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Abstract 

 

Virus removal in membrane bioreactors is of concern since membrane pore size can 

be larger than the size of certain viruses.  In this study, we evaluated removal of 

human adenovirus 40 (HAdV 40) by hollow fiber ultrafiltration (UF, 𝑑𝑝𝑝𝑝𝑝= 0.04 μm) 

and microfiltration (MF1, 𝑑𝑝𝑝𝑝𝑝 = 0.22 μm; MF2, 𝑑𝑝𝑝𝑝𝑝 = 0.45 μm) membranes 

operated in the constant flux regime and in the presence of aeration.  Individual and 

combined impacts of suspended (SiO2 microspheres) and dissolved (Aldrich humic 

acid) foulants on permeate flux and virus removal were determined and compared.  

Average removal of HAdV 40 from DI water by UF, MF1 and MF2 membranes was 

2.3 log, 0.7 log and 0.7 log, respectively.  The observed decrease in HAdV 40 

removal due to SiO2 fouling (δLRV of -1.2 and -0.2 for UF and MF1 respectively) was 

attributed to the cake-enhanced accumulation of viruses at the membrane surface.  

In contrast, fouling by humic acid led to higher virus removals (δLRV of 0.8 and 1.2 for 

UF and MF1, respectively), which was attributed to pore blockage by humic acid.  In 

experiments with MF2 membrane, neither humic acid nor SiO2 had statistically 

significant effects on HAdV 40 removal.  Combined fouling by humic acid and SiO2 

led to HAdV 40 removal that appeared to a superposition of individual contributions of 

these constituents.  The results indicate that the extent of fouling is not a reliable 

predictor of virus removal. Instead, feed water composition and membrane pore size 

together govern virus removal with fouling mechanisms playing a key mediating role: 

pore blockage improves virus removal while cake formation can either increase or 

decrease virus removal depending on cake properties. 

 

Keywords: microfiltration, ultrafiltration, membrane fouling, virus removal, 

adenovirus 
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1. INTRODUCTION 

 

More than 150 types of enteric viruses have been found in contaminated waters [1-4].  

Because of their low infectious dose and long survival in the environment viruses 

pose a considerable threat to human health.  Human adenovirus (HAdV) is one of 

enteric viruses on the U.S. EPA’s contaminant candidate list.  Various species of 

HAdV can cause a range of diseases [5, 6]; for example, HAdV-F is the known 

etiological agent of gastroenteritis while HAdV-B and HAdV-E may lead to acute 

respiratory diseases.  A double-strand DNA virus, HAdV is one of largest virions 

ranging from 70 to 140 nm in size [7].  What makes HAdV particularly problematic is 

its resistance to UV disinfection [8-10] with UV dosages as high as 217.1 mW/cm2 

required for 99.99% deactivation of HAdV 40 [11].  The large size of HAdV and its 

resistance to UV light point to the promise of membrane filters as a treatment process 

for removing this virus from water. 

 

Although some pathogen removal occurs during wastewater treatment, even 

advanced technologies may not provide an absolute barrier for viruses. Indeed, 

recent studies report presence of human enteric viruses in the effluents of state-of-the 

art treatment facilities such as membrane bioreactors (MBR) plants [12, 13] and 

drinking water treatment plants [14, 15].  MBRs can achieve high and stable removal 

efficiency for chemical oxygen demand [16, 17], biochemical oxygen demand [18], 

nitrogen [18, 19], phosphorus [20] , and coliform bacteria [21].  Virus removal, 

however, has not been a criteria in the design and operation of MBR plants. In fact, 

some MBRs employ membranes with the nominal pore size larger than the size of a 

typical virus (20 – 200 nm), in which case membrane fouling and cleaning may control 

virus removal. 

 

Multiple studies evaluated virus removal as a function of membrane and feed 

properties; some of this work has employed bacteriophages as human virus 



© 2015. This manuscript version is made available under the CC-BY-NC-ND 4.0 license 
http://creativecommons.org/licenses/by-nc-nd/4.0 

 

4 
 

surrogates.  Langlet et al. showed an increase in MS2 phage removal with a 

decrease in the membrane pore sizes [22]. Lu et al. found a strong linear correlation 

between MS2 log removal and permeability of ultrafilters in the presence of foulants in 

the feed: on average, fouling increased MS2 removal by 1.23 logs [23].  Working 

with the same type of phage, Jacangelo et al. reported that membrane fouling 

contributed up to 2.6 logs removal of MS-2, which was much more significant 

comparing to physical sieving/adsorption (0.3 log) and cake layer formation (0.1 – 0.5 

log) [24].  Wu et al. [25] reported that gel layer contributed to the removal of somatic 

coliphage removal, more so at a higher permeate flux.  High removals of T4 

coliphage have been reported and partly attributed to the formation of a cake layer 

formed on membrane surface [26-29].  Shirasaki et al. carried out filtration 

experiments in a coagulation–MF system and concluded that irreversible fouling 

played a more important role than reversible fouling in enhancing virus removal [30].  

