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Virus rejection with two model human enteric viruses 
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A membrane bioreactor (MBR) with gravity drain was tested for virus rejection with two coliphages, T4 
and f2, which were used as surrogates for human enteric viruses. Virus rejection was investigated by 
PVDF and PP membrane modules, with the pore sizes of 0.22 and 0.1 μm, respectively. In tap water 
system, 2.1 lg rejection of coliphage T4 could be achieved by PVDF membrane compared with complete 
rejection by PP membrane, while for coliphage f2 with smaller diameter, 0.3―0.5 lg rejection of the in-
fluent virus was removed by the two membranes. In domestic wastewater system, cake layer and gel 
layer on the membrane surface changed the cut-off size of the membrane so that there was no signifi-
cant difference between PP and PVDF for each coliphage. The removal ratios of coliphage T4 and f2 in 
the MBR were more than 5.5 and 3.0 lg, respectively. Compared with 5.5 lg removal for virus T4 in the 
MBR system, only 2.1 lg (96.8%―99.9%) removal rate was observed in the conventional activated 
sludge system with the influent virus concentration fluctuating from 1830 to 57000 PFU/mL. Only 
0.8%―22% virus removal was the effect of adsorption to activated sludge, which showed a decreasing 
tendency with the retention time, while 75%―98% was the effect of virus inactivation by microbial ac-
tivity. It indicated that the major mechanism of virus removal was not the transfer of viruses from the 
water phase to the sludge phase but inactivation in the biological treatment process. 

MBR, model virus, enteric virus, inactivation  

1  Introduction 
Wastewaters derived from livestock (cattle, dairy, swine, 
poultry, aquaculture, or any other farm-reared animals), 
slaughterhouses, and especially from hospitals, may 
contain a wide variety of microbial pathogens and vi-
ruses. These pollutants often enter surface waters from 
diffuse or non-point sources associated with surface 
runoff and from point sources typically associated with 
concentrated farming activities, such as the production 
of livestock. However, most discharge guidelines regu-
late bacterial indicators, but not viral indicators, let 
alone specific pathogens. For example, the existing dis-
charge standard for hospital effluents lays emphasis on 
bacteriological indicators, such as the number of coli-
form groups, pathogenic enterobacteria, mycobacterium 
tuberculosis, etc. As for the behavior of viruses, the re-

lated information is very limited. Proper treatment be-
fore being discharged into receiving water bodies has 
become of increasing importance since the worldwide 
outbreak of SARS and Avian Influenza Virus in recently 
years[1―4]. 

Enteric viruses have been found in drinking water, 
surface water, wastewater and groundwater. Conven- 
tional wastewater treatment technology cannot com- 
pletely remove or inactivate enteric viruses. Recently, 
membrane bioreactor (MBR) has received increasing  
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attention in the past two decades as advanced wastewa- 
ter treatment alternatives[3―5]. MBR is a modification of 
the activated sludge process in which separation of sol- 
ids is achieved without the requirement of a secondary 
clarifier. Instead, that this function is carried out by a 
membrane, which retains the particulate phase within 
the reactor and allows the treated clarified effluent to the 
next process. Rejections of membrane include biological 
and non-biological colloids and macromolecules, result- 
ing in an effluent free from pathogenic microorgan- 
isms[5]. In previous studies, MBR showed extreme effi- 
ciency in the removal of bacteria[5―8]. However, there  
is relatively little information about the rejection of vi- 
ruses, which is becoming an important issue in recent 
years[8―10].  

Our objectives of this research were to evaluate the 
effects of membrane pore sizes on virus rejection in the 
tap water and activated sludge systems. In addition, the 
roles of virus inactivation by microbial activity and virus 
adsorption by activated sludge were evaluated in a bio- 
logical treatment system. Two viruses with bacterial 
hosts (coliphages), T4 and f2, were used in this research 
as surrogates for human enteroviruses to assess the 
MBR’s efficiency in virus removal[11―13]. It is mainly 
because of the following: (1) The coliphage f2 is similar 
to Poliovirus，Coxsackievirus, Echovirus, Norwalk agent 
and Hepatitis A virus, while T4 is similar to Adenovirus, 
Reovirus and Rotavirus (Table 1); (2) it is non-patho- 
genic to humans and can be seeded with a high concen- 
tration in tracer experiments; (3) they have good sur- 
vival characteristics, and can represent the actual re- 
moval mechanism occurring in sewage treatment work; 
and (4) the assay is simple and rapid.  

