane with a nominal pore size of 20 nm was chosen
for these experiments. The module consisted of several
capillaries composed of modified polyethersulfone (PES).
Ultrafiltration was operated at a constant flux of 80 1/(m? h)
resulting in increasing transmembrane pressures in the
course of experiments. The water flow was inside-out
(dead-end filtration) from bottom to top, and the total
membrane area amounted to 0.2 m” (volume flow: 16 1/h).
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Fig. 1 Schematic diagram of the ultrafiltration unit
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The control of the device was done in Labview. Tem-
perature, flow, pressure values for feed, filtrate and the
transmembrane pressure (TMP) were recorded online.
Prior to each use the membrane was chemically cleaned
with NaOH at pH 11 and H,SO, at pH 2 (for 30 min each).

Filtration Experiments

The first set of filtration experiments was conducted using
four waters from different sources. Two of them (water A
and water B) were treated groundwaters with drinking
water quality, the other two (water C and water D) were
untreated surface waters directly taken from reservoirs
used for drinking water treatment. Measured pH values of
waters A, B, C and D were 7.3, 7.8, 6.8 and 6.9, respec-
tively. Test water volumes of 50 1 were spiked with bac-
teriophages MS2, ®X174, PRD1 as well as MNV and
mixed prior to the start of the experiment. Samples from
the water tank (influent) were taken in the beginning and at
the end of the experiments. Filtrate samples were taken in
the first and the third filtration cycle. Each filtration cycle
consisted of a filtration time of 60 min followed by 1 min
backwash. The concentrations of phages in the influent
were (3 x 10°-2 x 10%) pfu/ml for MS2, (3 x 10°-
4 x 10% pfu/ml for ®X174, (3 x 10°-8 x 10°) pfu/ml
for PRD1. MNV was spiked to achieve final concentrations
of 2 x 10°-4 x 10° copies/ml.

In a separate experiment bacteria E. coli A3 and E.
faecium Teltowll were spiked into the influent at con-
centrations of 10°~10” MPN/ml. Influent and filtrates were
sampled twice during the filtration cycle of 60 min.

In further filtration experiments under conditions of
wastewater contamination, primary effluent of a domestic
wastewater treatment plant was used as source of naturally
occurring human viruses. Using water with a wastewater
content of 5 %, the removal of wastewater-derived HAdVs,
as well as somatic phages, F-specific phages and bacteria
(E. coli and intestinal enterococci) were monitored over a
time period of 40 h. Thereafter, cultured phages and MNV
were added and mixed before the filtration was continued
for another 40 h with cycles of 60 min filtration and 1 min
backwashes. Since this experiment with 5 % wastewater
lasted several days, the water tank (nearly 500 1) had to be
refilled with fresh wastewater. This resulted in a dilution of
the concentration of spiked viruses. In the beginning of the
experiment concentrations in the influent were
8 x 10° pfu/ml for MS2, 5 x 10* pfu/ml for ®X174,
2 x 10° pfu/ml for PRD1 and 7 x 10° copies/ml for
MNV. Through the addition of wastewater, HAdV con-
centrations of only 1 x 10" copies/ml were achieved. Pairs
of influent and filtrate samples were taken at eight sampling
times. Additional filtrates were sampled twice and viruses
were enriched by glass wool filtration.

@ Springer

In experiments with water containing 30 % wastewater
cultured phages and MNV were spiked prior to the start of
experiments. Because of the intense fouling filtration times
had to be adjusted. The transmembrane pressure rose
rapidly, and therefore filtration was interrupted by back-
washing after about 30 min. Three influent samples and
four filtrate samples were examined directly, and another
two filtrate samples were enriched by glass wool filtration.
The concentrations in the influent were 4 x 107 pfu/ml for
MS2, 1 x 10° pfu/ml for ®X174, 2 x 10° pfu/ml for
PRDI and 4 x 10° copies/ml for MNV. The addition of
wastewater resulted in HAdV concentrations of 7 x 10°
copies/ml in the influent water.