Farahbakhsh and Smith investigated coliphage removal from secondary effluent of 

wastewater treatment plant by microfiltration membrane [31] and reported that fouled 

membranes rejected viruses more effectively.  Composition of the feed water (pH, 

ionic strength, presence of divalent actions and organic matter) and pretreatment 

were suggested as key factors governing virus removal [32-37]. 

 

To our knowledge, there have been only six studies on adenovirus removal by 

membranes with all this work performed in the context of MBR treatment. Sedmak et 

al. reported presence of HAdV in Milwaukee’s Jones Island wastewater treatment 

plant (WWTP) effluent although in a much smaller fraction of samples and much 

lower titers than in the influent [14].  Albinana-Gimenez et al. reported sporadic 

qPCR-positive but PFU-negative results in the effluent from drinking water treatment 

plants [15].  (In contrast, culturable HAdV in MBR effluent was measured in effluents 

of each of 10 conventional WWTPs sampled by Hewitt et al. [38].)  Kuo et al. 

showed that HAdV species A, C, and F were removed only partially in the Traverse 

City MBR WWTP and showed that with the average HAdV removal of 5.0±0.6 logs 

over the 8 month long study, the effluent contained on average ~ 103 HAdV 
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particles/L [12].  In their study of enteric virus removal in conventional WWTPs and 

microfiltration MBR WWTPs (equipped with Kubota membranes), Francy et al. 

showed that HAdV was detected by q-PCR in a subset of MBR effluent samples both 

before and after UV disinfection [39].  In a survey of virus removal in nine MBR 

WWTPs employing different kinds of membranes (tubular, hollow fiber and flat sheet; 

MF and UF) Hirani et al. reported that adenoviruses were detected in effluents of all 

MBR facilities sampled [40]; this result was consistent with the findings by Kuo et al. 

and was particularly striking because enteroviruses, rotaviruses and hepatitis A 

viruses were absent in all samples.  The authors tentatively attributed this finding to 

the fact that HAdV concentration in the influent is typically very high and concluded 

that “additional research and risk assessment on presence of adenovirus in MBR 

effluents is warranted.”  In a follow-up study with four different membrane systems, 

these authors showed that adenoviruses were always detected in MBR filtrate 

samples by PCR regardless of whether the membrane was breached (effluent 

turbidity > 0.5 NTU) or cleaned (0.2% NaClO) [41]. 

 

The objective of the present work was to elucidate mechanisms of HAdV removal by 

membranes in the presence of foulants in the feed.  To facilitate mechanistic insights, 

we employed two well characterized model foulants (humic acid and silica particles), 

three commercially available hollow fiber membranes (with pore sizes typical for 

membranes used in MBRs), and filtration conditions that matched, to the extent 

possible, the protocol used at full-scale MBR facilities (i.e. constant flux regime, 

aeration). 

  



© 2015. This manuscript version is made available under the CC-BY-NC-ND 4.0 license 
http://creativecommons.org/licenses/by-nc-nd/4.0 

 

6 
 

2. Materials and Methods 

 

2.1. Cell culture experiment and virus incubation 

 

A549 cell line has been suggested as an efficient cell line for HAdV [42, 43], and it 

was selected in this study.  A549 cells (ATCC, cell passage were incubated at 37°C 

with growth medium (minimum essential medium with 10% fetal bovine serum, 

L-glutamine, Earle’s salts) until confluence of cell layer reached 90%.  Used media 

was discarded from the flask, and HAdV 40 was added and incubated at 37°C with 

growth media (2% fetal bovine serum) until cytopathic effect became apparent.  In 

order to isolate viruses from cell debris, virus suspension was centrifuged at 400 g for 

4 min, and then filtered through 0.22 μm syringe-driven filter (Millipore).  Filtered 

virus stock suspension had HAdV concentration of approximately 1010 copies/mL and 

was stored at -80°C before use. 