2  Materials and methods 
2.1  System description 

An MBR with gravity drain was used to treat municipal 
wastewaters in this study (Figure 1). The bioreactor is an 
airlift reactor, and two membrane modules with the 

mean pore sizes of 0.22 and 0.1 μm were put in its 
downside, respectively. The bioreactor had an effective 
volume of 12 L, and the membrane flux was driven by 
the pressure-head between the liquid levels in the biore- 
actor and the effluent pipe (8.5 kPa). Compressed air is 
supplied from the bottom of the module, and the mem- 
brane surface can be cleaned by air turbulence. The 
MBR was continuously operated by gravity drain under 
a given pressure head. 

 
Figure 1  The schematic diagram of the MBR. 1, Influent; 2,3, effluent; 
4, module (0.1 μm); 5, module (0.22 μm); 6, discharge port; 7,8, inlet of 
compressed air. 

 

2.2  Preparation for coliphage 

Concentrations of infective coliphages were determined 
by the plaque forming unit (PFU) assay, using the dou- 
ble agar overlay (DAL) method. Coliphages T4 and host 
bacteria (E. coli B) were purchased from Wuhan Insti- 
tute of Virology, Chinese Academy of Sciences. Col- 
iphages f2 and host bacteria (E. coli 285) were pur- 
chased from Institute of Hygiene and Environmental 
Medicine, Academy of Military Medical Sciences. 

The culture media for E. coli B/E. coli 285 were com- 
posed of the following: peptone 10 g/L, beef extract 3 
g/L, sodium chloride 5 g/L, pH 7.0. The top layer of soft 
agar and the bottom rigid layer, respectively, contained 

 
Table 1  Shape, size, and nucleic acid type of some viruses 

Model virus Size Genome Shape 
Adenovirus 65―85 nm dsDNA Angular head, no tail 

T4 65 nm×95 nm (body), 25 nm×110 nm (tail) dsDNA Angular head, contractile tail 

Poliovirus 27―30 nm ssRNA Icosohedron 
Hepatitis A virus 28―30 nm ssRNA Icosohedron 

f2 24―26 nm ssRNA Icosohedron 
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agar of 8 and 15 g/L. The media were autoclaved at 
121℃ for 20 min before use. The preparation for col-
iphages was as follows: a loop of coliphage T4/f2 was 
seeded in a flask containing a culture medium of E. coli 
B/E. coli 285 which had been incubated at 37℃ for 12 h 
to ensure growth of the bacterium. The flask was then 
continuously shaken at 37℃ for another few hours to 
complete cell lysis. Thereafter, the flask was supplied 
with some culture media which had been incubated for 6 
h to obtain young E. coli B/E. coli 285 cells so as to en-
hance the titer of the coliphages, and was then shaken 
until another complete lysis was completed. The lysate 
was collected and centrifuged at 2500 r/min for 10 min. 
The supernatant was added to sewage water to make the 
coliphage concentration in a range from 105 to 108 PFU 
/mL. 

The T4 atomic force microscope image was taken by 
NanoScope IIIa Multimode Scanning Probe Microscopy 
Instruments (Digital Instruments, Santa Barbara, CA, 
USA). According to the image, its average size is about 
107.9±12.9 nm. The surfaces of the new membrane of 
PP and PVDF were viewed under a scanning electron 
microscope (Fei Quanta 200, Holand). 