Calculations

Elimination by ultrafiltration was quantified by determi-
nation of the respective log removal value (LRV), calcu-
lated as follows:

LRV = log,, <cﬂ>
Ct

with ¢;, as the virus concentration in the influent and ¢ as the
corresponding virus concentration in the filtrate. In the short-
term experiments c;, was calculated as the geometric mean
of the influent concentrations obtained in the beginning and
at the end of the experiments. To sum up, the removal of each
virus during a specific experiment the arithmetic mean of the
log removal values (equivalent to the geometric mean of the
relation of filtrate to influent concentrations) was calculated.
If virus concentrations in the filtrate were below the detection
limit, LR Vs were calculated based on a ¢y value of one-half of
the detection limit. Such samples were marked in the figures.

Results

Challenge tests for the removal of viruses by ultrafiltration
were performed with treated groundwaters, environmental
waters from drinking water reservoirs and groundwater
contaminated with wastewater. All waters were spiked with
viruses.

Filtration Experiments with Drinking Water
and Surface Water

In the first set of experiments four clean waters of different
origins, two drinking waters (water A and B) and two en-
vironmental waters from drinking water reservoirs (water C
and D) were spiked with bacteriophages MS2, ®X174 and
PRD1 as well as MNV. During three cycles of filtration and
backwashing, concentrations of viruses in the influents and
the filtrates were measured. The time courses of these
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experiments are shown in Fig. 2. During these short-term
experiments, virus concentrations in the influent were
constant over time. The concentrations of viruses in the
filtrates were determined starting after a filtration time of
15-25 min, and at time points of 40-58, 137-148 and
153—-177 min. In all experiments, viruses were significantly
reduced by ultrafiltration, but still detected in the filtrates.
After passing the membrane, viruses were reduced by
1.4-5.2 logo units, depending on the viruses. In all four
waters, time courses revealed nearly constant elimination
rates for the viruses tested. For better comparison, log re-
moval values (LRVs) were calculated and summarised in
Fig. 3. By comparing the virus removals in all for waters
between virus types, significant differences were found,
with the exception of the pairing ®X174 and MS2 (two
sample #-test, o < 10_6). Lowest virus removal efficiencies
were obtained with the small bacteriophages ®X174 und
MS2 (both 1.5 log( units in experiments with waters B and
C). However, in waters A and D the mean removal of
phage MS2 exceeded the mean removal of phage ®X174.
Removals of MNV and phage PRD1 exceed those of MS2
and ®X174. While MNV was reduced by 2.8-3.7 log;q
units, PRD1 exhibited the highest removal of more than 5
logo units. In some cases (marked by asterisks in Fig. 3)
concentrations of PRD1 in the filtrate were reduced to the
detection limit or below, suggesting that even higher
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removal could have been obtained by spiking higher con-
centrations into the influent. With the exception of PRDI,
for which virus concentrations in the filtrate were near the
detection limit, highest LRVs of all tested viruses were
observed in the environmental water D, a surface water
from a reservoir for drinking water treatment. Based on its
absorbance at 254 nm, water D (5.4/m) is expected to have
the highest content of humic substances followed by wa-
ter A (3.6/m) and water B and C (both <1/m).
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Mean transmembrane pressures in waters A to D were in
the range of 152-174 mbar. Transmembrane pressures in-
creased only slightly during each filtration cycle, but were
reduced by backwashing to the same level as in the pre-
ceding cycles. Initial transmembrane pressures of subse-
quent cycles differed by no more than 5 mbar (see Fig. 4d),
indicating that no significant fouling had occurred.

Since virus eliminations were not complete, we con-
firmed the integrity of the membrane by testing the removal
of two environmental bacterial strains E. coli A3 and E.
faecium Teltow11. Both strains were completely removed
below the detection limit in the filtrate, resulting in LRVs
higher than 7.8 and 7.2, respectively (data not shown). The
corresponding transmembrane pressures were in the range
of 175-185 mbar.