 

2.2. Membrane preparation 

 

Three types of hollow fiber membranes were used in this study.  The characteristics 

of the membranes are shown in Table 1.  The hollow fibers were cut into 80 cm long 

segments and assembled by looping and potting them in a short (~10 cm) piece of 

1/2’’ ID PTFE tubing using an adhesive (Loctite).  Each membrane bundle (12 loops 

of 0.45 μm and 0.22 μm membranes and 8 loops of 0.04 μm membranes) had a total 

membrane surface area of ~ 300 cm2.  After the adhesive dried, membranes were 

soaked in DI water for at least 24 h before use.  
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Table 1: Characteristics of hollow fiber membranes. 

 
 Membrane type 
Notation UF MF1 MF2 
Manufacturer General Electric Shenzhen Youber Technology. 
Material polyvinylidene fluoride 
Nominal pore size, µm 0.04 0.22 0.45 
Outer diameter, mm 2.0 1.3 

 

 

2.3. Foulant preparation and particle size  

 

Silica microspheres and humic acid (HA) were selected as model foulants. According 

to the manufacturer, the average particle size of spherical SiO2 (99.998% purity, 

Nanostructured & Amorphous Materials) was in the 1 to 3.5 µm range.  To prepare a 

feed suspension with silica, SiO2 particles were added to 0.5 L of DI water, mixed for 

1 h and then added to the feed tank.  To prepare a feed suspension with HA, 12 g of 

HA (Aldrich) were added into 4 L of DI water in an amber jar and the pH was adjusted 

to 8.  The solution was mixed using a magnetic stir bar for 72 h, and then filtered 

through 0.45 μm membrane filters (Millipore).  Filtered HA solution was stored at 4°C 

until use.  Total organic carbon (TOC) content of the feed water was measured using 

TOC analyzer (OI Analytical).  Particle size distribution in the stock was measured 

using Mastersizer 2000 (Malvern). 

 

2.4. Membrane filtration experiment 

 

The schematic of the experimental unit is shown in Fig. 1.  The total volume of the 

reactor was 25 L.  Diffusers were placed at the bottom of the feed tank to supply air 

and mix the feed water.  Peristaltic digital pump (model 07523-80, MasterFlex L/S) 

was used to apply transmembrane pressure.  Permeate flow rate and 

transmembrane pressure were measured using a digital flow meter (model 
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106-4-C-T4-C10, McMillan) and digital pressure sensor (Cole-Parmer, 68075-00), 

respectively.  A LabView code was developed to record readings from the flowrate 

and pressure sensors and to control the flow rate of the pump. 

 

Three experiments with feeds of different compositions were carried out with each 

type of hollow fiber membranes.  Each experiment included 4 stages: 

1. Stage 1 (duration = 1 h).  The feed tank, with air diffusers on the bottom, was 

filled with 18 L of DI water and 10 mL of HAdV 40 stock suspension was added 

to the DI water in the tank. Averaged over all experiments, the initial feed 

concentration of HAdV 40 in the tank was 7.03 ± 0.32 (see SC, Figure S2, for 

feed concentration of HAdV 40 as a function of time).  The pH of the feed was 

adjusted to 7. 

2. Stage 2 (duration = 6 h).  The transmembrane pressure was applied and 

filtration was carried out in a constant flux regime (𝑄 = 50 mL/min; 𝑗 = 

2.78·10-5 m/s). Samples of feed and permeate were withdrawn periodically for 

qPCR analysis and calculation of HAdV rejection. 

3. Stage 3 (duration = 8 h). Foulants were added to the feed tank. pH was 

adjusted to 7 again. 

4. Stage 4 (duration = 6 h for UF membranes and 12 h for MF membranes).  

Transmembrane pressure was applied and the fouling test was carried out in 

constant flux regime (𝑄 = 50 mL/min; 𝑗 = 2.78·10-5 m/s). As in Stage 2, 

samples of feed and permeate were withdrawn periodically for qPCR analysis 

and calculation of HAdV rejection. 

At each stage the feed water was mixed by continuous aeration. 

 

Feed and permeate samples were taken when the flow rate reached the target value 

of 50 mL/min during Stage 2, and every 2 h afterward.  All feed and permeate 

samples withdrawn from the feed tank during this stage were stored at -80 °C until 

DNA extraction.  The sampling protocol for each experiment is detailed in Table 2.  

The high foulant concentrations were used to accelerate membrane fouling and 
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shorten the time of data gathering. 

 
Figure 1: Schematic of the experimental apparatus. 

