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From Victorian to 21st century technologies
Victorian technologies dominated water treatment just 30 years ago

global low pressure membrane installed capacity:
annual and cumulative

[D. Furukawa, 2004]

Dialectic nature of water management: “Each new success gives rise to new challenges. … State of water management is 

always provisional” (J. Brisco)
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Integrity monitoring for water treatment systems

• Real time of near real-time sentinel detection is 

desirable 

Fast and reliable detection of viruses in complex water 

matrices

• Sample concentration as a bottleneck

Cyber security of water infrastructure

• Protection against the other kind of viruses
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Water quality control technologies
Needed but presently lacking



Viruses listed on the EPA’s CCL 
and diseases they cause

Virus Associated Disease CCL 1 CCL 2 CCL 3 CCL 4

Adenoviruses

conjunctivitis, ocular infections, 

gastroenteritis, respiratory disease, 

encephalitis, pneumonia, genitourinary 

infections, pharyngoconjunctival fever

Yes Yes Yes Yes

Enteroviruses *
hand- foot-and-mouth-disease, 

gastroenteritis, heart anomalies, 

myocarditis, pericarditis, meningitis, 

pancreatitis, paralysis

Yes Yes

Coxsackieviruses Yes Yes

Echoviruses Yes Yes

Hepatitis A hepatitis Yes Yes

Caliciviruses gastroenteritis Yes Yes Yes Yes

*Polioviruses, coxsackieviruses, and echoviruses are generally referred to enteroviruses.

Enteroviruses are listed in the CCL3 and CCL4. 
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Why to be concerned about viruses
in recreational water and their removal in WWTPs 

• Many of infectious disease outbreaks due to unidentified sources are likely 
caused by enteric viruses (USEPA, 2006) 

• Viruses were identified as etiological agents for 54% of hospitalized patients 
(Children’s Infectious Diseases Hospital, Tbilisi, Georgia, 2004-2008 period)

• Wastewater is one of the major sources of human viruses
– More than 100 types of enteric viruses are excreted in human feces and 

present in contaminated waters

• Human enteric viruses are detected in the effluents of state-of-the art 
wastewater treatment plants worldwide

– Even large viruses (e.g. human adenovirus) are found in conventional WWTP 
and MBR plant effluents

• … and yet, virus removal is not a design criterion or treatment goal for 
wastewater treatment plants
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Waterborne disease outbreaks
in the U.S. (1971-2012)

Source: “Surveillance for 

Waterborne Disease 

Outbreaks Associated with 

Drinking Water and Other 

Non-Recreational Water —

United States, 2011-2012” 

by  Centers for Disease 

Control and Prevention

Source: “Recreational water-

associated disease outbreaks, 

United States, 2011-2012” by  

Centers for Disease 

Control and Prevention
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Removal of human adenovirus
in MBR and conventional WWTPs (literature data)
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Removal of HAdV 40 from DI water
by three types of hollow fiber membranes

virus size
& membrane pore sizes:

UF:

HAdV40: 

MF1:

MF2:

𝑑𝑝𝑜𝑟𝑒 = 40 nm

𝒅𝒉 = 80 - 90 nm

𝑑𝑝𝑜𝑟𝑒 = 220 nm

𝑑𝑝𝑜𝑟𝑒 = 450 nm

Yin, Z.; Tarabara, V. V.; Xagoraraki, I. Human adenovirus removal by hollow fiber membranes: Effect of membrane fouling by 

suspended and dissolved matter. J. Membr. Sci. 482 (2015) 120-127.
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Virus removal in membrane bioreactors
(literature data)

Credit: Dr. Ziqian Yin (MSU)
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Virus removal in a bench-scale MBR
Probing effects of membrane cleaning

Yin, Z.; Tarabara, V. V.; Xagoraraki, I. Effect of pressure relaxation and membrane backwash on adenovirus removal in a 

membrane bioreactor. Water Res. 88 (2016) 750-757
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Potential for viruses in drinking water
due to failure if high pressure membranes

In-service failures

• damage to the membrane layer as a result of chemical or 

biological degradation and particulate abrasion

• delamination of the membrane supporting layers

• failures of O-rings, gaskets, connectors and other fittings

Manufacturing defects (e.g. incomplete glue-lines)
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Waterborne pathogen detection
The challenge of sample concentration
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Waterborne pathogen detection
The challenge of sample concentration
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56 nm

dsDNA virusssRNA virus

25 nm

surrogate for norovirus surrogate for adenovirus

MS2 P22

MS2 image source: 
https://en.wikipedia.org/wiki/Bacteriophage_MS2

P22: image source: 
Dr. Kristin Parent, Michigan State University
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Bacteriophages as surrogates
For human viruses
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Odilon Redon. 1883

Frontispiece for “Les 

Origines”, lithograph
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Bacteriophages as surrogates
For human viruses



1. Detailed characterization of physicochemical properties of 

a virus
– ζ potential vs pH (electrophoretic measurements)

– size (dynamic light scattering, TEM)

– hydrophobicity and surface energy components

2. Model virus-surface interaction 
• For example, using extended Derjaguin-Landau-Verwey-Overbeek

(XDLVO) model

3. Experimentally validate the choice of the surrogate in the 

target application
• Example 1: measure phage removal by a sand filter or a membrane

• Example 2: measure phage adhesion to a fomite 
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How to select suitable surrogates?
Three steps to identifying the “right phage”
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Human Adenovirus 40 (HAdV 40)
Regulated waterborne pathogen

1= penton capsomeres
2=hexon capsomeres
3= linear ds DNA

 Recognized as emerging human health threat
serotypes 40/41 in subgroup F responsible for gastroenteritis in children

 Longer survival time 
in tap water and sea water:
1)  inactivation log around 1-2 for
HAdV 40/41 after 60 days;
2) inactivation log  around 2-4 for
poliovirus 1 after 60days.