2.3  Evaluation of retention data 

The influent, supernatant liquid and effluent samples 
were taken periodically. The supernatant was obtained 
by centrifuging mixed liquor from the MBR at 4000 
r/min for 10 min in order to remove suspended solids. 
The retention of coliphage was calculated with eqs. (1) 
and (2), which gives the lg reduction value (LRV):  
 LRVMBR = lg cin/cout, (1) 

 LRVmem = lg csuper/cout,  (2) 

where LRVMBR is total removal by MBR system, 
LRVmem is log microbial rejection by the membrane, and 
cin, csuper and cout are the coliphage concentrations in in-
fluent, supernatant liquid and effluent, respectively. 

2.4  Extract coliphage from activated sludge 

Desorption of coliphages from activated sludge samples 
was carried out as follows. The activated sludge samples 
were centrifuged at 5000 r/min for 15 min. The super-
natant was samples with non-adsorbed virus particles. 
The precipitate was rinsed three times by the EDTA-Gly 
buffer solution (0.05 mol/L EDTA, 0.25 mol/L Gly, 
pH=9.5). Extraction medium was added and the mixture 
was shaken gently at room temperature for 10 min. It 
was confirmed separately that 10 min was long enough 
to reach the desorbed equilibrium. The adhered viruses 
on activated sludge samples were washed out by the 
procedure. The effluent was adjusted to pH 7.2 and 
numbers of released viral particles were determined by 
the plaque assay. 

3  Results and discussion 

3.1  Virus rejection in monoculture environment (in 
the tap water system) 

In order to investigate the effects of pore size of differ-
ent membrane modules on the rejection of virus, the 
studies were conducted in a monoculture environment, 
which was operated in the tap water. Viruses T4, slightly 
larger than 100 nm in size (107.9±12.9 nm), were 
tested by PP membrane. As expected, viruses T4 were 
retained by the PP membrane to the limits of assay de-
tection. Compared with complete rejection by PP mem-
brane, 2.1 lg rejection could be achieved by PVDF 
membrane with the mean pore sizes of 220 nm. Al-
though the diameter of viruses f2 (25±1 nm) was sig-
nificantly smaller than the membrane pores, it was found 
that 48%―70% (0.3―0.5 lg) of the influent virus was 
rejected in membrane separation processes. Table 2 de-
scribed virus rejection by the two membrane modules 
during the trials. 

 
Table 2   Virus rejection by different membrane modules 

Virus T4 f2 
Membrane PVDF (220 nm) PP (100 nm) PVDF (220 nm) PP (100 nm) 

Supernatant concentration (lg PFU/mL) 5.8 5.8 5.0 5.0 
Effluent concentration (lg PFU/mL) 3.7 0 4.7 4.5 

LRV (lg PFU/mL) 2.1 5.8 0.3 0.5 
λ = rs /rp 0.49 ± 0.06 1.07 ± 0.13 0.11 0.25 

Theoretic rejectiona) (%) 54.5 ± 8.5 99.8 ± 0.2 4.6 19.1 
Real rejection (%) 99.2 99.9998 48.6 70.2 

a) Theoretic rejection referred to the value which was calculated by eq. (3) in the next. 
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Generally, the mechanism of sieve retention attrib-
uted to particulate removal in membrane filtration. In 
sieve retention, the porous media acts as a barrier for 
particle penetration. The particles are retained on the 
membrane surface and form a cake that grows in thick-
ness with the filtration. The removal of virus by mem-
branes depends on many factors including membrane 
pore size, virus diameter, hydrophobic and electrostatic 
interactions. In previous researches[14―16], the ratio of 
virus diameter to membrane pore diameter was the most 
critical parameter for the retention of viruses by micro-
filtration and ultrafiltration. According to the mechanism 
of sieve retention, the rejection, R, was calculated by the 
following expression[17]: 
 R = [λ(2−λ)]2 (3) 
where λ refers to the ratio of virus diameter and mem-
brane pore size. 