Notation: 1. Air compressor; 2. Air flowmeter; 3. Air diffusers; 4. 
Hollow fiber membrane loops; 5. Pressure gauge; 6. Peristaltic 
pump; 7. Flowmeter 

 
Table 2: Sampling protocols in fouling experiments with different 

membranes and feed waters of different compositions. 
 

Test 
type 

Foulant 
concentration 

Experiment duration, h (Time between samples, h) 
in tests with different membranes 

𝑑𝑝𝑝𝑝𝑝= 0.04 µm 𝑑𝑝𝑝𝑝𝑝= 0.22 µm 𝑑𝑝𝑝𝑝𝑝= 0.45 µm 
SiO2 800 mg(SiO2)/L 6 (2) 12 (4) 12 (4) 
HA 40 mg(HA)/L 6 (2) 12 (4) 12 (4) 

SiO2, HA 
800 mg(SiO2)/L 

40 mg(HA)/L 
0.5 (0.08) 3 (1) 2 ( 0.5) 

 

2.5. DNA extraction and quantitative polymerase chain reaction (qPCR) 

 

Virus DNA in each sample was extracted using MagNa Pure Compact System 
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automatic machine and Nucleic Acid Isolation Kits (Roche Applied Sciences).  

Carrier RNA (Qiagen) was used to enhance DNA recovery.  The DNA extracts were 

placed into storage (-80 °C) immediately after extraction.  Following DNA extraction, 

virus concentration was quantified using qPCR (Roche Light Cycler).  Sequence of 

primers and TaqMan probe were adopted from Xagoraraki et al. [44].  Values of 

crossing point, 𝐶𝑝, were automatically generated by the LightCycler software.   

HAdV concentrations in feed and permeate sample were determined based on the 

𝐶𝑝 values and the standard curve that was developed beforehand. 

 

2.6. Inhibition of qPCR by humic acid  

 

Sutlović et al. [45] reported that polymerase chain reaction may be inhibited by HA.  

In order to evaluate the effect of qPCR inhibitors, we adapted the method of serial 

dilutions that was used by Ijzerman et al. [46] and Gibson et al. [47].  A set of HA 

solutions with different concentrations of HA (0, 10, 20, 30, and 40 mg/L) were 

seeded with ~107 copies/mL of HAdV 40.  Then DNA extraction and qPCR analysis 

were carried out to assess HA-induced inhibition of qPCR. 

 

2.7 Scanning electron microscopy (SEM) imaging of membranes 

 

SEM images of membrane skin surfaces and cross-sections were recorded using 

JSM-7500F microscope.  When imaging skin surfaces of UF, MF1, and MF2 

membranes, the magnifications were ×100,000, ×10,000, and ×2,200 respectively.  

Images of membrane cross-sections were taken with the magnification of ×170.  

SEM samples were prepared by immersing membrane coupons in liquid N2, breaking 

them into smaller fragments, and mounting them on SEM aluminum stubs.  MF1 and 

MF2 membranes were coated with ~ 14 nm Au layer in the Emscope sputter coater, 

while UF membranes were coated with ~ 4 nm Pt layer in the Electron Microscopy 

Sciences Q150T turbo-pumped coater. 
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2.8. Membrane challenge tests 

 

To quantitative assess the retention ability of the membranes and supplement 

nominal pore size data provided by the manufacturers (Table 1), membrane challenge 

tests were performed using suspensions of monodisperse spherical probe particles. 

Fluorescent polystyrene beads with the nominal diameter of 50, 100, 300, and 500 

nm (PSF series) were purchased from Magsphere, Inc.  The challenge tests were 

performed using the same filtration rig (except that a 1 L Nalgene bottle was used as 

a feed vessel) as in virus filtration studies (section 2.4) and were run for 15 min at the 

constant permeate flow rate of 50 mL/min.  For each probe/membrane combination, 

three permeate samples were collected 11, 13, and 15 min into the challenge test and 

the log removal (or rejection) value was calculated as an average for these three 

samples.  Particle concentrations in the feed and permeate were determined 

spectrophotometrically (Multi-Spec 1501, Shimadzu).  The absorbance was 

measured at 𝜆 = 197, 202, 236, and 274 nm with 50, 100, 300, and 500 nm probes, 

respectively.  
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3. RESULTS AND DISCUSSION  

 

3.1. Characterization of membranes and model foulants 

 

Particle size distributions for SiO2 suspension and solution of humic acid are shown in 

Figure 2.  There was approximately an order of magnitude difference in size 

between the silica microspheres and humic acid aggregates.  Values of 𝑑0.1, 𝑑0.5, 

and 𝑑0.9 for the suspension SiO2 particles were 1.81, 3.45, and 6.81 µm, respectively 

while for humic acid these values were 0.09, 0.15, and 0.33 µm. 