Filtration Experiments with Diluted Wastewater

To study virus removals in wastewater contaminated water,
further ultrafiltration experiments were conducted with di-
luted wastewater as test water. Water A (treated groundwa-
ter) was contaminated with primary effluent to final
wastewater contents of 5 and 30 %. The removal of naturally
occurring viruses and indicator bacteria in the water con-
taining 5 % wastewater was monitored for 40 h. Virus
concentrations in filtrate samples were below the detection
limits (data not shown). The highest concentrations observed
were from indigenous somatic coliphages, resulting in log
removal values >2.6. During this phase the transmembrane
pressure (TMP) increased from 160 to 260 mbar. The foul-
ing layer resulted in a mean rise of 13 mbar per filtration
cycle (60 min), whereof the majority could be removed by

LRV in water D

LRV in diluted wastewater (5 %)

hydraulic backwashing. The pressure increases from cycle to
cycle after backwashing were about 2 mbar.

Following this period of elimination of natural con-
taminants, spiking experiments were performed with bac-
teriophages ®X174, MS2 and PRD1 as well as MNVs to
monitor the time course of removal of viruses in con-
taminated waters.

To allow comparisons of the ultrafiltration experiments
with clean and contaminated waters, the time courses of
virus elimination (LRV) and corresponding transmembrane
pressures are presented in Fig. 4. As representative of clean
waters, the data obtained with water D were chosen
(Fig. 4a, d), revealing that the transmembrane pressure and
removal of bacteriophages MS2, ®X174, PRD1 and MNV
did not depend on filtration phases and cycles. In contrast,
during the course of the experiments with contaminated
waters, prominent changes in the transmembrane pressures
were observed (Fig. 4e, f).

As shown in Fig. 4e, the transmembrane pressure of
wastewater-contaminated water (5 %) had reached
260 mbar after 40 h of filtration of naturally occurring
viruses and bacteria. During the next 40 h it further in-
creased to 850 mbar. The rise of the transmembrane
pressure within one filtration cycle accounted for about
20 mbar at the 40 h time point. As in the previous phase of
the experiment the majority of the fouling layer deposited
in each cycle could be removed by hydraulic backwashing,
resulting in an increase of the transmembrane pressure by
5 mbar per cycle (hydraulically irreversible fouling). Due
to temporarily high transmembrane pressures the automatic
control stopped the filtration device several times (recog-
nisable as breaks in the transmembrane pressure curve, see

C LRV in diluted wastewater (30 %)

A 8
6 6 R 6
* ———y g
Ba - O—0— Z4 Z4
5 A —— T &
—o0
, == O0——n 2
0 0
0 1 2 3 40 50
timeinh

O-MS2 +dX174 <-PRD1 MNV

TMP of water D

X174 -0-MS2 <-PRD1 -%MNV

TMP of diluted wastewater (5 %)

60 70 80 0 1 2 3
timeinh timeinh
-0- X174 -O0-MS2 =0-PRD1
= MNV --k+HAdV directly ~ =A-HAdV glass wool

TMP of diluted wastewater (30 %)

1000 1000 1000
L 750 L 750 L 750 /
@ ® o / F
5 € € 7 7
£ 500 £ 500 g £ 500 /
< -] i t?? I P 7 7/
s s iR < / y /|
= 250 = 250 & = 250 ,/ A 7 |
- - / f
| I “ |
0 0 0 !
0 1 2 3 40 50 60 70 80 0 1 2 3
timeinh timeinh timeinh

Fig. 4 Comparison of log removal values (LRV) for the viruses
MS2, ®X174, PRD1, MNV and HAdV in water D (a) and diluted
wastewaters 5 % (b) and 30 % (c) as well as the corresponding
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transmembrane pressures (TMP, d—f); Please note the different time
scales. Symbols filled black or with a dark grey background denote
samples with concentrations at or below the detection limit
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Fig. 4e at 67, 73 and 78 h). Whereas a lower transmem-
brane pressure developed after restart, fouling increased the
TMP by up to 100 mbar during the 60 min filtration cycle
in the last few hours. The hydraulically irreversible fouling
also rose by 25 mbar from cycle to cycle.