Table 2 shows that virus rejection results in the ex-
periments were generally higher than theoretic values 
calculated eq. (3) with either T4 or f2. For example, the 
pore size of the PVDF membrane was approximately 2 
times that of the diameter of virus T4. According to the 
prediction, about half of the viruses, particles would 
penetrate through the PVDF membrane. However, the 
virus rejection by PVDF membrane reached 99.2%. The 
deviation between the real rejection and the prediction 
by the sieve theory could be partially explained by the 
size distribution of pore size and virus diameter. First, 
the virus size and membrane pore were not identical to 
the nominal sizes measured by the Atomic Force Mi-
croscope (AFM) and Scanning Electron microscope 
(SEM) observations. The particle sizes were not equal to 
the mean sizes measured by AFM observation (Figure 

2(a)). The standard deviations of the sizes of the T4 par-
ticle were calculated to be 12.9 nm. In addition, it is 
natural the membranes prepared by the phase inversion 
method have the lg-normal distribution of pore size. 
Membrane pore distributions, measured by SEM obser-
vation, were not identical to the nominal sizes (Figure 
3(a)). Another possible explanation is aggregation of 
viruses with a high concentration. Viruses are consid-
ered as bio colloids with electrical properties governing 
their adsorption to biological and non-biological sur-
faces. Their surface electrical charges result from the 
ionization of carboxyl (COO−) and amino (NH3

+) groups 
localized on the surface of their protein coat. Viruses are 
released from infected host cells in a highly aggregated 
state and they probably kept the state when entering 
wastewaters and natural waters. Ionic conditions pre-
vailing in natural waters do not lead to viral dispersion, 
and this association is due to Brownian motion, electro-
static forces, and electrical double-layer phenomena. 
The microorganisms’ size becomes more and more large 
because of viral aggregates. Thus they may be rejected 
when they are larger than the membrane size. The ag-
gregation of viruses was also confirmed by the meas-
urements. It showed that the particle size of aggregation 
may be 2―3 times greater than nominal virus size in 
Figure 2(b). 

In addition, membrane structure is considered to be 
an important factor affecting virus transmission through 
the membrane. The cross section and inlet of PVDF are 
shown in Figure 3. Membrane structure of PVDF was 
asymmetric, and the pore structure was distributed un- 
evenly via the cross section of the membrane. The 
asymmetric structure was effective to reject T4.  

 

 
Figure 2  AFM image of the virus T4 used. (a) Low concentration; (b) high concentration. 
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Figure 3  SEM Images of the new membrane surface. (a) PVDF (×10000); (b) PP (×10000). 

 

3.2  Virus rejection in MBR (in the activated sludge 
system) 

Compared with mono-environment, the great difference 
for the membrane separation in the activated sludge 
process is that the retained components build up a layer 
on the membrane surface (dynamic membrane) during 
MBR operation. This dynamic membrane, including 
cake layer and gel layer, can affect or even change the 
initial characteristics of membrane, especially the cutoff. 
Virus T4 removal was investigated during the operation 
of the MBR (Figure 4). The influent virus concentration 
was in a range from 105.8 to 107.4 PFU/mL. After 12 h 
operation, effluent virus concentration was 10 PFU/mL. 
5 d later, virus concentration decreased to 1―2 PFU/ 
mL. There are only 50% of the samples of effluent, in 
which 1―2 PFU/mL viruses were detected during the 
continuous experiments. The PP membrane with smaller 
pore size has been used for the removal of viruses and 
high removal efficiencies have been achieved, and 
nearly no virus has been detected in the effluent. No sig-
nificant difference was observed between both pore 

 
Figure 4  Virus T4 removal by PVDF membrane (0.22 μm). 

sizes as the effluent virus concentration was in the same 
order. The removal ratios of coliphage T4 in the two 
membrane modules were higher than 5.5 lg in both cases 
at steady state. 

Variations of the influent, supernatant and effluent 
virus f2 concentrations are presented in Figure 5. During 
the experimental period, it is clear that accumulation of 
virus in the supernatant did not occur under the experi-
mental conditions although f2 was continuously injected 
into the reactor. The initial rejection of f2 by the PVDF 
and PP membrane at time zero was about 0.3 lg (48.6%) 
and 0.5 lg (70.2%), respectively. When membrane resis-
tance of PVDF increased from 5.2×10−11 to 1.9×10−12 
after 18 h of membrane filtration, LRVmem increased 
sharply from 0.3 lg (48.6%) to 2.4 lg (99.63%). At the 
same time, more than 2.1 lg (99.14%) removal by PP 
membrane was observed in the second day. Compared 
with poor virus removal (0.45±0.15 lg) in the tap water, 
the LRVmem stabilized at about 3.0―4.0 lg removal after 
6 d of operation either by PVDF or PP membrane. 
Variations of LRVmem showed that the formation of a 
cake layer on the membrane surface resulted in higher 

 
Figure 5  The virus f2 levels in the influent, supernatant and effluent. 
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LRVmem in a short time.  