 
Figure 2: Particle size distribution of model foulants. 
 

Results of membrane challenge tests (Table 3) were consistent with the nominal pore 

sizes reported by the manufacturers (Table 1) and results of SEM imaging (Fig. 3).  

As expected, larger probes were rejected more by all three membranes.  The 100 

nm probe, which was the closest to the size of HAdV-40, was rejected by UF, MF1 
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and MF2 membranes with rejections of 97.5%, 84.2% and 82%, which corresponded 

to LRV values of 1.61, 0.80, and 0.75 (Table 3). 

 

Table 3: Log removal of probe particles in challenge tests with the UF, MF1, and 

MF2 membranes. 

 

Diameter of the 

probe particle, nm 

Membrane type (nominal pore size) 

𝒅𝒑𝒑𝒑𝒑= 0.04 µm 𝒅𝒑𝒑𝒑𝒑= 0.22 µm 𝒅𝒑𝒑𝒑𝒑= 0.45 µm 

50 1.16 ± 0.01 n/a n/a 

100 1.61 ± 0.01 0.80 ± 0.02 0.75 ± 0.05 

300 1.86 ± 0.10 0.89 ± 0.02 0.86 ± 0.04 

500 n/a 1.43 ± 0.23 0.95 ± 0.01 

 

3.2. Inhibition of qPCR by humic acid 
 
HA-free and 10, 20, 30, and 40 mg(TOC)/l solutions of HA seeded with 107 copies/mL 

(i.e. 7 logs) of HAdV 40 were analyzed for virus concentration.  In samples with 0, 10, 

20, and 30 mg(TOC)/l, the concentration of HAdV was measured to be 7.02, 6.95, 

6.93 and 6.82 logs, respectively.  Only, in the 40 mg(TOC)/l solution the virus 

concentration could not be measured apparently because the fluorescence signal 

during Light Cycler measurements was inhibited by organic compounds in the sample.  

Given the negligible inhibition at sufficiently low HA concentrations, all feed samples 

were diluted ten-fold to adjust HA concentration to 4 mg/L.  Additionally, permeate 

samples from experiments with 0.22 µm and 0.45 µm membranes treating the 

mixture of SiO2 and HA were also diluted.  As a control measure, all original and 

diluted samples were analyzed for comparison.  Paired t-test showed significant 

(p<0.05) difference between the original and adjusted concentrations in feed samples.  

In contrast, no significant difference was found for permeate samples. The dilution 

factor was taken into account during the virus removal calculation afterward. 
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Figure 3: SEM micrographs of cross-sections (A - C) and the planar view of the separation layer (D – F) of the three membranes: 

UF with 𝑑𝑝𝑝𝑝𝑝 = 0.04 µm (A, D); MF1 with 𝑑𝑝𝑝𝑝𝑝 = 0.22 µm (B, E); and MF2 with 𝑑𝑝𝑝𝑝𝑝 = 0.45 µm (C, F). 
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3.3. Membrane fouling and transmembrane pressure buildup 

 

Figure 3 illustrates changes in the transmembrane pressure with filtration time. During 

Stage 2 (filtration of HAdV 40 in DI water), the headloss increased slowly: 𝑑𝑑
𝑑𝑑

 was 

only 0.05, 0.04, and 0.07 psi/h (345, 275, and 483 Pa/h) on average in filtration tests 

with UF (𝑑𝑝𝑝𝑝𝑝 = 0.04 µm), MF1 (𝑑𝑝𝑝𝑝𝑝 = 0.22 µm), and MF2 (𝑑𝑝𝑝𝑝𝑝 = 0.45 µm) 

membranes, respectively.  This was due to the relatively low concentration of HAdV 

40, the only foulant in the feed.  Thus neither complete pore blocking (more likely to 

occur with the UF membrane), nor standard blocking (more likely to occur with the 

MF2 membrane) by HAdV 40 added much additional resistance to the permeate flow.  

In these constant flux experiments, the permeate flow rate was maintained at 49.97 ± 

1.60, 49.99 ± 1.44, and 49.17 ± 4.51 mL/min, respectively (also see Supporting 

Content (SC) file; Fig. S1). 