The spiked bacteriophages and MNV were detected in
almost all tested effluent samples and their LRVs, calcu-
lated from the data in Fig. 4b, remained quite constant at
3.8 £ 0.3 for ®X174, 5.0 + 0.4 for MS2, 6.0 + 0.4 for
PRDI and 5.5 & 0.2 for MNV (Fig. 5). The removal of
HAdVs, which were present in the provided wastewater,
was also tested. Even after previous enrichment of HAdVs
by glass wool filtration their concentration in the filtrate
was still below the detection limit. The influent concen-
tration of HAdVs at this time (after 48 h) amounted to
about 3.5 x 10%/1. Therefore, the theoretical LRV of 3.5 is
only the minimum removal value for HAdVs in this ex-
periment. The real removal efficiency is expected to be
significantly higher (marked by the arrow in Fig. 5).

Ultrafiltration was also performed using water A with a
content of 30 % wastewater as influent water. During this
experiment dramatic increases in the transmembrane
pressure were observed (Fig. 4f). Fouling tendency was
much higher and transmembrane pressures increased by
more than 700 mbar during each filtration period. There-
fore, the filtration time of each cycle had to be reduced to
30 min to meet the security levels of the membrane. The
vast majority of the fouling layer was removed by back-
washing (hydraulically reversible fouling). The trans-
membrane pressure increased by about 25 mbar from cycle
to cycle (hydraulically irreversible fouling).

As in the previous experiments virus removal remained
steady throughout the experiment (Fig. 4c). LRVs of
4.0 £ 0.1 for ®X17, 4.3 £+ 0.03 for MS2 and 6.3 £ 0.4 for

OX174 MS2 PRD1 MNV
B diluted wastewater (30 %)

HAdV
B diluted wastewater (5 %)

Fig. 5 Mean log removal values (LRV) of MS2, ®X174, PRDI,
MNV and HAdVs in two wastewater-contaminated waters. Error
bars represent standard deviations; bars marked with an asterisk
denote means calculated including values at or below the detection
limit. The bar marked with an arrow denotes the minimum LRV since
concentrations in all filtrate samples below the detection limit

PRDI1 were obtained. MNV was below the detection limit
in two samples, resulting in mean LRV of 5.1 + 0.6. To
calculate the removal of HAdVs from the contaminated
water (30 % wastewater), viruses in the filtrate had to be
pre-concentrated by glass wool filtration. Without prior
concentration adenoviruses were not detected in the filtrate,
corresponding to theoretical LRVs greater than 3.8 (iden-
tifiable as black triangles in Fig. 4c). After the glass wool
concentration step adenoviruses were detected in the fil-
trate. For these samples a mean LRV of 54 £ 0.2 was
determined. Concentrations of naturally occurring human
noroviruses in the tested contaminated waters were too low
to calculate log removals.

Figure 5 allows a comparison of mean log removal
values (LRV) of all tested viruses in waters-contaminated
with 5 or 30 % wastewater. Differences in removal be-
tween all viruses (excluding HAdV) were significant (two
sample #-test, highest « = 0.02 for MS2 and MNYV, for the
rest oo < 10™%). The lowest removal was observed for the
small DNA bacteriophage ®X174 with about 4 log; units.
Removals of the RNA phage MS2 from 5 % wastewater
were by about 1 log;o unit higher than those of phage
®X174, whereas in 30 % wastewater only 0.5 log;( units
differences between MS2 and ®X174 were observed. The
larger viruses PRD1, MNV and HAdV were removed to a
higher extent than phages ®X174 and MS2 in both ex-
periments, with phage PRD1 showing the highest removal
of more than 6 log;( units.