 Resistant to UV
UV dose for 99% inactivation is 109 mJ/cm2 (only 55 mJ/cm2 for MS2)

Largest non-enveloped virus
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Isolating bacteriophages
to identify optimal HAdV40 surrogates
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40 phages isolated  12 candidates 
Identified based on morphology and size 

BL-1 BL-2

Ec-56D

Lake Lansing WP

Cass

GBCBlack Sea

Ec-CEc-09

Ps.a.
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Credit for TEM images: Dr. Besarion Lasareishvili (AgrUni)



Optimal sample preparation procedure?

Broth

Propagation and purification procedures should be selected 

together as an appropriate sample preparation method

Double agar overlay Host bacteria cultivated on agar plate

Host bacteria suspended in broth

Agar-propagated phage

Broth-propagated phage
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Propagation method evaluated

Virus harvest

centrifuge

remove cell debris

supernatant filtered through 0.22 µm

remove small debris

polyethelyne glycol (PEG) precipitation

centrifugal diafiltration

CsCl density gradient

Bacteria debris 

Virus

Microbial products

crude stock (from agar or broth) 
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Purification method evaluated

Method 1: PEG precipitation

dialysis
centrifugationPEG

addition

PEG

removal

virus

microbial products

PEG

2019 “Applied Biosciences and Biotechnology” workshop, Tbilisi, Georgia

Slide from the PhD defense presentation by Dr. Hang Shi (2017 PhD, MSU) 



Purification method evaluated

Method 2: centrifugal diafiltration

centrifugal

ultrafiltration

centrifugal

dialysis

virus

microbial products

salt
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Purification method evaluated

Method 3: CsCl density gradient

dialysis

ultracentrifugation

virus

microbial products
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Shi, H.; Tarabara, V. V. J. Virol. Methods 256 (2018) 123

Effect of sample preparation
on  virus (here – MS phage) charge measurements
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Human Adenovirus 40
pH dependence of the aggregation state

Shi, H. et al. Appl. Environ. Microbiol.

2016

TEM: ~ 80 nm

DLS: ~ 99 nm
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Human Adenovirus 40
Hydrophobicity, surface charge and XDLVO virus-virus interaction 

Makina and Ohshima, 2010

In ultrapure water (pH 5.8−6.0):

𝜃𝑤 = 68 o

∆𝐺𝑣𝑤𝑣 = - 30.4 mJ/ m2

XDLVO virus-virus

Shi, H. et al. Appl. Environ. Microbiol. 2016

𝜁–potential of individual (non-aggregated) HAdV virions 
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How to measure hydrophobicity?
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How to measure hydrophobicity?
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XDLVO energy of interfacial interaction
of HAdV 40 in aqueous media

with a membrane of type 1 with a membrane of type 2
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Shi, H. et al. Appl. Environ. Microbiol. 2016



𝜎 = 1 − [1 − 𝜆] 2
1 + 3.867𝜆 − 1.907𝜆2 − 0.834𝜆3

1 + 1.867𝜆 − 0.741𝜆2

𝜆 = 𝑑𝑣𝑖𝑟𝑢𝑠/𝑑𝑝𝑜𝑟𝑒

Ennis et al. J. Membr. Sci. 1996, 119, 47–48
Baltus et al. Ind. Eng. Chem. Res. 2009, 48, 2404–2413

Data from: Yin, Z.; Tarabara, V. V.; Xagoraraki, I. Human adenovirus removal by hollow fiber membranes: Effect of membrane
fouling by suspended and dissolved matter. J. Membr. Sci. 482 (2015) 120-127.

For spherical colloids/viruses:

- Hindrance model provides good fit for 
membranes with straight-through 
cylindrical pores

- “Smearing” of the removal profile for 
phase inversion (polymeric) and sintered 
(ceramic) membranes

Evaluating surrogates vs human viruses in clearance tests
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Summary

• Bacteriophages can be convenient non-pathogenic surrogates of human 
viruses

• Surrogate selection is dictated by applications-specific demands
Example 1: A highly charged, hydrophilic phage (e.g. MS2) can serve as a 
conservative tracer in testing integrity of water treatment systems
Example 2: A surrogate that matches several key physicochemical 
characteristics of the target human virus can be used to evaluate 
transport and fate of the virus
Example 3: A surrogate that exhibits very similar adhesive behavior as 
the target virus can be used to evaluate virus recovery technologies vis-
à-vis range of water matrices 

• Size, morphology, hydrophobicity and charge together govern virus 
interactions with surfaces. The surrounding matrix may have a profound 
effect on these interactions
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