3.3  Dynamic membrane for virus rejection 

Significant difference of virus rejection was observed 
between the tap water system and activated sludge sys-
tem. In tap water, the membrane rejection was 2.1 lg for 
T4. While in activated sludge system, the rejection was 
5.8 lg. It means that virus rejection by new membrane 
depended on size sieving of the membrane pores at be-
ginning of the operation, but after a few hours operation 
in the MBR the rejection mainly depended on the dy-
namic layer, not on membrane itself. Dynamic layer de-
positing on the membrane surface changed the cut-off 
size of the membrane into the smaller one. In general, 
the formation of the dynamic layer can be divided into 
the two stages: cake formation at the beginning of filtra-
tion and formation of gel layer with the proceeding of 
microfiltration operation. Extracellular polymeric sub-
stances (EPS) composed of many organic compounds, 
such as polysaccharides, amino polysaccharides and 
proteins, secreted by bacteria played an important role in 
the formation of gel layer and enhanced microbial at-
tachment to membrane surface. In order to measure the 
contributions of cake layer and gel layer in the dynamic 
layer on the membrane surface separately, PVDF mem-
brane was firstly washed by clean water to detach the 
cake layer on the membrane fibers, and then immersed 
in the chemical solutions (0.7% sodium hydroxide and 
2% sodium hypochlorite) to damage the EPS closely 
absorbed on the membrane fibers. After tap water 
cleaning, virus T4 concentrations of effluent increased 
from 0―2 PFU/mL to 400―500 PFU/mL in the tap 

water system, and accordingly membrane resistance de-
creased from 6.4 to 3.5×10−12 (Table 3). The corre-
sponding virus rejections decreased from 6.1 lg to 2.8 lg, 
indicating that the contribution of cake layer’s rejection 
was 3.3 lg.  

After chemical cleaning, concentrations of T4 in the 
effluent increased to 2000―16000 PFU/mL in the tap 
water system. Since chemical cleaning caused a further 
reduction in the value of virus rejection, it could imply 
that the breakage of gel layer reduced the available 
membrane pore during microfiltration.  Studies of rela-
tive contributions in virus removal confirmed that virus 
rejection by cake layer was the main cause of high re-
moval rate of coliphage T4. Membrane itself was the 
next largest contributor. Virus rejection by gel layer con-
tributed less than that by both cake layer and membrane 
itself in the presence of tap water (Table 3). These re-
sults proved that dynamic layer on membrane surface 
played an important role in removing virus. The forma-
tion of dynamic layer decreased the practical cut-off and 
thus prevented the filtration of virus. For PP membrane, 
there was no significant difference between tap water 
cleaning and chemical cleaning. These results proved 
that the small pore size was the main cause of high re-
jection of coliphage T4 for PP membrane (Table 4). 

3.4  Mechanism of virus removal in activated sludge 
system 

The conventional activated sludge process is an effective 
biological treatment in virus reduction. The removal of 
viruses is due to the adsorption to sludge solids and in- 
activation by microbial activity. Previous studies on vi- 

 
Table 3   Virus T4 rejection by PVDF membranea) 

System Activated sludge system Tap water system (clean water washing) Tap water system (chemical cleaning)
Rt R m+ R g+ R c R m+ R g R m 
Rt 6.4×10−12 3.5×10−12 1.5×10−12 

Supernatant concentration (lg PFU/mL) 6.3±0.1 5.5±0.4 5.8±0.0 
Effluent concentration (lg PFU/mL) 0.2±0.2 2.7±0.0 3.8±0.6 

LRV (lg PFU/mL) 6.1±0.2 2.8±0.4 2.0±0.6 
a) Total filtration resistance (Rt) consists of intrinsic membrane resistance (Rm), cake resistance (Rc) and gel resistance (Rg). 