Discussion

In our study on the removal of different bacteriophages and
enteric animal viruses, a semi-technical ultrafiltration de-
vice with a 20 nm membrane (nominal pore size) was
used. Despite the small pore size, spiked viruses were not
removed completely. The experiments enabled us to cal-
culate removal values based on measurable data. Virus
removal with the tested membrane increased with virus
size (all viruses had icosahedral symmetry). In waters not
contaminated with wastewater a strong correlation of virus
size and removal was derived (slope of about 0.1 log;,
units/nm; R? > 0.96, with the exception of PRDI data in
water D). The small phages ®X174 and MS2 with di-
ameters of about 25 nm displayed the lowest removal
(LRV 1.4), followed by an LRV of 3.5 for MNV, with a
diameter of 35 nm, up to an LRV of about 5 for phage
PRDI1, with a diameter of 66 nm. In diluted wastewater, the
correlation of removal and virus sizes was less pronounced
(slope of about 0.04 log;( units/nm in 30 % wastewater;
R* > 0.95) with LRVs of about 4 for phages ®X174 and
MS2, LRV of 5 for MNV, to an LRV of 6 for phage PRDI.
Despite the bigger size of HAdVs (>70 nm) their LRV was
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not higher than that of PRDI. These results may be ex-
plained by attachment of viruses to larger particles in the
wastewater and/or by higher filtration efficiency due to a
fouling layer on the membrane. A fouling layer can im-
prove the retention of viruses (ElHadidy et al. 2014; Huang
et al. 2012; KreiBlel et al. 2012; Lu et al. 2014). In un-
contaminated waters almost no fouling was observed dur-
ing the short-term experiments and transmembrane
pressures stayed constant at a low level. In contrast, the
development of a fouling layer was observed in the long-
term experiment with diluted wastewater. By ultrafiltration
of contaminated groundwater containing 5 % wastewater
the transmembrane pressure rose at first by 10 mbar and
later by up to 100 mbar during 60 min filtration time. In
water with 30 % wastewater fouling was significantly
higher and transmembrane pressures increased by about
700 mbar during the 30 min filtration period. Compared to
waters B and C, the fouling layer built up during waste-
water filtration enhanced the removal of phage ®X174 by
almost 2.5 log; units. For MNV the fouling layer con-
tributed with 1-1.5 log;o units to the total removal in di-
luted wastewater. For PRD1 only a slight effect of the
fouling layer of less than 0.5 log; units could be deduced.
Despite obvious differences in their transmembrane pres-
sures virus removal in 5 % wastewater and 30 % waste-
water was similar. In conclusion it can be said that the
fouling layer, as established in experiments with diluted
wastewater, led to an increase in virus removal, especially
for small viruses, whereas for viruses with diameters larger
than 60 nm the increase in virus removal by fouling was
less pronounced.

ElHadidy et al. (2014) observed different contributions
of reversible and irreversible fouling on the removal of
MS2 and ®X174 during ultrafiltration: reversible fouling
lead to a minor increase in virus removal, whereas irre-
versible fouling leads to a continuous increase in removal
of MS2 and ®X174 by up to 2.5 log;o units. In our ex-
periments virus removal was enhanced even at a low
wastewater proportion with moderate reversible and irre-
versible fouling by about 2.5 log;o units for both small
bacteriophages MS2 and ®X174. It was not further en-
hanced at a higher wastewater proportion with more drastic
fouling or longer filtration times. Intense fouling accom-
panied by high rising transmembrane pressures with diluted
wastewater had no additional effect on virus removal.

It should be noted that the analysis for bacteriophages
based on cultivation techniques detected intact infectious
virus particles whereas MNV and HAdV were determined
by nucleic acid-based techniques detecting genome copies.
This may be a reason for the lower removal of HAdVs
compared to PRDI. If non-infectious particles or free nu-
cleic acids (without a surrounding capsid) passed through
the membrane easier than full intact capsids, the LRV
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determined by PCR would be lower than if only complete
virus particles were present. Such an effect has been ob-
served for phages MS2 and Q during filtration with dif-
ferent membranes (Langlet et al. 2009). However, Humbert
et al. (2011) report that reliable determinations of mem-
brane performances can be achieved using both cultural
and PCR-based methods with comparable results.