 

During Stage 4 of experiments with all three types of membranes, fouling by the 

mixture of HA and SiO2 particles was significantly higher than the sum of contributions 

due to each of these two feed components fouling the membrane separately.  For 

example, for the UF membrane (𝑑𝑝𝑝𝑝𝑝 = 0.04 µm), the pressure increase rate during 

initial stages of fouling was ~ 1.3, 1.4, and 24.5 psi/h (9.0, 9.7, and 175.2 kPa/h) on 

average in tests with SiO2, HA, and SiO2/HA mixture, respectively.  We hypothesize 

that the synergy stemmed from two separate but related effects.  On the one hand, 

accumulation of SiO2 particles on the membrane surface likely hindered 

back-diffusion of HA away from the membrane and resulted in more blockage of 

membrane pores by HA.  On the other hand, such accumulation of HA near the 

membrane in the presence of a SiO2 cake, could lead to the formation of a composite 

SiO2/HA layer with a higher specific hydraulic resistance than that of the cake 

composed of SiO2 particles only.  Consistent with the above hypothesis is the 

observation that the mutual enhancement of fouling by SiO2 and HA was particularly 

evident in experiments with the UF membrane; indeed, HA should be more effective 
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in blocking smaller pores of this membrane. 

 

 

a) 

 

  

b) 
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c) 

 
Figure 4: Transmembrane pressure as a function of time during filtration of 

HAdV 40 suspension (- -, - -, - -) and HAdV-seeded feeds 
containing SiO2 microspheres (- -), humic acid (- -), and SiO2/HA 
mixture (- -) by three membranes of different nominal pore sizes: 
a) 0.04 µm, b) 0.22 µm, and c) 0.45 µm.  Circled numbers mark 
experimental stages (see section 2.4). 

 

To confirm that pore blockage and cake formation were indeed operative fouling 

mechanisms, we performed a separate set of constant pressure dead-end filtration 

experiments and applied blocking laws [48] to the permeate flux data generated in 

these tests. The tests were performed in the absence of aeration to satisfy 

assumptions behind the blocking law theory.  The theory’s assumption that all 

membrane pores are of the same size was not met though: UF, MF1, and MF2 are 

phase inversion membranes with complex pore space morphology and a distribution 

of pore sizes. Thus, the model’s predictions are only approximations.  Figure 5 

presents an example of filtration data (Stage 4; see section 2.4) in the 𝑑
2𝑑

𝑑𝑉2
  vs 𝑑𝑑

𝑑𝑉
 

format where three segments corresponding to pore blockage (0 < 𝑛 < 2) and cake 

filtration ( 𝑛 = 0) and the transition between these two regimes (𝑛 < 0) could be 

discerned.  However, it was also clear that applying one of the three blocking laws 

does not provide a complete description of the fouling process as segments of the 

𝑑2𝑑
𝑑𝑉2

  vs 𝑑𝑑
𝑑𝑉

  dependence had negative slope not accounted for by the model.  The 
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negative slope is explained by the combined pore blockage-cake filtration model [49] 

as resulting from the simultaneous pore blockage and formation of the cake over 

blocked areas of the membrane.  

 

The observed negative slope is consistent with the findings of Yuan et al. [50] who 

suggested that membrane fouling by humic acid is a combined effect of pore 

blockage and cake layer formation.   

 
Figure 5: Blocking laws applied to filtration of SiO2 microspheres and humic 

acid by UF (𝑑𝑝𝑝𝑝𝑝= 0.04 µm) and MF2 (𝑑𝑝𝑝𝑝𝑝= 0.45 µm) membranes. 

 

While the slope for the MF2 membranes was somewhat variable and deviated from 

zero, the 𝑑
2𝑑

𝑑𝑉2
  vs 𝑑𝑑

𝑑𝑉
  dependence for MF2 clearly followed a different trend and was 

“flatter” than that recorded for the UF membrane.  Fig. 5 confirms that the main 

mechanism of fouling by SiO2 was cake filtration and that pore blockage was one of 

fouling mechanisms during UF filtration of HA-containing feed waters.  
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3.4. Removal of human adenovirus 40 by clean and fouled membranes 

 

As shown in Fig. 6, the removal of virus suspended in DI water (Stage 1) by UF 

(𝑑𝑝𝑝𝑝𝑝= 0.04 μm), MF1 (𝑑𝑝𝑝𝑝𝑝= 0.22 μm) and MF2 (𝑑𝑝𝑝𝑝𝑝= 0.45 μm) membranes was 

2.27 log, 0.70 log and 0.73 log, respectively.  Student’s t-test showed that virus 

removal by the UF membrane was significantly (p<0.05) higher than by each of the 

MF membranes, while there was no significant difference in virus removal between 

MF1 and MF2. The standard deviations reflect the variability in virus rejection with 

time (see SC, Fig. S2, for the temporal dependence of virus concentrations in the 

feed and in the permeate during Stage 2). 