 
Table 4   Virus T4 rejection by PP membranea) 

System Activated sludge system Tap water system (clean water washing) Tap water system (chemical cleaning)
Rt R m+ R g+ R c R m+ R g R m 
Rt 21.2×10−12 9.1×10−12 5.1×10−12 

Supernatant concentration (lg PFU/mL) 6.3±0.1 5.5±0.4 5.8±0.0 
Effluent concentration (lg PFU/mL) 0.0±0.0 0.0±0.0 0.3±0.0 

LRV (lg PFU/mL) 6.3±0.1 5.5±0.4 5.5±0.6 
a) Total filtration resistance (Rt) consists of intrinsic membrane resistance (Rm), cake resistance (Rc) and gel resistance (Rg). 
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rus removal by activated sludge process suggested that 
adsorption of virus to wastewater particulates, which 
subsequently settle and become components of sludge, 
is the main mechanism of virus removal. Thus, the acti-
vated sludge process transfers viruses from wastewater 
to sludge, and most of the solid-associated viruses are 
infective. Further evidences that viruses are truly inacti-
vated during this treatment process have been provided 
by more recent studies[18―20].  

Variations of virus f2 concentrations in the influent, 
supernatant and effluent are presented in Figure 5. Dur-
ing the experimental period, it was clear that accumula-
tion of virus in the supernatant did not occur under the 
experimental conditions although f2 was continuously 
injected into the reactor. Adsorption and inactivation by 
activated sludge may lead to the removal of viruses in 
the supernatant. However, the role of the activated 
sludge on the virus inactivation remains unclear.  

Particulate virus was retained by membrane within 
the bioreactor, which did not lose its infection. Therefore, 
membrane rejection only distributed virus between the 
effluent and the activated sludge mixed liquid in the 
bioreactor. In the closed system of MBR, adsorption 
onto the sludge and inactivation by the microbes could 
not be distinguished. However, virus removal can be 
calculated from the influent and the effluent virus con-
centration, including inactivation and adsorption in an 
open system like activated sludge system without mem-
brane rejection.  

Hence, in order to understand the relative contribu-
tions of adsorption to sludge solids and the inactivation 
by microbial activity in T4 removal, it is important to 
study the relation between adsorption and inactivation 
by the solid fraction of the mixed liquor. Viruses were 
recovered from solid matters by the EDTA-Gly buffer 
solution. The virus was also mainly detected in the solid 

 
Figure 6  Virus T4 removal in activated sludge system. 

fractions of the mixed liquor compared with the super-
natant. The viral concentration of effluent remained 
fairly stable (58―160 PFU/mL) throughout the 28-day 
sampling period when the virus concentration of influent 
fluctuated from 1830 to 57000 PFU/mL (Figure 6). Fig-
ure 7 shows the contribution of adsorption and inactiva-
tion to the overall virus removal which was estimated 
separately by activated sludge process. Only 0.8%―

22% virus removal was observed by the adsorption of 
activated sludge, while virus inactivation by microbial 
activity reached 75%―98%. Adsorption by activated 
sludge contributed to virus removal less than 22% of the 
total removal, and the decreasing tendency of adsorption 
was observed in the continue experiment. It indicated 
that the main mechanism of virus removal was not the 
transfer of viruses from the water phase to the sludge 
phase but inactivation. 

 
Figure 7  Removal mechanism of virus T4 in activated sludge system. 

 

4  Conclusions 

(1) In tap water system, membranes were highly effec-
tive in removing virus T4 and f2 and such effect of virus 
rejection was closely related to the membrane pore size. 

(2) In MBR, the different membrane pore sizes had 
no significant effect on the virus rejection for the cake 
layer and gel layer on the membrane surface play an 
important role.  

(3) In conventional activated sludge system, the virus 
removal depended more on the inactivation by microbial 
activity than the adsorption to the sludge since the con-
tribution of adsorption showed the decline with the re-
tention time. 
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