Many studies on the removal of viruses have used bac-
teriophages MS2, ®X174 or Qf, but most often the number
of simultaneously tested viruses has been restricted to one or
two. Only rare studies on membrane filtration of human
viruses or viruses infecting warm-blooded animals can be
found in literature (Arkhangelsky et al. 2012, Jacangelo et al.
2005, Madaeni et al. 1995). For example, Madaeni et al.
(1995) have shown that poliovirus in concentrations of 10%
ml was not detected in the filtrate of a 30 kDa membrane
(LRV > 4). Arkhangelsky et al. (2012) have used phages
MS2, ®X174, PRDI, phage T4 a tailed bacteriophage of
200 nm and vaccinia virus with an elongated enveloped
capsids of more than 200 nm. The bigger viruses T4, PRD1
and vaccinia virus were removed by more than 3.7 log;q
units, while the smaller viruses MS2 and ®X174 were re-
moved by less than 3.7 log;o units using a 30 kDa PES
membrane. Consistent with our results comparing the
elimination of PRD1 and MS2, Jacangelo et al. (2005), using
a 10 kDa membrane, observed that removal of PRD1 (LRV
about 5) was higher than that of MS2, poliovirus and HAV
(LRV = 34, sizes of about 25 nm).

Moreover, our results suggest that virus size is not the
only criterion for efficient removal by ultrafiltration. Even
though having nearly the same sizes, MS2 displayed a
higher removal than ®X174 depending on the water
quality. Similar results have been obtained by Jacangelo
et al. (2005): despite a similar size poliovirus has been
removed to a lesser extent (LRV = 3) than MS2 and HAV
(LRV of about 4). Boudaud et al. (2012) also showed that
filtration through an ultrafiltration membrane with pore
sizes of 30 nm resulted in drastically lower removal for
phage GA compared to Qf and MS2, all related phages of
the same size. Therefore, the choice of the viral parameter
can lead to divergent results when judging the effectiveness
of ultrafiltration membranes.

It has been previously suggested that differences in the
behaviour of these phages may be attributed to the fact that
the surface of phage MS?2 is rather hydrophobic and that of
phage ®X174 more hydrophilic. This might lead to hy-
drophobic interactions with the membrane material or
water constituents (Duek et al. 2012; Kreifiel et al. 2012).
A negative surface charge for MS2 in contrast to a near
neutral surface of ®X174, especially at pH values near the
isoelectric point of ®X174, was also linked with a higher
removal due to electrostatic repulsion (ElHadidy et al.
2014; Hambsch et al. 2012). In the experiments presented
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here, different removal of MS2 and ®X174 did not occur in
each of the tested waters. Therefore, it is assumed that the
adsorption of humic substances onto the capsid of phage
MS2, as proposed by Kreiflel et al. (2012) may lead to a
higher hydrodynamic diameter and eventually to a higher
removal. Indeed, the absorbance at 254 nm in water A and
D is significantly higher than in water B and C.

These results underline that efficiency testing with ul-
trafiltration membranes should be conducted with viruses
of different shape, size and surface characteristics, in-
cluding especially the small bacteriophages MS2 and
®X174 for reliable risk assessment. Due to their health
implications, the removal of infective human virus parti-
cles putatively present in contaminated waters should ex-
ceed values of 99.99 %, equivalent to 4 log;o units (US
EPA 1989). A 90 % virus removal is clearly not sufficient.
The membrane used in our study achieved complete re-
moval of bacteria (>7 log;o units). Therefore, it can be
assumed that this membrane would also retain larger pro-
tozoa and their (0oo)cysts, as long as the membrane is intact.
Although this membrane would protect reliably from en-
dangerments caused by bacterial and protozoan pathogens,
the removal of virus particles was much lower depending
on the size of the virus particles and the quality of the raw
water. For larger viruses with diameters of 60 nm and more
a4 log;o removal could probably be achieved, but for small
viruses in the range of 20-25 nm like enteroviruses re-
moval in uncontaminated water was in the range of only 2
log;o units and hence remarkably lower than 4 log, units
in contaminated water. To estimate virus removal, infor-
mation on the width of the pore size distribution and the
water quality is important. Therefore, it is advisable to use
viruses of different sizes and properties including the small
bacteriophages ®X174 and MS2, which are both more
conservative than enteric viruses, with phage ®X174 being
the most conservative surrogate.
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