 
 

Figure 6: Removal of HAdV 40 from DI water by three membranes of different 
nominal pore sizes: UF (𝑑𝑝𝑝𝑝𝑝= 0.04 µm), MF1 (𝑑𝑝𝑝𝑝𝑝= 0.22 µm), 
and MF2 (𝑑𝑝𝑝𝑝𝑝= 0.45 µm). The values represent averages over the 
duration of Stage 2 of the experiment (see section 2.4) and over all 
experiments with a membrane of a given pore size.  See SC, Fig. 
S2, for details on HAdV removal as a function of filtration time. 
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     (a)      (b)     (c) 

   
Figure 7: Comparison of HAdV 40 removal from DI water, suspension of SiO2 microspheres, solution of humic acid, and 

SiO2/HA mixture by three membranes of different nominal pore sizes: a) 0.04 µm, b) 0.22 µm, and c) 0.45 µm. The 
values represent averages over the duration of Stage 4 of the experiment (see section 2.4).  See SC, Fig. S2, for 
details on HAdV removal as a function of filtration time. 
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Given that the hydrodynamic diameter of HAdV 40 is ~ 0.1 μm, the results are 

consistent with size exclusion as a removal mechanism.  That HAdV 40 is not 

completely removed by the UF membrane can be attributed to the finite width of the 

pore sizes distribution of the membrane.  In a survey that included 27 membranes 

and two phages (Qβ and T4), Urase et al reported incomplete removal of viruses for 

all membranes (including track etched and other narrow pore distribution ultra- and 

microfilters) and attributed this result to the presence of abnormally large pores [51]. 

 

Figure 7 describes virus removal by UF, MF1, and MF2 in the presence of foulants in 

the feed.  Values of log removal of HAdV 40 from DI water (Stage 2) are shown next 

to removal values from Stage 4 of the same experiment.  We also note that removal 

data in Fig. 6 are averages of the values of HAdV removal from DI water as reported 

in Fig. 7; for example, the LRV value of 2.27 given in Fig. 6 for the UF membrane is 

the average of the three values (LRV = 2.23, 1.96, and 2.62) reported in Fig. 7a.  

 

Virus removal by UF membrane (𝑑𝑝𝑝𝑝𝑝= 0.04 µm) was enhanced in the presence of 

HA as the only foulant but was reduced when SiO2 particles were the sole foulant (Fig. 

7a).  These opposite effects can be tentatively attributed to two different 

mechanisms.  The first mechanism is the partial or complete blockage of membrane 

pores by HA.  Partial blockage decreases effective pore size while the pores that are 

“completely blocked” may allow permeation of water but not virus passage.  

(Incidentally, the fouling model developed by Ho and Zydney [49] allows some fluid 

flow through blocked pores.)  Either scenario – be it partial or complete blockage – 

leads to improved virus removal.  Competition for the adsorption sites on the 

membrane surface could be a contributing factor: previous studies have 

demonstrated that HA inhibits virus adsorption onto membranes and decreases their 

ability to retain viruses during filtration [27, 28].  The second mechanism is the 

possible increase of the transmembrane differential in virus concentration due to cake 

formation. The latter mechanism is consistent with the hypothesis proposed in section 

3.3 where permeate flux decline was interpreted in terms of the cake-enhanced 
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concentration polarization and accumulation of HA in the pores of both the membrane 

and the SiO2 layer.  The cake composed of larger SiO2 particles is too porous to 

effectively reject HAdV 40 yet may be sufficiently dense to hinder HAdV 40 

back-diffusion leading to its accumulation near the cake-membrane interface.  The 

higher transmembrane differential of virus concentration leads to enhanced virus 

transport across the membrane and lower virus removal.  When both foulants are 

present in the feed, the two opposing effects appear to cancel each other (Fig. 7a). 

 

In experiments with MF1 (𝑑𝑝𝑝𝑝𝑝= 0.22 µm) the effects of the two types of foulants 

acting alone and in combination were similar to but less pronounced than those 

observed in UF tests (Fig. 7b).  In experiments with MF2 membrane (𝑑𝑝𝑝𝑝𝑝= 0.45 

µm), however, neither HA alone nor SiO2 alone had statistically significant effects on 

HAdV 40 removal (Fig. 7c). HA molecules were not large enough to block membrane 

pores effectively; indeed, HA was pre-filtered through a 0.45 μm membrane prior to 

virus removal tests (see section 2.3). Formation of the SiO2-only cake lead to less 

significant cake-enhanced accumulation of the virus and had only a slight effect on 

virus removal by MF2 membranes. This was because the effective pore size of the 

cake was closer to that of the MF2 skin (than to that of UF and MF1 skins); thus, 

fouling of MF2 by SiO2 effectively increased the thickness of the membrane, added a 

small additional resistance to the permeate flow (Fig. 4c) but did not significantly 

increase virus concentration at the membrane surface. 
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Figure 8 Schematic illustration of effects of fouling on HAdV 40 removal by ultrafiltration (A, B, C) and microfiltration (D, E, F) 

membranes under conditions of fouling by dissolved species (A, D), suspended particles (B, E) and by both of these 
foulants (C, F). HAdV 40, dissolved species and suspended species are depicted as blue dots with spikes, orange 
random shapes, and gray spheres, respectively. 
 
Note: average values of log removal of HAdV 40 by clean UF and MF2 membranes are 2.27 and 0.73, respectively (Fig. 6). 
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Combined fouling of MF2 by HA and SiO2 lead to a statistically significant decrease in 

HAdV 40 removal (Fig. 7c).  Apparently the composite HA/SiO2 cake was dense 

enough to capture and concentrate viruses for higher transmembrane concentration 

differential and enhance virus transport across the membrane; at the same time, in 

contrast to UF and MF1, MF2 membrane pores were too large to be blocked by HA 

and reject viruses. Figure 8 schematically illustrates how the two hypothesized effects 

of fouling on virus removal manifest themselves in UF (Fig. 8; A, B, C) and MF (Fig. 8; 

D, E, F):  

− Fig. 8 A, C: increased virus removal due to pore blockage by dissolved species 

(also see Fig. 7a (HA and HA+SiO2 data)); 

− Fig. 8 B, C: decreased removal due to cake-enhanced accumulation of virus near 

the membrane (also see Fig. 7a (SiO2 and HA+SiO2 data)); 

− Fig. 8 C, F: additional removal by the composite HA/SiO2 cake (also see Fig. 7c 

(HA+SiO2 data)). 

 

It is very clear from Fig. 7 and Fig. 4 that the extent of fouling or rate of fouling 

increase are not reliable predictors of virus removal, which can either increase or 

decrease as a result of membrane fouling.  (See SD, Fig. S3: A linear fit of the virus 

removal dependence on the rate of transmembrane pressure increase during Stage 4 

gives the coefficient of determination, 𝑟2 of 0.0051).  Instead, feed water 

composition and membrane pore size together govern virus removal with fouling 

mechanisms playing a key mediating role: pore blockage improves virus removal 

while cake formation can either increase or decrease virus removal depending on the 

permeability of the cake. 
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4. CONCLUSIONS 

 

This study demonstrates that membrane fouling may have a profound impact on 

HAdV 40 removal by membranes.  In the absence of fouling, average values of 

HAdV 40 removal by hollow fiber ultrafiltration (UF, 𝑑𝑝𝑝𝑝𝑝= 0.04 μm) and 

microfiltration (MF1, 𝑑𝑝𝑝𝑝𝑝 = 0.22 μm; MF2, 𝑑𝑝𝑝𝑝𝑝 = 0.45 μm) membranes are 2.3 

log, 0.7 log and 0.7 log, respectively.  Fouling by humic acid (model dissolved 

species), SiO2 microspheres (model suspended species) and a mix of these 

constituents alters membrane’s ability to remove HAdV.  Three separate effects are 

identified: 1) increased removal due to pore blockage by dissolved species; 2) 

decreased removal due to cake-enhanced accumulation of viruses near membrane 

surface; and 3) increased removal by the composite cake acting as a secondary 

membrane.  The results indicate that the extent of fouling is not a reliable predictor of 

virus removal. Instead, feed water composition and membrane pore size together 

govern virus removal with fouling mechanisms playing a key mediating role: pore 

blockage improves virus removal while cake formation can either increase or 

decrease virus removal depending on the relative permeability of the cake. 
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spheres, respectively. 
 
Note: average values of log removal of HAdV 40 by clean UF and MF2 
membranes are 2.27 and 0.73, respectively (Fig. 6). 
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